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Preface

Blood–brain barrier (BBB) breakdown leading to cerebral edema occurs
in many brain diseases—such as trauma, stroke, inflammation, infection, and
tumors—and is an important factor in the mortality arising from these condi-
tions. Despite the importance of the BBB in the pathogenesis of these diseases,
the molecular mechanisms occurring at the BBB are not completely under-
stood. In the last decade a number of molecules have been identified not only
in endothelial cells, but also in astrocytes, pericytes, and the perivascular cells
that interact with endothelium to maintain cerebral homeostasis. However,
the precise cellular interactions at a molecular level in steady states and dis-
eases have still to be determined. The introduction of new research techniques
during the last decade or so provide an opportunity to study the molecular mecha-
nisms occurring at the BBB in diseases.

The Blood–Brain Barrier: Biology and Research Protocols provides the reader
with details of selected morphologic, permeability, transport, in vitro, and
molecular techniques for BBB studies, all written by experts in the field. Each
part is preceded by a review that emphasizes the advantages and pitfalls of
particular techniques, as well as offering much relevant current information.
The techniques provided will be helpful to both beginners in BBB research and
those more experienced investigators who wish to add a specific technique to
those already available in their laboratories. Although a number of in vitro
techniques are included, it is suggested that they be complemented with data
derived from in vivo studies to gain a truer picture of the biological process.

It is hoped that the methods described in The Blood–Brain Barrier: Biology
and Research Protocols will aid researchers in the isolation of molecules not yet
described, and increase our understanding of how they interact at the BBB to
maintain cerebral homeostasis as well as of the mechanisms that result in BBB
breakdown in diseases. Advances in technology will necessitate collaboration
among researchers having expertise in many of these techniques to solve bio-
logical questions.

A greater understanding of the molecular mechanisms occurring at the BBB
in diseases is also necessary in order to identify substances/molecules that can be
targeted for pharmacological manipulation and/or gene therapy and to determine
when therapeutic intervention can attenuate the disease process.

I would like to acknowledge Prof. John M. Walker for this opportunity
and for his help and all the authors who have contributed their protocols.

This book is dedicated to Mohit Kumar and Labonya Nag.

Sukriti Nag
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1

Morphology and Molecular Properties of Cellular
Components of Normal Cerebral Vessels

Sukriti Nag

1. Introduction
The blood–brain barrier (BBB) includes anatomical, physicochemical, and bio-

chemical mechanisms that control the exchange of materials between blood and brain
and cerebrospinal fluid (CSF). Thus two distinct systems, the BBB and the blood–CSF
barrier systems, control cerebral homeostasis. However, both systems are unique, the
BBB having a 5000-fold greater surface area than the blood–CSF barrier (1,2). The con-
centrations of substances in brain interstitium, which is determined by transport through
the BBB, can differ markedly from concentrations in CSF, the composition of which is
determined by secretory processes in the choroid plexus epithelia (3). This review will
focus on cellular components of cerebral vessels with emphasis on endothelium, base-
ment membrane, and pericytes as well as the perivascular macrophage (Figs. 1 and 2A),
which in light of new information is distinct from pericytes. This review deals less with
pathogenesis and more with some of the molecules that have been discovered in these
cell types in the past decade. Although astrocytes invest 99% of the brain surface of
the capillary basement membrane and are important in induction and maintenance
of the BBB, this topic will not be discussed and readers are referred to reviews in the
literature (4–11).

2. Cerebral Endothelial Cells
Cerebral capillaries are continuous capillaries, their wall being composed of one or

more endothelial cells. The endothelial surface of 1 g of cerebral tissue has been cal-
culated to be approx 240 cm2 (12). Cerebral endothelial cell surface properties such as
charge and lectin binding are discussed in Chapter 9. Some of the markers specific for
localization of cerebral endothelium and others that are ubiquitous, being present in
endothelia of non-neural vessels, are given in Table 1 (13–28).

2.1. Cerebral Endothelial Cells in Vasculogenesis and Angiogenesis

Vasculogenesis is the process whereby a primitive network is established during
embryogenesis from multipotential mesenchymal progenitors. This occurs in the rat by
embryonic d 10 after which the intraparenchymal network develops by sprouting from
preexisting vessels, a process termed angiogenesis. Research in the past decade has led
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to a greater understanding of cerebral angiogenesis during brain development (28,29)
and in pathological states, including neoplastic (28) and non-neoplastic conditions (30).
During angiogenesis, endothelial cells participate in proteolytic degradation of the base-
ment membrane and extracellular matrix and migrate with concomitant proliferation and
tube formation. Subsequent stages of angiogenesis involve increases in the length of indi-
vidual sprouts, the formation of lumens, and the anastomosis of adjacent sprouts to form
vascular loops and networks. An integral component of angiogenesis is microvascular
hyperpermeability, which results in the deposition of plasma proteins in the extracellu-
lar space forming a matrix that supports the ingrowth of new vessels (31,32).

Endothelial proliferation is tightly regulated during brain development (33). In the
mouse brain, for example, endothelial turnover and sprouting are maximal at postna-
tal d 6–8 (34). Proliferation then slows and the turnover is very low in the adult brain
(35). However, endothelial cells in the adult are not terminally differentiated and post-
mitotic cells and when stimulated such as occurs during wound healing or tumor growth,
they can rapidly resume cell proliferation giving rise to new capillaries.

4 Nag

Fig. 1. Segment of normal cerebral cortical capillary wall consists of endothelium (e) and a
pericyte (p) separated by basement membrane. This rat was injected with ionic lanthanum, which
has penetrated the interendothelial space upto the tight junction (arrowhead). ×70,000.

Fig. 2. (see facing page) (A) A cryostat section shows perivascular macrophages using anti-
ED2 antibody. The inset shows these cells at higher magnification. Note that these cells are asso-
ciated with vessels, which have the caliber of veins and not capillaries. (C,D) Merged confocal
images of normal rat brain dual labeled for Ang-1 and Ang-2 proteins. Normal vessels show
endothelial localization of Ang-1 (green) only in rat brain (B) and choroid plexuses (C) and there
is no detectable localization of Ang-2. Note the granular immunostaining in choroid plexus
epithelial cells indicating colocalization of Ang-1 and Ang-2 (yellow). (D) Cultured cells derived
from cerebral microvessels show adherance of antibody-coated ox red blood cells forming rosettes
indicating presence of Fc receptors. Note that many of these cells contain Factor VIII indicating
that they are endothelial cells (arrowheads). (E) Electron micrograph demonstrating that the
cells to which antibody-coated ox red cells have adhered also show cytoplasmic Factor VIII
immunostaining indicating its endothelial nature. Scale bar A–C = 50 µm; Inset = 25 µm;
D × 100; E × 8000.
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Morphologic studies have shown that brain capillaries are derived from endothelial
cells from outside the brain that invade the neuroectoderm and differentiate in response
to the neural environment (28). Using chick-quail transplantation experiments, con-
vincing evidence was presented that BBB characteristics could be induced in endothe-
lial cells, which invade brain transplants (36). Conversely, brain capillaries become
permeable after invasion of somite transplants (36). These results indicate that organ-
specific characteristics of endothelial cells may be induced and maintained by the local
environment. Janzer and Raff (5) provided direct evidence that when purified type I
astrocytes are transplanted into the rat anterior eye chamber or the chick chorioallan-
toic membrane, the astrocytes induce a permeability barrier in invading endothelial cells.

The specific mechanisms regulating angiogenesis are not fully understood but sev-
eral potential regulators of this process include fibroblast growth factor, epidermal
growth factor, transforming growth factors α and β, platelet-derived growth factor,
ephrins, the family of the vascular endothelial growth factors (VEGF) and the angiopoi-
etins (Ang). The VEGF family includes several members; VEGF or VEGF-A is best
characterized, and numerous studies indicate the importance of VEGF-A in vasculo-
genesis and angiogenesis during brain development (28,33,37). During embryonic
brain angiogenesis, VEGF-A is expressed in neuroectodermal cells of the subependy-
mal layer correlating with the invasion of endothelial cells from the perineural plexus
(33). The high affinity tyrosine kinase receptors that bind VEGF-A, VEGFR-1 (flt-1;
38) and VEGFR-2 (flk-1; 39,40) are highly expressed in invading and proliferating
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Table 1
Markers for Localization of Normal Cerebral Endothelium

Markers Specific for Cerebral Endothelium
Glucose transporter-1 Kalaria et al. (13)
γ-glutamyl transpeptidase Albert et al. (14)
Neurothelin/HT7 protein (chick) Risau et al. (15); Schlosshauer and Herzog (16)

(human) Prat et al. (17)
OX-47 (Rat homologue of HT7) Fossum et al. (18)
Endothelial barrier antigen (only in rat) Sternberger & Sternberger (19); Cassella et al. (20)

Jefferies et al. (21)
Transferrin receptor Dermietzel and Krause (22)
Tight junction proteins: Liebner et al. (23)

ZO-1
Occludin

Markers Common to all Endothelia
Endoglin (CD 105) Personal Observation
Factor VIII Weber et al. (24)
Growth Factors:

VEGF-B Nag et al. (25)
Angiopoietin-1 Nourhaghighi et al. (26)

Lectin binding:
Ulex europaeus agglutinin I Weber et al. (24)

Enzymes: Endothelial nitric oxide synthase Nag et al. (27)
Platelet/endothelial cell adhesion Plate (28)

molecule-1, (PECAM-1, CD31)



endothelial cells during brain development. This suggests that VEGF-A may act as a
paracrine angiogenic factor. Both VEGF-A and its receptors are largely switched off in
the adult (37,39).

The importance of VEGF-A in cerebral angiogenesis has also been demonstrated in
central nervous system (CNS) neoplasia (28) and non-neoplastic conditions, such as
brain infarction (41–43) and brain injury (25,32). Recent studies demonstrate that
VEGF-B, another member of the VEGF family, is constitutively expressed in cerebral
endothelial cells (25). Angiogenesis following injury is also associated with increased
expression of VEGF-B at both the gene and protein level at the injury site during
angiogenesis (25).

Angiopoietin-1 and -2 constitute a novel family of endothelial growth factors that
function as ligands for the endothelial-specific receptor tyrosine kinase, Tie-2 (44).
Angiopoietins are involved in later stages of angiogenesis when vessel remodeling and
maturation takes place and have a role in the interaction of endothelial cells with
smooth muscle cells/pericytes (45). Recent studies show constitutive expression of
angiopoietin-1 protein in endothelium of normal cerebral vessels (Fig. 2B; 26,46). This
protein is not specific for cerebral endothelium because it is also present in endothe-
lium of choroid plexus and pituitary vessels (Fig. 2C). Increased angiopoietin-2 expres-
sion at both the gene and protein level occurs during angiogenesis after brain injury
(26,46), in cerebral tumors (47,48), and after infarction (43,49,50).

2.2. Properties of Cerebral Endothelial Cells

Features that distinguish cerebral endothelial cells from those of non-neural vessels
and form the structural basis of the BBB include the presence of tight junctions between
cerebral endothelial cells, reduced endothelial plasmalemmal vesicles or caveolae, and
increased numbers of mitochondria.

2.2.1. Endothelial Junctions

2.2.1.1 MORPHOLOGY

Transmission electron microscopy (TEM) shows that the junctions between adjacent
cerebral endothelial cells are characterized by fusion of the outer leaflets of adjacent
plasma membranes at intervals along the interendothelial space producing a penta-
laminar apperarance and forming tight or occluding junctions that prevent paracellular
diffusion of solutes via the intercellular route (see Figs. 3 and 4; 51–53). These tight
junctions form the most apical element of the junctional complex, which includes both
tight and adherens junctions. Subsequent studies using horseradish peroxidase as a tracer
suggested that tight junctions extend circumferentially around cerebral endothelial
cells; hence, their name zonula occludens (54,55). Permeability of these junctions to
protein and protein tracers is further discussed in Chapter 6. Tight junctions are also
present between arachnoidal cells located at the outer layers of the dura (56,57), and at
the apical ends of choroid plexus epithelial cells (52,58–60) and ependymal cells (61).

Certain areas of the brain, most of which are situated close to the ventricle and are
therefore called circumventricular organs, have endothelial cells that do not form tight
junctions. These areas include the hypothalamic median eminence, pituitary gland,
choroid plexus, pineal gland, subfornicial organs, the area postrema, and the organum
vasculosum of the lamina terminalis (60,62–64); together they comprise less than 1%
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of the brain. Endothelium in these areas is fenestrated with circular pores having a diam-
eter of 40–60 nm that are covered by diaphragms that are thinner than a plasma mem-
brane and of unknown composition. Fenestrations allow free exchange of molecules
between the blood and adjacent neurons. The epithelial cells, which delimit the cir-
cumventricular organs, however, impede diffusion into the rest of the brain and the CSF
(65). Therefore, substances that have entered these areas do not have unrestricted access
to the rest of the brain.

Freeze-fracture studies show that the tight junctions of cerebral endothelium of
mammalian species are characterized by the highest complexity of any other body ves-
sels (66). Eight to 12 parallel junctional strands having no discontinuities run in the lon-
gitudinal axis of the vessel, with numerous lateral anastomotic strands. This pattern
extends into the postcapillary venules, although in a less complex fashion (66). In cere-
bral arteries, tight junctions consist of simple networks of junctional strands, with occa-
sional discontinuities, whereas collecting veins, of which there are a few, have tight
junctional strands that are free-ending and widely discontinuous (66). Another feature
of cerebral endothelial tight junctions is the high association with the protoplasmic
(P)-face of the membrane leaflet, which is 55% as compared with endothelial cells of
non-neural blood vessels, which have a P-face association of only 10% (67). The tight
junctions of choroidal epithelium consist of four or more strands or fibrils, arranged in
parallel with few interconnections (68). In addition, focal discontinuities have been
noted in the junctional strands, which may represent hydrated channels, thus explain-
ing the leakiness of choroid plexus epithelium (69). Further details of freeze fracture
studies of endothelial tight junctions are discussed in Chapter 3 and in studies in the
literature (22,23,67,70–72).

2.2.1.2. TRANSENDOTHELIAL RESISTANCE

The physiologic correlate of tightness in epithelial membranes is transepithelial resis-
tance. Leaky epithelia generally exhibit electrical resistances between 100–200 Ω /cm2.
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Fig. 3. (A) Segment of cortical arteriolar endothelium from a control rat injected intra-
venously with HRP showing tight junctions (arrowheads) and a zonula adherens (za) junction
along the intercellular space between two endothelial cells. Also present are cross sections of
actin filaments (ac) and microtubules (m) and two plasmalemmal vesicles (v). The vesicle at the
luminal plasma membrane contains HRP. × 132,000.



Cultured brain endothelial cells grown in the absence of astrocytes have an electrical
resistance of approximately 90 Ω /cm2 (73). The latter is 100-fold less than the electri-
cal resistance across the BBB in vivo, which is estimated to be approx 4–8000 Ω /cm2

(74,75). The electrical resistance of cultured endothelial cells can be increased to
400–1000 by using special substrata such as type IV collagen and fibronectin (76).
Co-culture of brain microvascular endothelial with astrocytes increases transendothe-
lial electrical resistance by 71% (77) and treatment with glial-derived neurotrophic
factor and cAMP increases transendothelial electrical resistance by approx 250%. (78).
The resistance of the isolated arachnoid membrane with its tight junctions is less than
that of intracerebral vessels being approx 2000 Ω /cm2 (79), while the junctions of
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Fig. 4. Proposed locations of the major proteins associated with tight junctions (TJs) at the
BBB are shown. The tight junction is embedded in a cholesterol-enriched region of the plasma
membrane (shaded). Three integral proteins—claudin 1 and 2, occludin and junctional adhe-
sion molecule (JAM)—form the tight junction. Claudins make up the backbone of the TJ strands
forming dimers and bind homotypically to claudins on adjacent cells to produce the primary
seal of the TJ. Occludin functions as a dynamic regulatory protein, whose presence in the mem-
brane is correlated with increased electrical resistance across the membrane and decreased para-
cellular permeability. The tight junction also consists of several accessary proteins, which
contribute to its structural support. The zonula occludens proteins (ZO-1 to 3) serve as recog-
nition proteins for tight junctional placement and as a support structure for signal transduction
proteins. AF6 is a Ras effector molecule associated with ZO-1. 7H6 antigen is a phosphopro-
tein found at tight junctions impermeable to ions and molecules. Cingulin is a double-stranded
myosin-like protein that binds preferentially to ZO proteins at the globular head and to other
cingulin molecules at the globular tail. The primary cytoskeletal protein, actin, has known bind-
ing sites on all of the ZO proteins. (Modified from ref. 93.)



choroid plexus epithelial cells have a resistance of 73 Ω /cm2 and hence are considered
to be leaky epithelia (80).

2.2.1.3. MOLECULAR STRUCTURE OF TIGHT JUNCTIONS

Research in the past decade has provided new information on the proteins
composing tight junctions using Madin Darby canine kidney epithelial cells, endothe-
lial cells of non-neural vessels, cerebral endothelial cells, and other cell types. Tight
junctions are composed of an intricate combination of transmembrane and cytoplasmic
proteins linked to an actin-based cytoskeleton that allows these junctions to form a seal
while remaining capable of rapid modulation and regulation (Fig. 4). Three integral pro-
teins—claudin 1 and 2 (81), occludin (82) and junction adhesion molecule (JAM)
(83)—form the tight junction. Claudins form dimers and bind homotypically to claudins
on adjacent endothelial cells to form the primary seal of the tight junction (84). Occludin
is a regulatory protein, whose presence at the BBB is correlated with increased elec-
trical resistance across the barrier and decreased paracellular permeability (85).
Occludin is not present in non-neural vessels thus differentiating the tight junctions of
cerebral and non-neural vessels (85). Junctional adhesion molecules are localized at the
tight junction and are members of the immunoglobulin superfamily, which can func-
tion in association with platelet endothelial cellular adhesion molecule 1 (PECAM) to
regulate leukocyte migration (83). Overexpression of JAM in cells that do not normally
form tight junctions increases their resistance to the diffusion of soluble tracers, sug-
gesting that JAM functionally contributes to permeability control (83).

Tight junctions are also made up of several accessory proteins that are necessary for
structural support such as ZO-1 to 3, AF-6, 7H6 and cingulin. The zonula occludens
(ZO) proteins 1–3 (86,87) belong to a family of proteins known as membrane-
associated guanylate kinase-like proteins (88), a family of multidomain cytoplasmic
molecules involved in the coupling of transmembrane proteins to the cytoskeleton.
ZO-1 is a component of the human and rat BBB (89). The ALL-1 fusion partner from
chromosome 6 (AF-6) is associated with ZO-1 and serves as a scaffolding component
of tight junctional complexes by participating in regulation of cell–cell contacts via
interaction with ZO-1 at the N terminus Ras-binding domain (90). 7H6 antigen is a phos-
phoprotein found at tight junctions that are impermeable to ions and macromolecules
(91). A recent review suggests that 7H6 is sensitive to the functional state of the tight
junction (92). In response to cellular adenosine triphosphate (ATP) depletion, 7H6
reversibly disassociates from the tight junction while ZO-1 remains attached and there
is concurrent increase in paracellular permeability (93). Cingulin is a double-stranded
myosin-like protein localized at the tight junction and found in endothelial cells as well.
Recent in vitro studies have shown that ZO-1, ZO-2, ZO-3, myosin, JAM and A6 inter-
act with cingulin at the N-terminus, while myosin and ZO-3 bind at the C-terminus (94).
Thus, cingulin appears to serve as a scaffolding protein that links tight junction acces-
sory proteins to the cytoskeleton.

Availability of antibodies to some of the tight junction proteins has allowed local-
ization of these proteins in cerebral endothelium by immunohistochemistry. ZO-1
immunoreactivity occurs along the entire perimeter of cultured cerebral endothelial cells
(73) and endothelial cells in cryostat sections of human brain (95). Cryostat sections
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of adult brain also show anti-ZO-1 immunoreactivity as fibrillar fluorescence along the
lateral aspects of brain microvessels (22) which constitute interendothelial tight junc-
tion domains. The ZO-1 protein occurs in approximately the same quantities (molecules
per micron) as the intramembranous particles that constitute the junctional fibrils in
freeze-fracture preparations (96,97). ZO-1 immunoreactivity is also observed in brain
endothelial cells of chick and rat along with immunoreactivity for occludin, claudin-1
and claudin-5 (23). ZO-1 immunoreactivity is also present at the other known sites of
tight junction locations within the CNS such as in the leptomeningeal layer, choroid
plexus epithelium, and the ependyma (22).

The primary cytoskeletal protein, actin, has known binding sites on all ZO proteins,
and on claudin and occludin (98). Electron microscopy shows microfilaments having
the dimensions of actin grouped near the cytoplasmic margins in proximity to cell junc-
tions in cerebral endothelium (see Fig 3; 10,99,100) and actin has been localized to the
plasma membrane by molecular techniques (101). ZO-1 binds to actin filaments and
the C-terminus of occludin (98), which couples the structural and dynamic properties
of perijunctional actin to the paracellular barrier.

Tight junctions are localized at cholesterol-enriched regions along the plasma mem-
brane associated with caveolin-1 (102). Caveolin-1 interacts with and regulates the activ-
ity of several signal transduction pathways and downstream targets (103). Several
cytoplasmic signaling molecules are concentrated at tight junction complexes and are
involved in signaling cascades that control assembly and disassembly of tight junctions
(104). Regulation of tight junctions is discussed in previous reviews (67,93,104–106).

Adherens junctions are located near the basolateral side of endothelial cells (Fig. 3).
Adherens junction proteins include the E, P, and N cadherins, which are single-pass
transmembrane glycoproteins that interact homotypically in the presence of Ca 2+ (107).
These cadherins are not specific for cerebral endothelial junctions being present in
endothelium of non-neural blood vessels as well (108). Cadherins are linked intracel-
lularly to a group of proteins termed catenins (109). α-catenin is a vinculin homolog
that binds to β-catenin and probably links cadherins to the actin-based cytoskeleton and
to other signaling components. γ-catenin is related to β-catenin and can substitute for
it in the cadherin-catenin complex. Catenins are, thereby, part of the system by which
adherens and tight junctions communicate. All these molecules are expressed at junc-
tions in brain endothelial cells (110,111). The newer cadherin-associated protein, p120
and a related protein p100 are associated with the cadherin/catenin complex in both
epithelial and endothelial cells (112). The interaction of these proteins in junctional per-
meability has been recently reviewed (67,106).

2.2.2. Endothelial Plasmalemmal Vesicles or Caveolae

2.2.2.1. MORPHOLOGY

TEM studies show membrane-bound vesicles open to both the luminal and ablumi-
nal plasmalemma through a neck 10–40 nm in diameter and also free in the endothe-
lial cytoplasm of vessels of most organs (Fig. 3; Chapter 6, Fig. 1). These non-coated
structures referred to in the previous literature as pinocytotic vesicles are now gener-
ally referred to as plasmalemmal vesicles or caveolae. These vesicles are distinct
from clathrin-coated vesicles, which have an electron-dense coat and are involved in
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receptor-mediated endocytosis. Free cytoplasmic caveolae are spherical structures
having a mean diameter of approx 70 nm. Studies of frog mesenteric capillaries sug-
gest that caveolae are part of two racemose systems of invaginations of the luminal and
abluminal cell surfaces and not freely moving entities (113). There is considerable het-
erogeneity in endothelium in different parts of a single organ hence the findings in frog
mesenteric capillaries may not necessarily apply to all species or to brain capillaries.

Morphometric studies show that normal cerebral endothelium contains a mean
of 5 plasmalemmal vesicles/µm2 in arteriolar (114) and capillary endothelium
(70,115–117). Other authors report higher values of 10–14 vesicles/µm2 in capillary
endothelium of rats and mice (118,119), which they attribute to small sample size. As
compared with endothelium of non-neural vessels such as myocardial capillaries (120),
cerebral endothelium contains 14-fold fewer vesicles. The decreased number of vesi-
cles in cerebral endothelium implies limited transcellular traffic of solutes. In contrast,
capillaries in areas where a BBB is absent such as the subfornicial organ and area
postrema (63,118) and muscle capillaries (121) that are highly permeable have signif-
icantly higher numbers of endothelial vesicles. Theoretical models of vesicular trans-
port agree in predicting a transport time in the order of seconds (122).

2.2.2.2. FUNCTION

Endothelial caveolae are either endocytic or transcytotic (123). The permeant mol-
ecules can either be internalized within endothelial cells by endocytosis or may be
translocated across the cell to the interstitial fluid, a process termed transcytosis. Both
endocytosis and transcytosis may be receptor-mediated or fluid phase and require ATP
and can be inhibited by N-ethylmaleimide (NEM), an inhibitor of membrane fusion
(124). There is increasing evidence that in defined vascular beds, receptor-mediated
transcytosis of caveoli are involved in transport of low density lipoprotein (LDL),
β-very low density lipoprotein (VLDL), transferrin, insulin, albumin, ceruloplasmin,
and transcobalamin across the endothelium (125,126). Transcytosis is a known mech-
anism for passage of plasma solutes and macromolecules across endothelium of non-
neural vessels (127–129). Two distinct but not mutually exclusive mechanisms for
transendothelial transport by the caveolar system have been proposed and debated
without resolution in the past four decades. The oldest or “shuttle” hypothesis suggests
that single caveolae at the luminal or abluminal surfaces “bud off” to become free within
the cytoplasm carrying their molecular cargo across the cell to fuse with the opposite
plasma membrane. Second, caveolae are postulated to fuse to form a transendothelial
channel extending from the luminal to the abluminal plasma membrane, which allows
passage of substances from the blood to tissues or in the reverse direction (125,127,130).
Such channels have been demonstrated in non-neural vessels in steady states (125,130)
but not in normal cerebral endothelium either by freeze fracture (71), transmission (131),
or high voltage electron microscopy (132). The latter technique allows examination of
0.25-0.5 µm thick plastic sections and is further discussed in Chapter 4. Transendothelial
channels have been observed in cerebral endothelium following BBB breakdown as dis-
cussed in Chapter 6.

In addition to transcytosis of molecules across endothelial cells, caveolae have been
implicated in endocytosis, potocytosis, signal transduction, mechano-transduction in
endothelial cells and control of cholesterol trafficking (103,133–140).
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2.2.2.3. MOLECULAR STRUCTURE OF CAVEOLAE

Studies of non-neural endothelial cells and other cell types have provided informa-
tion about the molecular structure of caveolae. The specific marker and major compo-
nent of caveolae is caveolin-1, an integral membrane protein (20–22 kDa) having both
amino and carboxyl ends exposed on the cytoplasmic aspect of the membrane (141).
Caveolae in most epithelial and endothelial cells contain caveolin-1 (142), which
belongs to a multigene family of caveolin-related proteins that show similarities in struc-
ture but differ in properties and distribution. Caveolin-2 has a similar distribution with
caveolin-1 (143) and endothelial cells express only caveolin-1 and -2 (144). Caveolae
have a unique lipid composition, of which cholesterol and sphingolipids (sphingomyelin
and glycosphingolipid) are the main components. The sphingolipids are substrates for
synthesis of a second intracellular messenger, the ceramides (145). Cholesterol may
create the frame in which all other caveolar elements are inserted.

Caveolin acts as a multivalent docking site for recruiting and sequestering signaling
molecules through the caveolin-scaffolding domain that recognizes a common sequence
motif within caveolin-binding signaling molecules (146). Signaling molecules found
in caveolar domains and form complexes with caveolin are: heterotrimer G protein, com-
ponents of the Ras-mitogen-activated protein kinase pathway, Src tyrosine kinase, pro-
tein kinase C, H-Ras, and endothelial nitric oxide synthase (139). Receptors having
caveolar localization are involved in transport and signaling and include growth factor
receptors like epidermal growth factor, insulin, and platelet derived growth factor recep-
tors, G-protein coupled receptors like PAR, mAcR, CCK-, and receptors for endothe-
lin, advanced glycation end products (RAGE), inositol triphosphate, CD36 (147),
albumin binding proteins (148), and albondin (149). Other antigens residing in endothe-
lial caveolae are PV-1, and the plasma membrane calcium ATPase (150–154). Other
molecules partially localized in caveolae include thrombomodulin, the functional throm-
bin receptor, GP85/115, heterotrimeric G proteins, and dynamin (155–159).

Caveoli contain the molecular machinery that promote vesicle formation, fission,
docking, and fusion with the target membrane. Isolated caveoli from lung capillaries
demonstrate vesicle-associated SNAP receptor (vSNARE), vesicle-associated mem-
brane protein-2 (VAMP-2) (160), monomeric and trimeric GTPases, annexins II and
IV, N-ethyl maleimide-sensitive fusion factor (NSF), and soluble NSF attachment pro-
tein (SNAP) (161). These molecules interact in the stages of transcytosis as follows:
Caveoli form at the cell surface through ATP-, guanosine 5′-triphosphate (GTP)- and
Mg2+-polymerization of caveolin-1 and 2, a process stabilized by cholesterol (141).
Caveolin oligomers may also interact with glycosphingolipids (162); these protein-
protein and protein-lipid interactions are thought to be the driving force for caveoli for-
mation (163). A component of the caveolar fission machinery is the large GTPase,
dynamin, which oligomerises at the neck of caveolae and probably undergoes hydrol-
ysis for fission and release of caveolae so it becomes free in the cytoplasm (158,164).
The transcellular movement of caveolae is facilitated by association with the actin-
cytoskeleton related proteins, such as myosin HC, gelsolin, spectrin, and dystrophin
(165). Fusion at the abluminal membrane is aided by NSF, which interacts with solu-
ble attachment proteins (SNAPs) that can associate with complementary SNAP recep-
tors to form a functional SNARE fusion complex. Before fusion of the target and
vesicle membrane, v-SNARE (VAMP), the targeting receptor located on the vesicles,
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recognizes and docks with its cognate t-SNARE (syntaxin) on the target membrane
(166,167). Specific docking, is aided by endothelial VAMP-2 (160), which is localized
in caveolae.

The evidence thus far favors the hypothesis that caveolae are dynamic vesicular
carriers budding off from the plasma membrane to form free transport vesicles that
fuse with specific target membrane molecules as described in recent reviews
(125,126,168,169). Evidence that caveolae can traffic their cargo across cells (tran-
scytosis) has been recently shown (170). In addition, caveolin-1 gene knock-out mice
show defects in the uptake and transport of albumin in vivo (171). A new direction is
molecular mapping of the endothelium in its native state in tissue in order to identify
novel tissue-specific and disease-induced targets on the endothelial-cell surface and
within caveolae, which could be targeted by therapeutic strategies such as drug or gene
delivery in vivo (126,172).

2.2.2.4. ALBONDIN

Most of the molecular studies on caveolae have been done in non-neural endothe-
lium and other cell types. It would be interesting to know whether the caveolae in brain
endothelium are similar or whether tissue-specific differences exist. One difference that
has been identified thus far is the low expression of albondin in brain endothelium (149).

Albondin is a 60-kDa albumin-binding sialoglycoprotein that is expressed selectively
by vascular endothelium and is present on the luminal surface of continuous endothe-
lium in situ and in culture. It binds albumin apparently not only to initiate its transcy-
tosis via caveolae but also to increase capillary permselectivity (149). Microvascular
endothelial cells isolated from rat heart, lung and epididymal fat pad express albondin
and bind albumin whereas various nonendothelial cells do not. Low expression or lack
of expression of albondin in brain-derived microvascular endothelial cells accounts for
restricted albumin passage into brain in steady states.

2.2.3. Mitochondria

Most of the mitochondria in cerebral endothelium are located in the vicinity of the
nucleus, but occasional mitochondria occur throughout the cytoplasm and these tend
to be parallel to the cell surface. Murine cerebral endothelium contains greater num-
bers of mitochondria (173), with 10% (174) and 13.7% (175) of the endothelial volume
being occupied by mitochondria, which is greater than found in endothelia of other tis-
sues. Increased mitochondria in cerebral endothelium may provide the metabolic work
capacity for maintaining the ionic gradient across the BBB. Other studies have obtained
a lower value of 2–6% for the proportion of cerebral endothelial cytoplasmic volume
occupied by mitochondria in rat (116), chick (36), mouse (118), and human (117) cere-
bral capillaries. The different values obtained by both groups may be related to the dif-
ferent morphometric method used by each group. Endothelial mitochondrial density is
lower in capillaries of the subfornicial organ, which lies outside the BBB (63).

2.3. Endothelium in Inflammation

The brain exists in an immunologically privileged environment, however, this does
not exclude immune cells from reaching the brain under steady states (176). Many of
the same processes that are active in the beneficial monitoring also play key roles in
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initiating and /or potentiating detrimental inflammatory reactions (177). Cerebral
endothelial cells, by virtue of their capacity to express adhesion molecules and
chemokines and their potential to act as antigen presenting cells and participate in death
receptor signaling are intricately involved in inflammatory processes. They also express
cytokines and represent a point of passage for immune cells present in the blood into
the extracellular environment of the brain as discussed in Chapter 6, Subheading 6.5.

2.3.1. Adhesion Molecule Expression

The interaction of leukocytes with endothelium is a sequential and multistep process
that involves leukocyte rolling on the endothelium mediated by adhesion molecules lead-
ing to firm adhesion. The latter process is mediated by interaction of the immunoglob-
ulin family (ICAM-1 and VCAM-1) or the selectin family (E-selectin and P-selectin)
of cellular adhesion molecules expressed by endothelial cells and their leukocyte lig-
ands. Immunohistochemical studies of frozen normal brain tissue show minimal to non-
detectable localization of various integrin adhesion molecules including ICAM-1,
VCAM-1 and PECAM-1 in endothelium (178–180) and in vitro studies show low
E-selectin (181) and P-selectin (182) localization on human microvascular endothelial
cells. Small numbers of immune cells are able to cross into the CNS using the minimal
level of these adhesion molecules that exist normally (177). The ICAM-1, VCAM-1
and E-selectin levels on brain microvascular endothelial cells are upregulated 3- to
15-fold in response to IFN-γ, TNF-α, and IL-1 treatment (181,183–186) while
P-selectin levels increase in response to histamine or thrombin (182).

2.3.2. Chemokine Production

Chemokines are a subgroup of small cytokines (8–10 kD) that are produced within
a target tissue and provide a mechanism by which specific populations of inflamma-
tory cells including Th1 and Th2 cells and monocytes are attracted to the target tissue
(187–191). Production of chemokines within the CNS is well documented; cellular
sources include glial and endothelial cells (192). The presence of MCP-1 and MIP-1β-
binding sites on human brain microvessels (193) suggests that chemokines produced
locally by perivascular astrocytes and microglial cells either diffuse or are transported
to the endothelial cell surface, where they are immobilized for presentation to leuko-
cytes. Such a process has been demonstrated in the periphery with the chemokine inter-
leukin (IL)-8 (194).

MCP-1 immunoreactivity can be detected in brain endothelial cells (195) at the
onset of inflammation and before clinical expression of disease during experimental
allergic encephalomyelitis. Human brain endothelial cells produce and secrete bioac-
tive IL-6 and MCP-1 (196–198) and can also express IP-10, MIP1β, and RANTES
(199,200). Prominent upregulation of these chemokines is observed in response to glial
cell-derived pro-inflammatory cytokines (200,201).

2.3.3. Antigen Presentation at the BBB

Although both neural antigen-specific and nonspecific T-cells can enter brain, only
those that recognize their specific antigen presented by a competant antigen present-
ing cell would persist and initiate an inflammatory reaction (176). Cerebral microvas-
cular endothelial cells are potentially significant antigen presenting cells because of their

Morphology and Molecular Properties 15



large cumulative surface area and unique anatomical location between circulating
T-cells and the extravascular sites of antigen exposure. Endothelial cells do not consti-
tutively express MHC class II molecules in vivo or in vitro but can be induced to do so
(179,202–204). Fc receptor for the constant region of immunoglobulin has also been
demonstrated on cerebral endothelial cells (Fig. 2D,E; 205,206).

2.3.4. Death Receptor Signaling

Recent evidence suggests that endothelial cells can induce immune cell death and
downregulate an ongoing immune cell-mediated inflammatory process. Resting human
brain endothelial cells produce minimal levels of Fas and TRAIL mRNA (199).
However, after stimulation with IFN-γ or IFN-β, up regulation of both Fas and TRAIL
mRNA occurs (199). Upon secretion/cleavage from the cell surface, TRAIL binds to
death receptors and induces the apoptotic death of the target cell. Conversely, Fas mol-
ecules expressed by human brain endothelial cells could be produced as soluble Fas,
secreted and act as antagonists to Fas ligand expressed by immune cells, thus inhibit-
ing death mediated signals.

Thus it appears that cerebral endothelium is equipped with the necessary molecules
to participate in immune responses. Most of the cited studies are in vitro studies using
cultured cerebral endothelial cells. Methods for conducting such studies are given in
part IV of this book. Further work is necessary to identify the molecular mechanisms
occurring in vivo that lead to the inflammatory response in various brain diseases.

3. Basement Membrane
The basement membrane is a specialized, extracellular matrix, which separates

endothelial cells and pericytes from the surrounding extracellular space (Fig. 1). The
basement membrane develops its “mature” form between postnatal d 21 and 28 by
apparent fusion and thickening of the lamellae from both endothelia and astroglia (207)
resulting in a change in both the quantity of the basement membrane, as measured by
the hydroxyproline content (208), and the quality as determined by immunohisto-
chemistry (209,210). In adults this membrane is 30–40 nm thick and is synthesized by
both astrocytes and endothelial cells which are connected with the basement membrane
via fine filaments. Ultrastructural studies show that the basement membrane has an inner
electron-dense layer called the lamina densa; and less electron-dense layers called the
laminae rarae (22). The basement membrane is composed of laminin (211), collagen
IV (212), proteoglycans, notably heparan sulphate (213,214), fibronectins (215), nido-
gen (216) and entactin (217). The chemical composition of these individual basement
membrane components differs among various organs (218).

The subendothelial basal lamina is no impediment to the extracellular flow of trac-
ers such as horseradish peroxidase. The basal lamina of capillaries shows strong label-
ing with cationic colloidal gold indicating that it forms a negatively charged screen or
filter controlling the movement of charged solutes between blood and the brain inter-
stitial fluid (219). Large, charged molecules such as ferritin do not cross the basal lamina
(220). The subendothelial basal lamina also serves as a repository for growth factors
such as basic fibroblast growth factor and heparin binding proteases and protease
inhibitors (214). Therefore regulated release of growth factors and proteases from the
basal lamina reservoir could play a role in angiogenesis and the invasion of the inter-
stitium by tumor cells (214).
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4. Pericytes
Some authors refer to perivascular cells in relation to all types of vessels whether

capillaries, arterioles and venules as pericytes (221,222). In this review pericytes will
refer to the cells, which form a discontinuous layer on the outer aspect of capillaries
and the small post-capillary venules, both of which are indistinguishable by electron
microscopy (Fig. 1). Pericyte coverage of microvessels varies and in rat capillaries cov-
erage is 22–32% (223). In isolated brain capillary preparations, there is approximately
one pericyte for every three endothelial cells (224). In the CNS, pericytes have an oval
to oblong cell body arranged parallel to the vessel long axis (225). The cell body of the
pericyte consists of a prominent nucleus with limited perinuclear cytoplasm from which
extend cytoplasmic processes that also run parallel to the long axis of the blood vessel;
orthogonally oriented secondary processes arise along the length of the primary process
and partially encircle the vascular wall. Pericytes may be “granular” or “agranular,”
depending on whether cytoplasmic lysosomes are abundant or sparse respectively (221).
A quantitative study shows that human cerebral pericytes are exclusively granular
(226). Cerebral pericytes are rich in cytoplasmic plasmalemmal vesicles.

Although pericytes are separated from endothelium by the basement membrane,
pericyte-endothelial cell gap junctions have been described in human cerebral capillar-
ies (227). Scanning electron microscopic studies show contacts between the pericyte and
endothelial cell which is made by cytoplasmic processes of the pericyte indenting the
endothelial cell and vice versa, forming so-called “peg-and-socket” contacts (228,229).
In brain and retina, the adhesive glycoprotein, fibronectin, has been characterized at junc-
tional sites between pericytes and endothelial cells adjacent to “adhesion plaques” at the
pericyte plasma membrane (230). The plaques suggest a mechanical linkage between
the two cells, which would permit contractions of the pericyte to be transmitted to the
endothelial cell resulting in the reduction of the microvessel diameter.

Pericytes share many markers with smooth muscle cells such as aminopeptidase N,
aminopeptidase A and nestin (Table 2, 230–233). Angiopoietin-2 (26,44), and
γ-glutamyl transpeptidase, a frequently used endothelial marker is also present in brain
microvessel pericytes (234). Glutamic acid decarboxylase (235) and butyryl-
cholinesterase (236) have also been localized in pericytes. Although α-smooth muscle
actin protein and mRNA have been demonstrated in isolated cerebral pericytes (237),
immunohistochemistry at the light microscopical level does not show this protein in
paraffin sections of brain (personal observation) or in isolated bovine brain capillaries
(224). However, immunogold labeling of isolated cerebral vessels with anti-α-smooth
muscle actin shows smooth muscle cell labeling frequently aligned along the myofila-
ments and dense labeling of pericytes (233). These authors did not observe
luminal/abluminal polarity in the immunogold labeling in either cell.

Three major functional roles have been ascribed to pericytes associated with CNS
microvasculature. They include contractility, regulation of endothelial cell activity and
a role in inflammation.

4.1. Contractility

Contraction (and reciprocal relaxation) appears to be the way that pericytes regulate
microvascular blood flow, similar to the smooth muscle of larger vessels. The demon-
stration of contractile elements in pericytes support their contractile role. Actin and actin
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filaments (238,239) have been demonstrated in pericytes in vitro with a portion of this
actin corresponding to the α-isoform or muscle-specific form (233). These authors did
not observe α-smooth muscle actin in all CNS pericytes suggesting that contraction may
not be a universal property of all pericytes. Functional capability of pericyte-derived
actin was demonstrated in biochemical assays, where it was shown to activate myosin
Mg2+-ATPase (240). Tropomyosin and both muscle-specific and non-muscle isoforms
of myosin are present in pericytes (241,242) including cerebral pericytes (243), with
the muscle-specific myosin being distributed in the same location as α-actin. Further
support for the contractile function of pericytes comes from in vitro studies where their
contraction has been directly observed (244). A number of agents, which regulate con-
traction of pericytes such as histamine, serotonin, endothelin-1 and angiotensin II have
been reviewed previously (225).

4.2. Pericyte-Endothelial Interactions

Pericytes not only reside in proximity to vascular endothelial cells, but they also have
several different types of direct contact with these cells as described above. The com-
bination of intimate cellular contacts and their presence during development suggests
that they may regulate endothelia and vascular development (245,246). Pericytes can
inhibit endothelial cell proliferation and thereby stabilize developing microvessels (247).
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Table 2
Markers for Cerebral Pericytes, Smooth Muscle Cells 
and Perivascular Macrophages

Smooth Perivascular
Marker Pericyte muscle cell macrophage

Aminopeptidase A + + NK
Aminopeptidase N + + NK
Nestin + + NK
γ-glutamyl transpeptidase + + +
Angiopoietin-2 + – –
α-SM actin + + –
SM myosin – + –
β-actin + + NK
NM myosin + + NK
Vimentin + + +
Calponin – + NK
Desmin – + –
Skeletal/SM – + NK
CD11b + – +
ED-2 ± – +
CD45 – – +
MHC class II – – +
GSA – – +

SM = smooth muscle; NM = nonmuscle; GSA = Griffonia Simplicifolia Agglutinin; NK = not known.
References: Alliott et al. (231); Balabanov and Dore-Duffy (232); Bandopadhyay et al. (233).



In vitro studies demonstrate inhibition of endothelial cell growth and proliferation by
pericytes (248,249), which is mediated by transforming growth factor-β-1 only when
there is physical contact between these cells (45,248). On the other hand pericytes also
provide factors, which stimulate the growth and development of endothelial cells.
Pericytes have been implicated in all stages of angiogenesis including initiation, vas-
cular sprout extension and endothelial migration (250). In vitro studies demonstrate that
pericytes produce basic fibroblast growth factor (45,251), VEGF growth factor
(252,253), and angiopoietins (44), all of which are involved in neovascularization and
angiogenesis. Thus pericytes have both a negative and positive effect on endothelial cells.

Endothelial cells on the other hand have a reciprocal regulatory effect on pericytes.
Endothelial cells produce transforming growth factor (254), VEGF (255), endothelin-1
(256,257), and platelet-derived growth factor, all of which have been shown to influ-
ence pericyte function. Transforming growth factor inhibits pericyte growth, whereas
VEGF stimulates pericyte proliferation in vitro. Endothelin-1 stimulates pericyte con-
traction and is a pericyte mitogen in vitro. The origin of platelet-derived growth factor
from endothelial cells is less certain. However, in the absence of this agent, pericytes
do not develop (258), hence it is thought to serve as a migration and/or differentiation
signal (259,260).

4.3. Role in Inflammation

Pericytes are thought to serve as macrophages in the brain. Morphologic studies
demonstrate numerous cytoplasmic lysosomes that increase in size and number in con-
ditions associated with BBB breakdown to exogenously administered proteins such as
horseradish peroxidase (261–263). In this context, pericytes form a second line of
defence for the BBB by phagocytosing molecules that pass through endothelium.
Pericytes in situ contain the components recognized by the macrophage-selective mon-
oclonal antibodies EBM/11 (264) and ED2 (265,266), and the macrophage-specific pro-
tein class II major histocompatibility complex (267,268). In addition, they exhibit
phagocytosis (265,269). Thus there is significant evidence supporting the role of peri-
cytes as macrophages in the CNS.

CNS pericytes may be actively involved in the regulation of leukocyte transmigra-
tion, antigen presentation, and T-cell activation (270–272). Pericytes present antigen in
vitro and differentially activate Th1 and Th2 CD4+ lymphocytes (273). CNS pericytes
produce a number of immunoregulatory cytokines such as interleukin-1β, interleukin-6
and granulocyte-macrophage colony stimulatory factor (271).

For detailed discussions of pericyte functions, readers are referred to reviews in the
literature (221,225,232,274,275). Some of the studies described in this review have been
done in non-neural pericytes. The availability of a technique to isolate CNS pericytes
(see Chapter 25) provides a means to study the role of this cell in BBB biology.

5. Perivascular Macrophages
These are a heterogenous population found in the CNS and the peripheral nervous

system. Various names have been used to describe these cells, including perivascular
cells, perivascular macrophages, perivascular microglia, and fluorescent granular
perithelial cells (Mato cells), which reflect heterogeneity within this population as well
as different models of neuropathology, anatomic locations, and species studied (276).

Morphology and Molecular Properties 19



There is consensus regarding their location, phenotype, and putative immune functions.
Perivascular macrophages are a minor population in the CNS situated adjacent to
endothelial cells and are immediately beyond the basement membrane of small arteri-
oles and venules (Fig. 2 A; 10,267,277). Within the perivascular space, these cells abut
CNS endothelial cells and can extend long branching processes that enwrap the ves-
sels to which they are apposed (267,277). Under certain pathologic conditions, includ-
ing autoimmune inflammation and viral encephalitides, perivascular macrophages can
accumulate transiently and then disappear (262,263,278,279), or they can remain for
long periods (280). Perivascular macrophages are bone marrow derived and continu-
ously replaced by monocytes. Bone marrow chimera studies in rodents (277,281) and
transplantation studies in humans (282) show a steady rate of perivascular macrophage
turnover in the normal noninflamed CNS. Approximately 30% of perivascular
macrophages are replaced during a 3-mo period in rats (283).

5.1. Immunophenotype of Perivascular Macrophages

ED2 (Table 2; 266,277,284) is a universally accepted marker of perivascular cells
along with CD45 (266,278,285), CD4 (286) and OX-42 (266,277,278), although, pop-
ulations of these cells are identified that are OX-42 and GSA-I-B4 isolectin negative
(266). Fc receptor for the constant region of immunoglobulin is also found on perivas-
cular macrophages (287–290). Rodent perivascular macrophages have constitutive
major histocompatibility class II (MHC II) expression that is further augmented after
exposure to interferon-γ/tumor necrosis factor-α (291), and in experimental allergic
encephalomyelitis (277,278), and neuronal damage (292,293).

Perivascular macrophages in human and nonhuman primates are immunoreactive
with CD14, CD45 (276,289,290,294) and esterase antibodies (289,294). They also
have constitutive MHCII and CD4 expression (267,295,296). Basal levels of MHC II
antigens, B7 and CD40, and Fc receptor are increased on perivascular macrophages in
inflammatory CNS conditions including multiple sclerosis (289,290,296–299).

Numerous immune functions have been ascribed to perivascular macrophages based
solely on the expression of immune molecules. They have been implicated as the resi-
dent CNS antigen presenting cells (277), they undergo immune activation in response
to inflammation or neuronal injury/death (292,293,300) and can perform phagocytosis
and pinocytosis or respond to cytokines and LPS in the peripheral blood (280,301,302).

In conclusion, an attempt has been made to describe some of the molecules that have
been discovered in cerebral vessels in the past decade. It is hoped that the methods
described in this book will aid researchers in the isolation of molecules not described
thus far and in increasing our understanding of how these molecules interact at the BBB
to maintain cerebral homeostasis as well as the mechanisms that result in BBB break-
down. A greater understanding of the molecular mechanisms occurring at the BBB in
diseases is necessary in order to identify substances/molecules that can be targeted for
pharmacological manipulation and/or gene therapy.
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Immunoultrastructural expression of intercellular adhesion molecule-1 in endothelial cell
vesiculotubular structures and vesiculovacuolar organelles in blood–brain barrier devel-
opment and injury. Cell Tissue Res. 295, 77–88.

179. Washington, R., Burton, J., Todd, R. F. III, Newman, W., Dragovic, L., and Dore-Duffy,
P. (1994) Expression of immunologically relevant endothelial cell activation antigens on
isolated central nervous system microvessels from patients with multiple sclerosis. Ann.
Neurol. 35, 89–97.

180. Williams, K. C., Zhao, R. W., Ueno, K., and Hickey, W. F. (1996) PECAM-1 (CD31)
expression in the central nervous system and its role in experimental allergic
encephalomyelitis in the rat. J. Neurosci. Res. 45, 747–757.

181. Wong, D., and Dorovini-Zis, K. (1996) Regulation by cytokines and lipopolysaccharide
of E-selectin expression by human brain microvessel endothelial cells in primary culture.
J. Neuropathol. Exp. Neurol. 55, 225–235.

Morphology and Molecular Properties 29



182. Easton, A. S., and Dorovini-Zis, K. (2001) The kinetics, function, and regulation of
P-selectin expressed by human brain microvessel endothelial cells in primary culture.
Microvasc. Res. 62, 335–345.

183. McCarron, R. M., Wang, I., Stanimirovic, D. B., and Spatz, M. (1995) Differential regu-
lation of adhesion molecule expression by human cerebrovascular and umbilical vein
endothelial cells. Endothelium 2, 339–346.

184. Prat, A., Becher, B., Blain, M., and Antel, J. P. (1998) Induction of B7.1 and B7.2
co-stimulatory molecules on the surface of human brain endothelial cells. J. Neuro-
immunol. 90, 24 (abstract).

185. Wong, D., and Dorovini-Zis, K. (1992) Upregulation of intercellular adhesion molecule-
1 (ICAM-1) expression in primary cultures of human brain microvessel endothelial cells
by cytokines and liposaccharide. J. Neuroimmunol. 39, 11–21.

186. Wong, D., and Dorovini-Zis, K. (1995) Expression of vascular cell adhesion molecule-1
(VCAM-1) by human brain microvessel endothelial cells in primary culture. Microvasc.
Res. 49, 325–339.

187. Bonecchi, R., Bianchi, G., Bordignon, P. P., et al. (1997) Differential expression of
chemokine receptors and chemotactic responsiveness of type 1 T helper cells (Th1s) and
Th2s. J. Exp. Med. 187, 129–134.

188. Borges, E., Tietz, W., Steegmaier, M., et al. (1997) P-selectin glycoprotein ligand-1
(PSGL-1) on T helper 1 but not on T helper 2 cells binds P-selectin and supports
migration into inflamed skin. J. Exp. Med. 185, 573–578.

189. Eng, L. F., Ghirnikar, R. S., and Lee, Y. L. (1996) Inflammation in EAE: role of
chemokine/cytokine expression by resident and infiltrating cells. Neurochem. Res. 21,
511–525.

190. Jourdan, P., Abbal, C., Nora, N., et al. (1998) IL-4 induces functional cell-surface expres-
sion of CXCR4 on human T cells. J. Immunol. 160, 4153–4157.

191. Meeusen, E. N., Premier, R. R., and Brandon, M. R. (1996) Tissue-specific migration of
lymphocytes: a key role for Th1 and Th2 cells? Immunol. Today. 17, 421–424.

192. Zach, O., Bauer, H. C., Richter, K., Webersinke, G., Tontsch, S., and Bauer, H. (1997)
Expression of a chemotactic cytokine (MCP-1) in cerebral capillary endothelial cells.
Endothelium 5, 143–153.

193. Andjelkovic, A. V., Spencer, D. D., and Pachter, J. S. (1999) Visualization of chemokine
binding sites on human brain microvessels. J. Cell Biol. 145, 403–412.

194. Middleton, J., Neil, S., Wintle, J., et al. (1997) Transcytosis and surface presentation of
IL-8 by venular endothelial cells. Cell 91, 385–395.

195. Berman, J. W., Guida, M. P., Warren, J., Amat, J., and Brosnan, C. F. (1996) Localization
of monocyte chemoattractant peptide-1 expression in the central nervous system in exper-
imental autoimmune encephalomyelitis and trauma in the rat. J. Immunol. 156, 3017–3023.

196. Biernacki, K., Prat, A., Pouly, S., Nalbantoglu, J., Couture, R., and Antel, J. P. (2000) Kinin
B1 receptor expression and function on human brain endothelial cells: in vitro blood-brain
barrier permeability study. Neurology 54, A167 (abstract).

197. Prat, A., Biernacki, K., Lavoie, J-F., Poirier, J., Duquette, P., and Antel, J. P. (2002)
Migration of multiple sclerosis lymphocytes through brain endothelium. Arch. Neurol. 59,
391–397.

198. Zhang, W., Smith, C., Shapiro, A., Monette, R., Hutchison, J., and Stanimirovic, D. (1999)
Increased expression of bioactive chemokines in human cerebromicrovascular endothe-
lial cells and astrocytes subjected to simulated ischemia in vitro. J. Neuroimmunol. 101,
148–160.

199. Prat, A., Biernacki, K., Wosik, K., and Antel, J. (2001) Glial cell influence on the human
blood-brain barrier. Glia 36, 145–155.

30 Nag



200. Shukaliak, J. A., and Dorovini-Zis, K. (2000) Expression of beta-chemokine RANTES and
MIP-1 beta by human brain microvessel endothelial cells in primary culture.
J. Neuropathol. Exp. Neurol. 59, 339–352.

201. Biernacki, K., Prat, A., Pouly, S., Nalbantoglu, J., Couture, R., and Antel, J. P. (2000) Kinin
B1 receptor expression and function on human brain endothelial cells: in vitro blood-brain
barrier permeability study. Neurology 54, A167 (abstract).

202. Jemison, L. M., Williams, S. K., Lublin, F. D., Knobler, R. L., and Korngold, R. (1993)
Interferon-gamma-inducible endothelial cell class II major histocompatibility complex
expression correlates with strain- and site-specific susceptibility to experimental allergic
encephalomyelitis. J. Neuroimmunol. 47, 15–22.

203. Etienne, S., Bourdoulous, S., Strosberg, A. D., and Couraud, P. O. (1999) MHC class II
engagement in brain endothelial cells induces protein kinase A-dependent IL-6 secretion
and phosphorylation of cAMP response element-binding protein. J. Immunol. 163,
3636–3641.

204. McCarron, R. M., Spatz, M., and Cowan, E. P. (1991) Class II MHC antigen expression
by cultured human cerebral vascular endothelial cells. Brain Res. 566, 325–328.

205. Nag, S., and Gupta, S. (1981) Demonstration of Fc receptor on cerebral endothelium.
J. Neuropathol. Exp. Neurol. 40, 327.

206. Schlachetzki, F., Zhu, C., and Pardridge, W. M. (2002) Expression of the neonatal Fc recep-
tor (FcRn) at the blood-brain barrier. J. Neurochem. 81, 203–206.

207. Bär, T., and Wolff, J. R. (1972) The formation of capillary basement membranes during
internal vascularization of the rat’s cerebral cortex. Z. Zellforsch. 133, 231–248.

208. Betz, A. L., and Goldstein, G. W. (1981) Developmental changes in metabolism and
transport properties of capillaries isolated from rat brain. J. Physiol. (Lond.) 312,
365–376.

209. Herkin, R., Götz, W., and Thies, M. (1990) Appearance of laminin, heparin sulphate
proteoglycan, and collagen type IV during initial stages of vascularization of the
neuroepithelium of the mouse embryo. J. Anat. 169, 189–195.

210. Risau, W., and Lemmon, W. (1988) Changes in the vascular extracellular matrix during
embryonic vasculogenesis and angiogenesis. Dev. Biol. 125, 441–450.

211. Timpl, R., Rohde, H., Risteli, L., Ott, U., Robey, P. G., and Martin, G. R. (1982) Laminin.
Methods Enzymol. 82:Pt A, 831–838.

212. Timpl, R., Wiedemann, H., van Delden, V., Furthmayr, H., and Kuhn, K. (1981) A net-
work model for the organization of type IV collagen molecules in basement membrane.
Eur. J. Biochem. 120, 203–211.

213. Linker, A., Hovingh, P., Kanwar, Y. S., and Farquhar, M. G. (1981) Characterization of
heparan sulfate isolated from drug glomerular basement membranes. Lab. Invest. 44, 560–565.

214. Timpl, R. (1994) Proteoglycans of basement membranes. EXS 70, 123–144.
215. Hynes, R. O. (1986) Fibronectins. Sci. Am. 254, 42–51.
216. Timpl, R., Dziadek, M., Fujiwara, S., Nowack, H., and Wick, G. (1983) Nidogen: a new,

self-aggregating basement protein. Eur. J. Biochem. 137, 455–465.
217. Carlin, B., Jaffe, R., Bender, B., and Chung, A. E. (1981) Entactin, a novel basal lamina-

associated sulfated glycoprotein. J. Biol. Chem. 256, 5209–5214.
218. Kefalides, N. A., Alper, R., and Clark, C. C. (1979) Biochemistry and metabolism of base-

ment membranes. Int. Rev. Cytol. 61, 167–228.
219. Vorbrodt, A. W. (1993) Morphological evidence of the functional polarization of brain

microvascular endothelium. In The Blood-Brain Barrier. Cellular and Molecular Biology.
(Pardridge, W. M., ed.), Raven, New York, pp. 137–164.

220. Brightman, M. W., and Kaya, M. (2000) Permeable endothelium and the interstitial space
of brain. Cell. Mol. Neurobiol. 20, 111–130.

Morphology and Molecular Properties 31



221. Sims, D. E. (2000) Diversity within pericytes. Clin. Exp. Pharmacol. Physiol. 27,
842–846.

222. Thomas, W. E. (1999) Brain macrophages: on the role of pericytes and perivascular cells.
Brain Res. Rev. 31, 42–57.

223. Sims, D. E. (1991) Recent advances in pericyte biology—Implications for health and
disease. Can. J. Cardiol. 7, 431–443.

224. Pardridge, W. M. (1999) Blood-brain barrier biology and methodology. J. Neurovirol. 5,
556–569.

225. Rucker, H. K., Wynder, H. J., and Thomas, W. E. (2000) Cellular mechanisms of CNS peri-
cytes. Brain Res. Bull. 51, 363–369.

226. Farrell, C. R., Stewart, P. A., Farrell, C. L., and Del Maestro, R. F. (1987) Pericytes in
human cerebral microvasculature. Anat. Rec. 218, 466–469.

227. Cuevas, P., Gutierrez-Diaz, J. A., Reimers, D., Dujovny, M., Diaz, F. G., and Ausman,
J. I. (1984) Pericyte endothelial gap junctions in human cerebral capillaries. Anat. Embryol.
170, 155–159.

228. Tilton, R. G., Kilo, C., Williamson, J. R., and Murch, D. W. (1979) Differences in
pericyte contractile function in rat cardiac and skeletal muscle microvasculatures.
Microvasc. Res. 18, 336–352.

229. Wakui, S. M., Furusato, M., Hasumura, M., et al. (1989) Two- and three-dimensional ultra-
structure of endothelium and pericyte interdigitations in capillary of human granulation
tissue. J. Electron Microsc. 38, 136–142.

230. Courtoy, P. J., and Boyles, J. (1983) Fibronectin in the microvasculature: Localization in
the pericyte-endothelial interstitium. J. Ultrastruct. Res. 83, 258–273.

231. Alliot, F., Rutin J., Leenen, P. J., and Pessac, B. (1999) Pericytes and periendothelial cells
of brain parenchyma vessels co-express aminopeptidase N, aminopeptidase A and nestin.
J. Neurosci Res. 58, 367–378.

232. Balabanov, R., and Dore-Duffy, P. (1998) Role of the CNS microvascular pericyte in the
blood-brain barrier. J. Neurosci. Res. 53, 637–644.

233. Bandopadhyay, R., Orte, C., Lawrenson, J. G., Reid, A. R., De Silva, S., and Allt, G. (2001)
Contractile proteins in pericytes at the blood-brain and blood-retinal barriers. J. Neurocytol.
30, 35–44.

234. Risau, W., Dingler, A., Albrecht, U., Dehouck, M. P., and Cecchelli, R. (1992) Blood-brain
barrier pericytes are the main source of γ-glutamyltranspeptidase activity in brain
capillaries. J. Neurochem. 58, 667–672.

235. Gradera, R. R., Munitz, E., and Martinez-Rodriguez, R. (1993) Electron microscopic
localization of GABA and glutamic acid decarboxylase (GAD) in the cerebral capillaries
and their microenvironment. Cell Mol. Biol. 39, 809–817.

236. Gerhart, D. Z., and Drewes, L. R. (1987) Butyrylcholinesterase in pericytes associated with
canine brain capillaries. Cell Tissue Res. 247, 533–536.

237. Boado, R. J., and Pardridge, W. M. (1994) Differential expression of α-actin mRNA and
immunoreactive protein in brain microvascular pericytes and smooth muscle cells.
J. Neurosci. Res. 39, 430–435.

238. Herman, I. M., and D’Amore, P. A. (1985) Microvascular pericytes contain muscle and
nonmuscle actins. J. Cell Biol. 101, 43–52.

239. Wallow, I. H., and Burnside, B. (1980) Actin filaments in retinal pericytes and
endothelial cells. Invest. Ophthalmol. Vis. Sci. 19, 1433–1441.

240. Chan, L. S., Li, W., Khatami, M., and Rockey, J. H. (1986) Actin in cultured bovine
retinal capillary pericytes: Morphological and functional correlation. Exp. Eye Res. 43, 41–54.

32 Nag



241. Joyce, N. C., Haire, M. F., and Palade, G. E. (1985) Contractile proteins in pericytes. I.
Immunoperoxidase localization of tropomyosin. J. Cell Biol. 100, 1379–1386.

242. Joyce, N. C., Haire, M. F., and Palade, G. E. (1985) Contractile proteins in pericytes. II.
Immunocytochemical evidence for the presence of two isomyosins in graded concentra-
tions. J. Cell Biol. 100, 1387–1395.

243. Ehler, E., Karlhuber, G., Bauer, H.-C., and Draeger, A. (1995) Heterogeneity of smooth
muscle-associated proteins in mammalian brain microvasculature. Cell and Tissue Res.
279, 393–403.

244. Kelley, C., D’Amore P. A., Hechtman, H. B., and Shepro, D. (1987) Microvascular peri-
cyte contractility in vitro: Comparison with other cells of the vascular wall. J. Cell Biol.
104, 483–490.

245. Fujimoto, K. (1995) Pericyte-endothelial gap junctions in developing rat cerebral capil-
laries: A fine structural study. Anat. Rec. 242, 562–565.

246. Nehls, V., Denzer, K., and Drenckhahn, D. (1992) Pericyte involvement in capillary sprout-
ing during angiogenesis in situ. Cell Tissue Res. 270, 469–474.

247. Crocker, D. J., Murad, T. M., and Geer, J. C. (1970) Role of the pericyte in wound heal-
ing. Exp. Mol. Pathol. 13, 51–65.

248. Orlidge, A., and D′Amore, P. A. (1987) Inhibition of capillary endothelial cell growth by
pericytes and smooth muscle cells. J. Cell Biol. 105, 1455–1462.

249. Yan, Q., and Sage, E. H. (1998) Transforming growth factor-beta1 induces apoptotic death
in cultured retinal endothelial cells but not in pericytes: Association with decreased expres-
sion of p21waf1/cip1. J. Cell Biochem. 70, 70–83.

250. Hirshi, K. K., and D′Amore, P. A. (1997) Control of angiogenesis by pericytes: molecu-
lar mechnaisms and significance. EXS., 79, 419–428.

251. Watanabe, S., Morisaki, N., Tezuka, M., et al. (1997) Cultured retinal pericytes stimulate
in vitro angiogenesis of endothelial cells through secretion of a fibroblast growth factor-
like molecule. Atherosclerosis 130, 101–107.

252. Kim, Y., Imdad, R. Y., Stephenson, A. H., Sprague, R. S., and Lonigro, A. J. (1998)
Vascular endothelial growth factor mRNA in pericytes is upregulated by phorbol myris-
tate acetate. Hypertension 31, 511–515.

253. Takagi, H., King, G. L., and Aiello, L. P. (1996) Identification and characterization of vas-
cular endothelial growth factor receptor (Flt) in bovine retinal pericytes. Diabetes 45,
1016–1023.

254. Antonelli-Orlidge, A., Smith, S. R., and D′Amore, P. A. (1989) Influence of pericytes on
capillary endothelial cell growth. Am. Rev. Respir. Dis. 140, 1129–1131.

255. Nomura, M., Yamagishi, S., Harada, S., et al. (1995) Possible participation of autocrine
and paracrine vascular endothelial growth factors in hypoxia-induced proliferation of
endothelial cells and pericytes. J. Biol. Chem. 270, 28,316–28,324.

256. Chakravarthy, U., Gardiner, T. A., Anderson, P., Archer, D. B., and Trimble, E. R. (1992)
The effect of endothelin 1 on the retinal microvascular pericyte. Microvasc. Res. 43,
241–254.

257. Yamagishi, S., Hsu, C-C., Kobayashi, K., and Yamamoto, H. (1993) Endothelin I medi-
ates endothelial cell-dependent proliferation of vascular pericytes. Biochem. Biophys.
Res. Commun. 191, 840–846.

258. Lindahl, P., Johansson, B. R., Leveen, P., and Betsholtz, C. (1997) Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science 277, 242–245.

259. Beck, L., and D′Amore, P. A. (1997) Vascular development: Cellular and molecular reg-
ulation. FASEB J. 11, 365–373.

Morphology and Molecular Properties 33



260. Benjamin, L. E., Hemo, I., and Keshet, E. (1998) A plasticity window for blood vessel
remodeling is defined by pericyte coverage of the preformed endothelial network and is
regulated by PDGF-B and VEGF. Development 125, 1591–1598.

261. Baker, R. N., Cancilla, P. A., Pollock, P. S., and Frommes, S. P. (1971) The movement of
exogenous protein in experimental cerebral edema. An electiron microscopic study after
freeze injury. J. Neuropathol. Exp. Neurol. 80, 668–679.

262. Cancilla, P. A., Baker, R. N., Pollock, P. S., and Frommes, B. S. (1972) The reaction of
pericytes of the central nervous system to exogenous protein. Lab. Invest. 26, 376–383.

263. van Deurs, B. (1976) Observations on the blood-brain barrier in hypertensive rats, with
particular reference to phagocytic pericytes. J. Ultrastruct. Res. 56, 65–77.

264. Esiri, M. M., and McGee, J. (1986) Monoclonal antibody to macrophages (EBM/11)
labels macrophages and microglial cells in human brain. J. Clin. Pathol. 39, 615–621.

265. Balabanov, R., Washington, R., Wagnerova, J., and Dore-Duffy, P. (1996) CNS microvas-
cular pericytes express macrophage-like function, cell surface intergrin alphaM, and
macrophage marker ED-2. Microvasc. Res. 52, 127–142.

266. Graeber, M. B., Streit, W. J., and Kreutzberg, G. W. (1989) Identity of ED2-positive
perivascular cells in rat brain. J. Neurosci. Res. 22, 103–106.

267. Graeber, M. B., Streit, W. J., Buringer, D., Sparks, D. L., and Kreutzberg, G. W. (1992)
Ultrastructural location of major histocompatibility complex (MHC) class II positive
perivascular cells in histologically normal human brain. J. Neuropathol. Exp. Neurol. 51,
303–311.

268. Pardridge, W. M., Yang, J., Buciak, J., and Tourtellotte, W. W. (1989) Human brain
microvascular DR-antigen. J. Neurosci. Res. 23, 337–341.

269. Mato, M., Ookawara, S., Sugamata, M., and Aikawa, E. (1984) Evidence for the possible
function of the fluorescent granular perithelial cells in brain as scavengers of high-
molecular-weight waste products. Experientia 40, 399–402.

270. Fujikawa, L. S., Reay, C., and Morin, M. E. (1989) Class II antigen on retinal vascular
endothelium, pericytes, macrophages and lymphocytes of the rat. Invest. Ophthamol.
Visual Sci. 30, 66–73.

271. Fabry, Z., Fitzsimmons, K. M., Herlein, J. A., Moninger, T. O., Dobbs, M. B., and Hart,
M. N. (1993) Production of cytokines interleukin 1 and 6 by murine brain microvessel
endothelium and smooth muscle pericytes. J. Neuroimmunol. 47, 23–34.

272. Dore-Duffy, P., Balabanov, R., Rafols, J., and Swanborg, R. (1996) The recovery period
of acute experimental autoimmune encephalomyelitis in rats corresponds to development
of endothelial cell unresponsiveness to interferon gamma activation. J. Neurosci. Res. 44,
223–234.

273. Fabry, Z., Sandor, M., Gajewski, T. F., et al. (1993b) Differential activation of Th1 and
Th2 CD4+ cells by murine brain microvessel endothelial cells and smooth muscle/
pericytes. J. Immunol. 151, 38–47.

274. Allt, G., and Lawrenson, J. G. (2001) Pericytes: Cell biology and pathology. Cells Tissues
Organs 169, 1–11.

275. Herman, I. M. (1995) Microvascular pericytes in development and disease. In The Blood-
Brain Barrier. Cellular and Molecular Biology. Pardridge, W. M., ed. Raven, New York,
pp. 127–135.

276. Williams, K., Alvarez, X., and Lackner, A. A. (2001) Central nervous system perivascu-
lar cells are immunoregulatory cells that connect the CNS with the peripheral immune
system. Glia 36, 156–164.

277. Hickey, W. F., and Kimura, H. (1988) Perivascular microglial cells of the CNS are bone
marrow-derived and present antigen in vivo. Science 239, 290–292.

34 Nag



278. Lassmann, H., Schmied, M., Vass, K., and Hickey, W. F. (1993) Bone marrow derived ele-
ments and resident microglia in brain inflammation. Glia 7, 19–24.

279. Bauer, J., Huitinga, I., Zhao, W., Lassmann, H., Hickey, W. F., and Dijkstra, C. D. (1995)
The role of macrophages, perivascular cells, and microglial cells in the pathogenesis of
experimental autoimmune encephalomyelitis. Glia 15, 437–446.

280. Kida, S., Cteart, P. V., Zhang, E. T., and Weller, R. O. (1993) Perivascular cells act as scav-
engers in the cerebral perivascular spaces and remain distinct from pericytes, microglia
and macrophages. Acta Neuropathol. (Berl.) 85, 646–652.

281. Lassmann, H., Vass, K., Brunner, C., and Wisniewski, H. M. (1986) Peripheral nervous
system lesions in experimental allergic encephalomyelitis. Ultrastructural distribution of
T cells and Ia-antigen. Acta Neuropathol. (Berl.) 69, 193–204.

282. Unger, E. R., Sung, J. H., Manivel, J. C., Chenggis, M. L., Blazar, B. R., and Krivit, W.
(1993) Male donor-derived cells in the brain of female sex-mismatched bone marrow trans-
plant recipients: A Y chromosome specific in situ hybridization study. J. Neuropathol. Exp.
Neurol. 52, 460–470.

283. Hickey, W. F., Vass, K., and Lassman, H. (1992) Bone marrow derived elements in the
central nervous system: an immunohistochemical and ultrastructural survey of rat
chimeras. J. Neuropathol. Exp. Neurol. 51, 246–256.

284. Dijkstra, C. D., Doop, E. A., Joling, P., and Kraal, G. (1985) The heterogeneity of
mononuclear phagocytes in lymphoid organs: distinct macrophage subpopulations in
the rat recognized by monoclonal antibodies ED1, ED2 and ED3. Immunology 54,
589–599.

285. Ford, A. L., Goodsall, A. L., Hickey, W. F., and Sedgwick, J. D. (1995) Normal adult
ramified microglia separated from other central nervous system macrophages by flow cyto-
metric sorting. Phenotypic differences defined and direct ex vivo antigen presentation to
myelin basic protein-reactive CD4+ T cells compared. J. Immunnol. 154, 4309–4321.

286. Flaris, N. A., Densmore, T. L., Molleston, M. C., and Hickey, W. F. (1993) Characterization
of microglia and macrophages in the central nervous system of rats: definition of the dif-
ferential expression of molecules using standard and novel monoclonal antibodies in
normal CNS and in four models of parenchymal reaction. Glia 7, 34–40.

287. Perry, V. H., Hume, D. A., and Gordon, S. (1985) Immunohistochemical localization of
macrophages and microglia in the adult and developing mouse brain. Neuroscience 15,
313–326.

288. Morimura, T., Neuchrist, C., Kitz, K., et al. (1990) Monocyte subpopulations in human
gliomas: expression of Fc and complement receptors and correlation with tumor prolif-
eration. Acta Neuropathol. (Berl.) 80, 287–294.

289. Ulvestad, E., Williams, K., Mork, S., Antel, J., and Nyland, H. (1994) Phenotypic differ-
ences between human monocyte/macrophages and microglial cells studied in situ and in
vitro. J. Neuropathol. Exp. Neurol. 53, 492–501.

290. Ulvestad, E., Williams, K., Vedeler, C, et al. (1994) Reactive microglia in multiple scle-
rosis lesions have an increased expression of receptors for the Fc part of Ig G. J. Neurol.
Sci. 121, 125–131.

291. Lassmann, H., Zimprich, F., Vass, K., and Hickey, W. F. (1991) Microglial cells are a com-
ponent of the perivascular glia limitans. J. Neurosci. Res. 28, 236–243.

292. Streit, W. J., Graeber, M. B., and Kreutzberg, G. W. (1989) Expression of Ia antigen on
perivascular and microglial cells after sublethal and lethal motor neuron injury. Exp.
Neurol. 105, 115–126.

293. Streit, W. J., and Graeber, M. B. (1993) Heterogeneity of microglial and perivascular cell
populations: insights gained from the facial nucleus paradigm. Glia 7, 68–74.

Morphology and Molecular Properties 35



294. Williams, K., Barr-Or, A., Ulvestad, E., Olivier, A., Antel, J. P., and Yong, W. V. (1992)
Biology of adult human microglia in culture: comparisons with peripheral blood mono-
cytes and astrocytes. J. Neuropathol. Exp. Neurol. 51, 538–549.

295. Bö, L., Mork, S., Kong, P. A., Nyland, H., Pardo, C. A., and Trapp, B. D. (1994) Detection
of MHC class II-antigens on macrophages and microglia, but not on astrocytes and
endothelia in active multiple sclerosis lesions. J. Neuroimmunol. 51, 135–146.

296. Ulvestad, E., Williams, K., Bo, L., Trapp, B., Antel, J., and Mork, S. (1994) HLA class II
molecules (HLA-DR, DP, DQ) on cells in the human CNS studied in situ and in vitro.
Immunology 82, 535–541.

297. De Simone, R., Giampaolo, A., Giometto, B., et al. (1995) The costimulatory molecule
B7 is expressed on human microglia in culture and in multiple sclerosis acute lesions.
J. Neuropathol. Exp. Neurol. 54, 175–187.

298. Aloisi, F., Ria, F., and Adorini, L. (2000) Regulation of T-cell responses by CNS antigen-
presenting cells: different roles for microglia and astrocytes. Immunol. Today 21, 141–147.

299. Williams, K., Ulvestad, E., and Antel, J. P. (1994) B7/BB-1 expression on adult human
microglia studied in vitro and in situ. Eur. J. Immunol. 24, 3031–3037.

300. Streit, W. J., Graeber, M. B., and Kreutzberg, G. W. (1989) Peripheral nerve lesion
produces increased levels of major histocompatibility complex antigens in the central
nervous system. J. Neuroimmunol. 21, 117–123.

301. Franson, P. (1985) Quantitative electron microscopic observations on the non-neuronal
cells and lipid droplets in the posterior funiculus of the cat after dorsal rhizotomy. J. Comp.
Neurol. 231, 490–499.

302. Elmquist, J. K., Breder, C. D., Sherin, J. E., et al. (1997) Intravenous lipopolysaccharide
induces cyclooxygenase 2-like immunoreactivity in rat brain perivascular microglia and
meningeal macrophages. J. Comp. Neurol. 381, 119–129.

36 Nag



37

2

Studies of Cerebral Vessels by Transmission Electron
Microscopy and Morphometry

Sukriti Nag

1. Introduction
Transmission electron microscopy (TEM), a once popular research tool, is used less

frequently now. However, the isolation of novel proteins in the past decade has led to
renewed use of electron microscopy for the subcellular localization of these proteins.
This chapter will describe the standard method for preparation of brain tissue for TEM
studies of cerebral vessels.

Optimum tissue fixation is essential to obtain good electron micrographs and in this
chapter, primary fixation with an aldehyde mixture containing both glutaraldehyde and
paraformaldehyde that crosslink proteins (1) will be described. The advantage of an alde-
hyde mixture is that formaldehyde penetrates cells faster than glutaraldehyde and tem-
porarily stabilizes structures, which are subsequently more permanently stabilized by
glutaraldehyde. Structural preservation is superior when the combined aldehyde fixa-
tive is used rather than either fixative alone. Paraformaldehyde reacts with proteins,
lipids, and nucleic acids. Glutaraldehyde results in the formation of intermolecular and
intramolecular links between amino acids, yielding rigid heteropolymers of proteins thus
stabilizing cell structures and preventing distortion during processing. It also increases
tissue permeability to embedding media. Glutaraldehyde does not stabilize lipids; hence,
cell membranes are not visible unless tissues are post-fixed in osmium tetroxide.

Secondary fixation is done using osmium tetroxide, which reacts with unsaturated
lipids, proteins, and lipoproteins. It is electron-dense and stains phospholipids in the
cell membrane resulting in deposition of lower oxides of osmium, although a small
degree of density may be contributed by organically bound but unreduced osmium.
Osmium does not react with ribonucleic acid or deoxyribonucleic acid. The next optional
step is tertiary fixation of blocks using aqueous uranyl acetate. This increases the over-
all contrast and further stabilizes membranous and nucleic acid containing structures.
However, glycogen is extracted from the tissue. Tissues are dehydrated through ascend-
ing concentrations of ethanol, then propylene oxide before embedding in a resin mix-
ture whose major constituent is Epon 812. The latter is the most widely used embedding
medium for electron microscopy because it can be easily sectioned and sections can be
stained without difficulty. In addition, ultrathin sections of Epon can tolerate the intense
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heat and strong vacuum in the electron microscope and sections show greater contrast
in the electron microscope than do comparable Araldite sections. Since Epon was
discontinued in the 1970s, substitutes for Epon 812 became available.

Semithin and especially ultrathin sectioning require patience and practice. The basics
of sectioning are included in this chapter as are staining of semithin and ultrathin
sections. However, detailed problem solving of sectioning difficulties is beyond the
scope of this chapter and the reader is referred to more comprehensive texts for further
information (2,3).

2. Materials
Chemicals used should be of high purity and of analytic grade (see Note 1).

2.1. Primary Fixation

1. Buffer: 0.2 M sodium cacodylate buffer containing 8.7% sucrose, pH 7.4. Sodium cacody-
late has an osmolality of 400 mOsM while sucrose provides an osmolality of 250 mOsM
(see Note 2). This buffer is diluted in a ratio of 1�1 for use so the final osmolality is approx
300 mOsM.

2. Fixatives: Paraformaldehyde powder and 25% or 70% glutaraldehyde stock solution.
3. 1% Calcium chloride solution.
4. A perfusion apparatus, which consists of a 1L bottle having a rubber stopper through

which a glass connector tube and a plastic Y-shaped connector are inserted (Fig. 1). The
latter is attached to a) tubing that leads to a pressure pump, and b) a segment of tubing at
the end of which a Hoffman clamp is placed so that the pressure in the system can be
adjusted (see Fig. 1). The inner end of the glass connector tube in the stopper is attached
to tubing, which should be long enough to reach the bottom of the bottle so that the last
few drops of fixative can flow into the system. The outer end of the glass connector tube
is connected to tubing, which is connected to a plastic Y-shaped connector, which connects
to segments of tubing that are attached to a) a manometer, and b) a metal stopcock. The
beveled end of a 16-gage needle is filed so the tip has a straight edge. This needle is fitted
on the stopcock.

2.2 Secondary Fixation

1. 2% Osmium tetroxide in 0.1 M cacodylate buffer is prepared as follows:
a. Wash the vial containing the osmium tetroxide crystals and score the marked ring on

the neck of the vial with a file.
b. Break off the tip of the vial and drop the vial into an amber colored bottle containing

the required amount of distilled water to prepare a 4% solution and replace the lid of
the bottle but do not secure tightly.

c. Stir solution in a fume hood for a few hours until it is clear.
d. Add an equal volume of 0.2 M cacodylate buffer to get a 2% solution of osmium.
e. Tighten the lid and store at 4°C.
f. Ensure that the solution is clear before use because this solution precipitates if kept

too long.
g. Osmium tetroxide is a hazardous chemical (see Note 3).

2. Pasteur pipets, glass tubes 10 × 75 mm or shell vials 12 × 35 mm (Kimble) with cork stop-
pers, parafilm.

3. Nalgene wash bottles.
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2.3. Tertiary Fixation

1. 0.05 M Sodium hydrogen maleate buffer, pH 5.15 for washes and pH 6.0 for the prepara-
tion of uranyl acetate stain, is prepared fresh before use as follows:
a. Prepare a 0.1 M sodium hydrogen maleate stock solution containing 1.16% maleic acid

and 0.4% NaOH in distilled water.
b. Prepare a 0.2 M NaOH solution
c. Add the 0.2 M NaOH to 50 mL of the sodium hydrogen maleate stock solution until the

required pH is reached and bring the total volume to 100 mL with distilled water.
4. 3% Uranyl acetate in 0.05 M sodium hydrogen maleate buffer, pH 6.0. Filter using no. 50

Whatman paper (see Note 4).

2.4. Dehydration and Embedding

1. Ethanol, propylene oxide.
2. Epon mixtures A and B are prepared depending on the weight per epoxide equivalent (WPE)

of Epon 812, which is obtained from a table supplied by the manufacturer. If the WPE of
Epon 812 is 145, then Mixture A contains 200 g of Jembed 812 resin (J.B. EM Services,
Pointe Claire, Quebec) and 254 g of dodecenyl succinic anhydride, and Epon mixture B
contains 250 g of Jembed 812 resin and 212 g of nadic methyl anhydride. The Epon mix-
tures are prepared as follows:
a. The required amounts of the constituents are added by weight to an amber-colored 1 L

bottle placed on a top-loading balance.
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described in Subheading 2.1., step 4. Abb. S = metal stopcock at the end of which a 16-gage
needle is fitted; M = Manometer; H = Hoffman clamp, which can be adjusted to attain the cor-
rect perfusion pressure; P = the pressure perfusion pump.



b. Stir using a glass rod.
c. Tighten lids of bottles and store at 4°C. These stocks are good for several months.

3. The hardness of the final block depends upon the ratio of mixture A and B and an increase
in the proportion of mixture B will harden the block. In our laboratory the final resin mix-
ture contains 1 part of Epon mixture A and 4 parts of Epon mixture B to which 1.8% of
2,4,6-tri (dimethylaminomethyl) phenol (DMP-30), an accelerator for epoxy resin is added.
This mixture is prepared as follows:
a. Leave the stock solutions at room temperature for at least 2 h before use.
b. Pour the required amount of the stock solutions into graduated disposable tri-pour

polypropylene beakers.
c. Place the beaker in a 60°C oven for 10 min and then stir contents for 5 min using a

glass rod.
d. Add the required amount of DMP-30 in a fume hood and stir for at least 10–15 min.
e. Cover the beaker with a paper lid and let it sit at least 45 min before use so that the air

bubbles, which form during stirring, break up.
4. Round mold or flat molds, small paper labels (5 × 7 mm) with case numbers written in

pencil.

2.5. Sectioning

1. A knife maker, strips of plate glass (6 mm thick) to make glass knives, masking tape for
making a boat at the cutting edge of the glass knife.

2. Dissecting microscope, a diamond knife, an ultramicrotome, tissue sectioner.
3. Small and large plastic petri dishes, gelatin capsules.
4. Segments of hair taped to an applicator stick, platinum wire loop.
5. Copper grids having a 3.05-mm outside diameter and a 300 hexagonal or square mesh. Grids

obtained from the manufacturer are cleaned as follows:
a. Place grids in a glass vial containing 10% HCl and swirl for 2–3 min. 10% HCl is made

every week.
b. Pour out the HCl solution and rinse in several changes of filtered distilled water and

then filtered ethanol.
c. Decant most of the ethanol and pour grids on a filter paper. Separate with forceps and

allow them to dry.
d. The filter paper is placed in a plastic petri dish, which is covered to keep out the dust.
e. Freshly cleaned grids are required each day ultrathin sectioning is done.
f. Grids can be cleaned only once otherwise they flake.

2.6. Staining

1. Stainless steel Dumont tweezers, 30-mL capacity amber-colored bottle, 50-mL glass flask
with a glass lid.

2. Sodium hydroxide pellets, 5 N sodium hydroxide.
3. Silicone rubber plates with numbered squares on the surface.
4. Stain for semithin sections: Add 1 g of toluidine blue and 1 g of sodium borate to 100 mL

of distilled water. Stir for 30 min to dissolve. This stain keeps for long periods when stored
at 4°C. It is filtered each time before use using a Whatman no. 1 filter paper or it can be
dispensed in a 5-mL syringe fitted with a 0.45-µm filter.

5. Stain for ultrathin sections:
a. Saturated solution of uranyl acetate in water: Add uranyl acetate to a 30-mL amber-

colored bottle containing filtered distilled water and stir for a few hours. A residue remains
at the bottom indicating that it is a saturated solution. Store at room temperature in the
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staining area. When staining, pipette a few drops from just below the surface of the solu-
tion taking care not to disturb the solution. This stain is only good for 2 wk (see Note 5).

b. Lead citrate stain: Boil 100 mL of distilled water in an Erlenmeyer flask to remove car-
bonates from the water and allow it to cool. Rinse an acid-cleaned 50 mL volumetric
flask having a glass stopper with the boiled distilled water and dry. Add 160 mg of lead
citrate to 45 mL of the boiled distilled water. Do not use a metal spoon while weighing
the lead because it reacts with the metal. Add the glass stopper and shake vigorously
for 3–4 min. Add 5 N NaOH drop by drop over 15 min until the solution clears. Clean
the sidewalls of the flask by pipetting solution down the sidewalls and rinse the glass
stopper with carbonate-free water. Allow the solution to settle. It can be used after
2–3 h. This solution is made every week because of the tendency for lead carbonate pre-
cipitate to form on being kept. This solution is kept at room temperature (see Note 5).

3. Methods
The methods described below outline 1) primary fixation, 2) secondary fixation,

3) tertiary fixation, 4) dehydration and embedding, 5) sectioning, 6) staining, and 7)
morphometry.

3.1. Primary Fixation

A mixture of paraformaldehyde and glutaraldehyde in cacodylate buffer is used at a
pH of 7.4, which is the pH of most animal tissues. Cacodylate buffer is widely used for
preparation of tissues for electron microscopy. One of its advantages is that calcium
can be added to the fixative solution without the formation of precipitate. It is also resis-
tant to bacterial contamination during specimen storage. Addition of calcium chloride
to the fixative solution has many beneficial effects, including 1) decrease in the swelling
of cell components, 2) maintenance of cell shape, 3) reduction in the extraction of
cellular materials, and 4) membrane and cytoskeletal stabilization.

3.1.1. Paraformaldehyde-Glutaraldehyde Mixture

This fixative contains 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.2 containing 4.35% sucrose and 0.05 % calcium chloride.
Preparation of 100 mL of this fixative is done as follows:

1. Heat 35 mL of distilled water to about 60–70°C in an Erlenmeyer flask in a fume hood.
Add 2 g of paraformaldehyde and stir for a few minutes using a magnetic stirrer.

2. Add 1–2 drops of 5 N NaOH and stir for few minutes until the solution clears.
3. Cool the solution and filter using a Whatman no.1 filter.
4. Add 10 mL of 25% glutaraldehyde, 50 mL of 0.2 M cacodylate buffer, and 5 mL of a 1%

CaCl2 solution.
5. This solution is used undiluted for immersion fixation. It is diluted in a 1�1 ratio with

0.1 M cacodylate buffer for vascular perfusion of experimental animals.
6. The fixative is cooled to 4°C before vascular perfusion. For long-term storage (see

Note 6).

3.1.2. Alternate Fixative

If both electron microscopy and immunohistochemistry have to be performed using
the same tissue, then it is best to use a fixative that does not contain glutaraldehyde,
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which inhibits demonstration of some proteins. In our laboratory, we use 3%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.2 for vascular perfusion. Phosphate
buffer is one of the most physiologic buffers, because it is found in living systems in
the form of inorganic phosphates and phosphate esters. Microorganisms grow readily
in this buffer therefore it is advisable to sterilize this solution and store at 4°C. Another
disadvantage is that calcium cannot be added to this fixative because a precipitate of
calcium phosphate may form which can be visualized by electron microscopy:

1. Prepare 50 mL of 6% paraformaldehyde as described previously (see Subheading 3.1.1).
2. Add 25 mL of distilled water and 25 mL of 0.4 M phosphate buffer, pH 7.2 which is pre-

pared by adding 5 N NaOH to a 0.4 M solution of KH2PO4 until the pH is 7.2.
3. Filter before perfusion using a Whatman no.1 qualitative filter.

3.1.3. Vascular Perfusion of Fixative

This is the best method for obtaining good preservation of animal tissues for elec-
tron microscopy. Animals should be perfused in a fume hood to avoid inhaling
paraformaldehyde or glutaraldehyde vapours which are irritant to the eyes as well. The
method used for perfusing rats in our laboratory is:

1. Load fixative cooled to 4°C into the 1-L bottle of the perfusion apparatus (see Fig. 1).
Switch the pump on and allow pressure to build in the system. Tighten the Hoffman clamp
until the manometer reads 110 mm Hg. Open the stopcock above the needle and allow fluid
to flow until all air bubbles are expelled. Close the stopcock.

2. Rats are anesthetized using metofane or halothane inhalation. In accordance with animal
experimentation regulations, animals must be kept anesthetized throughout the surgery.
They do not move when their paws are held tightly and the corneal reflex is absent.

3. The abdominal wall just below the ribcage on the left side is lifted up using toothed for-
ceps and a hole is made. Scissors are then inserted into the hole and a linear cut is made
upwards through the diaphragm and the costal cartilages left of the sternum up to the level
of the clavicle. A transverse cut is made in the diaphragm.

4. The heart is then grasped using the index and thumb of the left hand or a pair of forceps
with blunt ends and the 16-gage needle is inserted through the apex of the heart into the
left ventricle. Slide the needle along the interventricular septum of the left ventricle until
it enters the aorta.

5. If the heart is pulled down gently the tip of the needle will be seen in the ascending aorta.
6. Clamp the needle in place by placing a pair of curved hemostatic forceps on the heart below

the atria.
7. Open the stopcock above the needle and allow fixative to flow into the aorta (see Note 7).
8. A slit is made in the right atrium for efflux of the perfusate, which initially is bloody and

later becomes clear.
9. Perfusion is continued for 10 min or until 500 mL of fixative is perfused (see Note 8).

10. Perfusion is usually not satisfactory if the lag between death and entry of fixative in the
animal exceeds 60–90 s. An adequately fixed brain is firm and yellow in color when an
aldehyde mixture is used and white if paraformaldehyde is used alone. A poorly perfused
brain showing reddish areas of discoloration on the surface should be discarded since elec-
tron microscopy invariably shows poorly preserved tissue.

11. Brains are removed and placed in the same fixative solution for 2 h at room temperature.
12. Our usual practice is to obtain coronal slices of 50–60 µm thickness, from each hemisphere

using a tissue sectioner (Sorvall TC-2 Sectioner or a Vibratome).
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13. Brain slices should show only few red blood cells in the vasculature on light microscopy
if fixation is optimum.

14. Slices are viewed under the stereoscope and rectangles of cortex measuring 2.5 × 4 mm
and having central arterioles are cut using a sharp razor blade, which is cleaned with ace-
tone. These blocks are fixed overnight and processed for resin embedding next morning
(see Note 9).

3.2. Secondary Fixation

The minimum processing time for 50–60 µm thick blocks is given. For thicker blocks
the time in the different solutions have to be increased. Processing is done in glass tubes
or shell vials with cork stoppers and solutions are added or removed using Pasteur
pipettes.

1. Rinse blocks in 3 changes of 0.1 M cacodylate buffer for 5 min each.
2. Postfix in 2% osmium tetroxide in 0.1 M cacodylate buffer for 30 min in a fume hood on

ice. The tissue becomes uniformly black at the end of osmication.
3. Rinse blocks in 2 changes of 0.1 M cacodylate buffer for 5 min each and then in 3 changes

of maleate buffer for 5 min each.

3.3. Tertiary Fixation

1. Perform en bloc staining by placing tissues in 3% uranyl acetate in 0.05 M maleate buffer
for 1 hour in an incubator at 37°C (see Note 10).

2. Wash in 3 changes of maleate buffer for 5 min each.

3.4. Dehydration and Embedding

These steps remove water from the tissue and replace it with a medium that will with-
stand the stress of cutting. These steps are also done using a fume hood to avoid inhala-
tion of solvents.

1. The solutions listed below are filled in Nalgene wash bottles for quick dispensing.
a. 2 changes of 70% ethanol for 7 min each.
b. 2 changes of 85% ethanol for 7 min each (see Note 11).
c. 2 changes of 95% ethanol for 7 min each.
d. 3 changes of 100% ethanol for 7 min each.
e. 3 changes of propylene oxide for 5 min each.

2. Infiltration
Blocks are then placed in the final resin mixture and propylene oxide in a 1�1 ratio for at
least 2 h and in a 2�1 ratio for 36 h. Place cork stoppers on the tubes containing the blocks
and wrap parafilm at the junction of the cork and glass tube to prevent evaporation, other-
wise the resin mixture may become too viscous (see Note 12).

3. Embedding
Fill freshly prepared resin mixture in a 5-mL plastic syringe and fill blank molds. Cubes
of brain are embedded in polyethylene BEEM embedding capsules while 50–100 µm thick
blocks or vessels are embedded in flat silicone rubber molds.
a. Pour the contents of the glass tube with the sections onto card paper. Use bamboo

splints to transfer the sections into the molds.
b. Use a stereoscope to position the tissue such that the required surface is at the cutting

edge (Fig. 2A).
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c. Puncture any air bubbles in the resin mixture with a needle and leave molds at room
temperature for a few hours. If tissues have moved from the cutting edge reposition them
using the bamboo splints or needles.

d. Place molds in a 60°C oven overnight.
e. Remove resin blocks from the molds and place in a glass beaker. If blocks are sticky

put them back in the oven for a further 2–4 hr (see Note 13).
f. Next place blocks in a 90°C oven for 2–3 d to cure.
g. Residual resin mixture is polymerized in the beaker by placing in the 90°C oven until

it hardens. It can then be discarded.
h. Any Epon spills can be cleaned with ethanol.
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Fig. 2. (A) The cutting edge of an epon block prepared using a flat silicone mold, shows a
50-µm thick section of cerebral cortex embedded within the block. The block viewed using a
3.5X objective shows an arteriole permeable to HRP. The vessel details allow the researcher to
determine the precise level at which to section this vessel. (B) A semithin section stained with
toluidine blue provides good visualization of neurons, nerve processes, and blood vessels pre-
sent in the block. Such a preparation can be used for morphometry to determine the number of
neurons or the density of vessels in a particular area. Segments of cerebral endothelium of ves-
sels permeable to horseradish peroxidase processed without (C) and with (D) en bloc stain are
shown. Note that unit membranes are better preserved in (D) than in (C). The fusion of the outer
leaflets of the plasma membranes at tight junctions (arrowheads) are clearly seen in (D). Cross
sections of actin filaments (a) are indicated. A, X150; B, X185; C, X70,000; D, X75,000.



3.5. Sectioning

Both semithin and ultrathin sections are cut using an ultramicrotome. Before cutting,
wipe the ultramicrotome with a damp Kimwipe or soft cloth to remove dust or debris
from previous sectioning. This also reduces static electricity.

3.5.1. Semithin Sectioning

Resin-embedded sections are superior to paraffin sections because tissue shrinkage
is less and cellular components are better preserved (Fig. 2B). Semithin sections have
many uses such as 1) they can be used to determine whether fixation, dehydration, and
infiltration are carried out properly; 2) they are suitable for assessment of morpholog-
ical findings and for morphometric assessments such as number of neurons/mm2,
number of vessels/mm2, and the diameter of vessels; 3) they are helpful for selection
of areas of interest for ultrathin sectioning. Semithin sections are cut using glass knives,
which are made using a knife maker as per instructions supplied with the machine. An
old diamond knife may also be used to cut these sections. Semithin sections are stained
with an alkaline toluidine blue solution (see Fig. 2B).

1. Trimming of blocks
a. Place the block in a microtome chuck, which is then mounted on a special base and

viewed by transmitted illumination using a dissecting microscope.
b. Use a fresh single-edge razor blade to trim away the resin around the tissue to form a

four-sided pyramid, with the tissue at the top of the pyramid.
c. The block face is usually rectangular with the top and bottom edges parallel to

one another to obtain a ribbon during sectioning. Cut off one corner. This cut end can
be seen in sections by light microscopy and helps to orient the block when the size of
the block face is cut down further in preparation for ultrathin sectioning.

2. Sectioning
a. Reset the advance mechanism of the microtome after each block or each day depend-

ing on the number of blocks being cut.
b. Retract both the coarse and fine stage advances.
c. Mount the chuck containing the block into its holder in the machine and tighten the screw

holding it in place. The block is positioned so that its long axis is at right angles to the
cutting edge.

d. Mount the knife and screw tightly into place. Adjust the angle between 2° and 5°.
e. Cycle the microtome manually and stop when the face of the block is slightly above the

height of the cutting edge.
f. Position the binocular microscope and adjust the angle of illumination system so that

some light is reflected on the block face.
g. Bring the mounted knife forward slowly until the cutting edge and the block face can

be viewed through the microscope.
h. A syringe or micropipette is used to fill filtered distilled water in the trough adjacent to

the diamond knife. Sufficient water is added so that the surface of the water is convex
in order to wet the knife-edge. Water is withdrawn from the trough using a syringe until
the surface is horizontal (see Note 14).

i. Adjust the knife holder so that the best portion of the knife is used for sectioning.
j. Slowly advance the knife toward the block face, by using the coarse adjustment and then

the fine adjustment.
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k. Cutting Speed: This is the rate at which the specimen block passes the knife during the
cutting phase and is expressed in mm/s. Automatic ultramicrotomes maintain a constant
cutting speed over a specified distance. As a general rule, sectioning should be performed
at a relatively slow speed of 2–3 mm/s. However, the appropriate speed has to be estab-
lished by trial and error for the tissue being cut (see Note 15).

l. The ultramicrotome has a control to adjust section thickness. In addition, thickess of
sections in a water bath are also judged by the interference colors that are produced when
the light reflected from both the upper surfaces of the sections and from the section-
water interface move out of phase. A color scale is available, which gives the thickness
of sections having a particular color and this is applicable to all embedding materials
having a refractive index close to 1.5, including epoxy resins (4). Semithin sections are
dark gold and have a thickness of approx 900 nm.

m. When floating on the trough liquid, the sections should appear uniformly colored both
within each section and from section to section in the ribbon.

n. The surface of sections should be smooth without wrinkles, folds, or knife marks.
o. Make sure that the ribbon is straight.
p. Detach the ribbon from the cutting edge of the knife using a clean hair, which is mounted

on wooden handles or cluster sections.
q. Sections are picked up from the water bath and placed on a glass slide using the

wire loop.
r. Slides are placed on a hot plate set at 80°C for 10 min to flatten the section, evaporate

the water and ensure adhesion of sections to the slides.
3. Staining semithin sections

a. Place a drop of toluidine blue stain on sections and place on the hot plate for a minute
or until a dried ring is seen at the edge of the stain.

b. Wash slide with distilled water and dip in acetone to differentiate.
c. Dehydrate in 2 changes of 100% ethanol and then in 2 changes of xylene for 2 min each.
d. Place a drop of Permount on the section and then a cover slip.

3.5.2. Ultrathin Sectioning

Ultrathin sections are cut from a preselected area of the block, usually based on infor-
mation obtained by viewing the semithin section. Most sections within the silver to pale
gold range (60–90 nm) are suitable for normal work, although thinner sections may be
required when high resolution is needed. Pale gold sections having a thickness of about
90 nm give well-contrasted, good-quality electron micrographs while micrographs
obtained from silver sections usually lack contrast. Ultrathin sections are cut using a
diamond knife whose cutting angle is specified by the manufacturer. These sections can
also be cut with freshly prepared glass knives. Follow the sectioning method outlined
in Subheading 3.5.1., step 2.

1. A plexiglass draft protector, which is supplied with the ultramicrotome should be used when
ultrathin sections are cut to prevent the sections being blown around in the trough.

2. Collection of Sections
a. Detach the ribbon from the cutting edge of the knife using the clean hair taped to an

applicator stick.
b. One edge of a clean copper grid is bent using a pair of tweezers to produce a 90° angle

with the rest of the surface. The grid is held at this end and lowered into the trough and
positioned under the ribbon such that the rim of the grid is under the edge of the first
section. Lift the grid vertically out of the water. Sections are picked up on the dull side
of the grid (see Note 16).
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c. Touch the edge of the grid on the surface of filter paper and place on a filter paper in a
petri dish with the section side up and dry grids at least 20–30 min before staining.

3. Usually two to three grids of sections are cut from one block.
4. After sectioning, clean the diamond knife with distilled water contained in a spray bottle

and dry it using a container of compressed air. Periodic cleaning in an ultrasonic cleaner
is recommended to remove any adherent resin.

3.6. Staining

May be done using an automatic stainer. Manual staining is done in a designated clean
area of the laboratory preferably using a bench top hood. The stain solutions are left
undisturbed in this hood. The method for manual staining of ultrathin sections is as
follows:

1. If en bloc staining with uranyl acetate is done proceed to lead citrate staining (step 4).
2. Place a drop of uranyl acetate on a silicone rubber plate contained in a petri dish. Float

the grid on this drop with the section side down for 20 min. Because the surface of this
rubber plate is divided into numbered squares, four to five sections can be stained
at a time.

3. Rinse the grid by 10–15 quick dips in a 250-mL beaker containing filtered water. Use
a dry forceps to hold the opposite side of the grid and dip again 10–15 times in another
beaker containing filtered water (see Note 17).

4. Touch the edge of the grid to filter paper to remove excess water and place the grid on
a drop of lead citrate stain for 1–1.5 min. This stain is placed on the silicone rubber plate,
which is surrounded by NaOH pellets in a large petri dish. Keep petri dish covered while
staining.

5. Rinse sections as in step 3.
6. Place the grid with the section side up on a filter paper and allow it to dry for few min-

utes and then place the grid in a gelatin capsule, which can be labeled with the case
number (see Note 18).

3.7. Morphometry

Measurements of various parameters of pial and intracerebral cortical vessels such
as diameter, cross sectional area of the media and intima and density of cerebral
microvessels are available in the literature (5–7). In addition, measurements are also
available of lengths of tight junctions, density of fenestrations and organelles in cere-
bral endothelium such as mitochondria, and endothelial vesicles (8–10). Details on how
to perform these measurements are beyond the scope of this chapter because it depends
to a certain extent on the type of image analyser being used. An example of a morpho-
metric technique follows.

3.7.1. Determination of the Ratio of the Wall-Lumen 
Area of Cerebral Cortical Arterioles

1. Areas of the different layers of the vessel wall can only be measured when vessels are fixed
after achieving maximal dilatation. This is achieved by perfusing the rat initially with Kreb’s
solution for 15 min followed by perfusion of a fixative solution.

2. Flat embedded blocks are placed on a glass slide and examined using a 3.5X objective of
a light microscope to determine whether the block has an arteriole (see Fig. 2A). Arterioles
having external diameters ranging from 15–25 µm and a single layer of smooth muscle are
selected.
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3. Sectioning arterioles at a particular depth from the cortical surface is a laborious process.
To section arterioles at a depth of 300 µm from the cortical surface:
a. Place a calibrated micrometer scale in the eyepiece of a light microscope and measure

the length of the block using a 3.5X objective. If 1 division of the eyepiece scale is equal
to 34.5 µm, then 8.5 divisions of the top of the block have to be cut away to reach a
depth of 300 µm from the cortical surface.

b. The block face is trimmed and sectioned. Once the cortical surface is reached the ultra-
microtome is set at a thickness setting of 10,000Å and 300 sections are discarded to reach
a depth of 300 µm.

c. The block can then be re-measured to determine whether the correct depth has been
reached.

d. The block face may have to be trimmed further before thin sections are cut.
4. Overlapping electron micrographs are taken along the circumference of arterioles at a screen

magnification of 2700. Only vessels sectioned perpendicular to their long axis are used for
photography. These vessels show unit membranes along their entire circumference and the
cell wall has a fairly uniform thickness excluding the areas having endothelial nuclei.

5. The magnification of the electron microscope is checked using a carbon diffraction replica.
6. Electron micrographs printed at a constant magnification are taped together to reconstruct

the entire vessel. This is placed on an illuminated copy stand (Kaiser). A high resolution
CCD Camera is used to transmit the image to an image analyzer.

7. Image analysers such as the Microcomputer Imaging Device system (Imaging Research,
St Catherines, On) can receive images from negative of electron micrographs placed on a
light box via a CCD camera. The image obtained on the screen can be inverted to obtain a
positive image.

8. The image analyser is calibrated for linear measurements in micrometers or area mea-
surements in square-micrometers. The cross-sectional area occupied by the vessel lumen
and the total cross sectional area of the vessel (lumen + media and intima) of vessels in the
different experimental groups is measured using the image analyzer. Cross sectional area
of the arterial wall is calculated by subtracting the lumen area from the total vessel area.
The ratio of the wall-lumen area is then calculated.

9. Vessel wall dimensions for the different experimental groups are compared using the
unpaired t test.

10. Interpretation: These measurements were used to establish that the ratio of the wall-lumen
area of cerebral arterioles is significantly higher (p > 0.001) in rats with chronic renal hyper-
tension as compared to arterioles of normotensive rats (7).

Quantitation of endothelial organelles such as plasmalemmal vesicles is given in
Chapter 8, Subheading 3.1.2.1.

4. Notes
1. Most chemicals used for electron microscopy such as solvents, resins, and buffers are haz-

ardous and gloves should be worn for all procedures listed in this chapter and is optional
only when sectioning.

2. Sodium cacodylate contains approx 30% arsenic by weight and is a health hazard. It should
be weighed and dissolved in a fume hood.

3. Osmium tetroxide is hazardous and should be used in a fume hood. It is disposed in a con-
tainer containing vegetable oil and kitty litter. The Biohazard Department of the Institution
has to be contacted to dispose this waste.

4. Uranyl acetate and lead salts used for staining grids are toxic and have to be handled
with care. Uranyl acetate is a radiochemical as well. Both these substances are disposed in
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different labeled containers, which are disposed by the biohazard department of the
institution.

5. Distilled water filtered using a no. 50 Whatman filter is used for the preparation of stains
for ultrathin sections and to fill the trough adjacent to knives.

6. Undiluted fixative can be frozen in 250-mL amounts in Nalgene flasks. It is defrosted before
use and diluted with an equal amount of 0.1 M cacodylate buffer containing sucrose for
perfusion.

7. Some researchers perfuse a buffer or Ringer’s solution containing heparin for few minutes
to clear the blood followed by the perfusion of the fixative solution. In our studies preser-
vation of endothelium is not as good when buffer followed by fixative is used as compared
with fixative alone. Heparin is known to increase cerebral endothelial permeability to pro-
tein tracers (11) and therefore should not be used when permeability studies are undertaken.
Perfusion with Ringers solution is done if vessel morphometry is required to achieve max-
imal dilatation of vessels before fixation.

8. A perfusion time of 10 min is selected because the results show good preservation of tissue.
Shorter periods result in poor preservation and fragile slices.

9. If brain blocks or slices are immersion fixed for longer than 48 h there is extraction of tissue
constituents and organelles and nerve processes appear swollen.

10. The advantage of en bloc staining is that preservation of membranes is superior (see Figs.
2C and D), and it eliminates having to stain grids with uranyl acetate prior to viewing. The
latter technique is more likely to produce precipitates on sections making them unsuitable
for photography.

11. Ethanols, which are 85% and higher, are collected in a safety container for disposal by the
biohazard department of the institution.

12. Rotary shakers are available for agitating the contents of the tubes to promote infiltration
of resin into blocks. These shakers are not suitable for tissue blocks, which are 50 µm thick
as the tissue gets caught between the cork and glass tube and disintegrates.

13. If semithin sections are required quickly blocks can be cut after being kept at 60°C
overnight. These blocks do have to be placed in the 90°C oven to cure the Epon before ultra-
thin sections can be cut.

14. A convex meniscus generally tends to overwet the cutting edge resulting in wetting of the
block face of the specimen and sometimes the back of the knife face also picks up some trough
fluid. Sections cannot be obtained under these conditions. A concave meniscus may not wet
the entire knife face, which results in the sections sticking to the knife and crumpling.

15. If the cutting speed is too high, variations in section thickness result. Excessive compres-
sion, wrinkles and fine chatter parallel to the cutting edge of the section can also occur. A
very slow cutting speed may drag the trough fluid over the back of the knife and changes
in temperature and draught during a cycle will cause thermal drift.

16. An alternate method for collecting sections is to place the grid flat on the upper surface of
the sections.

17. Static may be a problem during staining especially during the winter months when the air
is very dry. This is overcome by running a humidifier near the staining area.

18. An inexpensive way to store grids is to place them in a gelatin capsule, which is numbered
with the grid number. Capsules containing grids from one case are placed in a cardboard
pill box that is labeled with the case number.
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Freeze-Fracture Studies of Cerebral Endothelial 
Tight Junctions

Hartwig Wolburg, Stefan Liebner, and Andrea Lippoldt

1. Introduction
The tracer experiments of Reese and Karnovsky (1) demonstrated that it was the

endothelium that formed a permeability barrier because electron-dense tracers such as
horseradish peroxidase did not pass from the vessel lumen through the interendothe-
lial cleft. The structure responsible for the lack of permeability of tracers was the tight
junction. In endothelial cells, these specialized contact zones were already known from
ultrastructural studies (2), and in epithelial cells, their morphology was described in
detail by Farquhar and Palade (3).

Around this time, a novel morphologic technique was developed for visualizing the
cytoplasmic membranes and intercellular contacts and to corroborate the then-novel
fluid mosaic model of membranes (4). This technique was the freeze-fracturing tech-
nique, and soon after its introduction, epithelial tight junctions (5–8) and also cerebral
endothelial tight junctions (9–12) were the subject of many freeze-fracture studies.

1.1. Freeze-Fracture Technique

The two main freeze-fracture techniques are freeze-etching and freeze-fracturing. In
freeze-etching (Fig. 1A), a cooled knife (-196°C) produces a plane below the surface
of the specimen, which is etched by holding the knife directly above the plane of the
specimen. The depth of etching depends on the difference of temperature between
specimen and the etching device, i.e., the knife, and the duration of water sublimation.
The disadvantage of this method is that the stabilization of the specimen during sec-
tioning is difficult and only one replica per specimen is produced. In freeze-fracturing
(Fig. 1B), the specimen is deeply frozen between a double holder device and is then
cleaved into two halves by a fracturing device. The etching step is omitted. The advan-
tage is that each half can be shadowed and two complementary replicas per specimen
are produced.

An early study of frozen yeast cells suggested that the fracture planes follow the sur-
face of membranes (13). It was then demonstrated that the fracture plane runs through
the middle of the membrane, cleaving both lipid layers of the unit membrane since in
a vitrified matrix the hydrophobic membrane centre is fragile enough to be easily split
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(14) (Figs. 1, 2). The ultimate evidence for membrane cleavage came from labeling the
outer surface of red blood cells with ferritin, which was only visualized after etching
to show the true surface of the cell, but never without etching proving that the fracture
plane had to be run through the middle of the membrane where the ferritin had no access
(15). In 1975, an international consortium published the nomenclature and interpreta-
tion of fracture faces (16) (Figs. 2, 3). The reader is referred to a good review of the
technology and interpretation of freeze-fracture replicas (17).
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Fig. 1. Highly schematic view of the principle of freeze-etching (A) and freeze-fracture (B)
techniques. In the freeze-etching process, the frozen specimen is cleaved by a cooled knife,
etched and shadowed resulting in one platinum-carbon replica. In the freeze-fracturing process,
we get two complementary replicas without the etching process.



1.2. Fixation

The first step in biologic specimen preparation for electron microscopy is fixation.
Fixation methods for ultrathin sectioning are also applicable to the freeze-fracture tech-
nique. The aim of fixation is to maintain a “true-to-life” structure of cells and organelles
at the time point of immobilization. However, the stabilization of the cellular organi-
zation has to be in a manner so that ultrastructural features are very well preserved and
that the specimen is stable enough to overcome the necessary steps such as ultrathin
sectioning, immunolabeling, or freeze-fracturing. In principle there are three methods
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Fig. 2. Highly schematic view of the cleavage process during freeze-fracture. In (A), two mem-
branes of adjacent cells are shown, the fracture plane runs through the hydrophobic middle of
the membranes. In (B), the cleavage process itself is illustrated showing the disconnection of
the membranous leaflets, and in (C), the Pt-evaporation shadows the exposed membrane frac-
ture faces creating platinum replicas of the extracellular (E-) and protoplasmic (P-) fracture face.



of fixation: cryofixation by rapid freezing, chemical fixation, and a combination.
Selection of the fixation method depends on what is being investigated, whether detec-
tion of antigens, or morphology. The methods available to combine rapid freezing and
chemical fixation of different strength with freeze-substitution, embedding, and sec-
tioning protocols have been reviewed (18).

In the middle of the 20th century, rapid freezing was thought to be better than chem-
ical fixation to achieve a “true-to-life” structure of cells and organelles. Rapid freezing
is supposed to preserve biologic structures optimally (18,19), because the reaction of
proteins with aldehydes and the subsequent dehydration and embedding steps produce
many artifacts. However, the formation of ice crystals during and after freezing is a seri-
ous disadvantage, too, as the thickness of optimally frozen and vitrified area beneath
the surface of snap-frozen tissue is 20–30 µm only (20). This problem can largely be
overcome by freezing the samples under high pressure allowing the increase of the well-
frozen depth up to nearly 600 µm (21). However, for the latter method the equipment
is too large and expensive to be purchased by every research laboratory; therefore, chem-
ical fixation is used followed by cryo-protection and freezing. Although this method is
thought to result in strengthening of the protein particle association to the cytoskele-
ton (see Subheading 3.3.), experience from freeze-fracture studies done for more than
30 yr show that the results are well reproducible and are in agreement with functional
studies. Moreover, fixation has the advantage of a higher reproducibility of a known
morphology compared to unfixed tissue.
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Fig. 3. Freeze-fracture replica of a cultured fibroblast. The E-face of the cell “above the paper
plane” carries only few intramembranous particles, the P-face of the adjacent cell, which has to
be imagined “below the paper plane” is crowded with numerous intramembranous particles.



2. Materials
2.1. Freeze-Fracture Technique

1. 2.5% glutaraldehyde in PBS.
2. 30% glycerol.
3. Liquid nitrogen (N2).
4. Balzer’s freeze-fracture unit BAF400D including a double replica device (Balzer’s,

Liechtenstein).
5. Gold specimen holders (with or without a central hole).
6. Ceramics for washing the replicas.
7. 12% sodium hypochlorite.
8. Formvar-coated copper grids.

2.2. Immunogold Freeze-Fracture Labeling Technique

1. Leica plunge-freezing device (CPC, Leica, Bensheim, Germany).
2. Liquid ethan.
3. Copper holders for plunge freezing (Leica, Bensheim,Germany),
4. Forceps, cell scraper (optional).
5. Stereomicroscope.
6. Phosphate-buffered saline (PBS): contains 140 mM NaCl, 4 mM KCl, 10 mM Na2HPO4,

and 10 mM KH2PO4, pH 7.4.
7. 2.5% SDS solution containing 10 mM Tris-HCl and 30 mM sucrose, pH 8.3.
8. 10% bovine serum albumin (BSA).
9. Gold-conjugated secondary antibodies (dilution 1�50, Amersham, Netherlands).

10. Filters (Transwell, Costar, Bodenheim, Germany).
11. Pioloform-coated copper grids.
12. Transmission electron microscope (Zeiss EM10 TEM; Zeiss, Oberkochen, Germany).

3. Methods
3.1. Freeze-Fracture Technique

The following protocol has been successfully used in our laboratory for several
years:

1. Immersion fix the specimens with 2.5% buffered glutaraldehyde, for 90 min at 4°C.
2. Cryoprotect the tissue (volume in the order of 1 mm3) in 30% glycerol for 30 min at room

temperature.
3. The specimen is placed between a double replica device. The size or volume of the speci-

men is dependent on which type of gold specimen holder is used. If using the specimen holder
with a central hole, the volume should not exceed 1 mm3. A holder without a central hole
is suitable for specimens such as a cell monolayer or approx 5 µL of suspended cells.

4. Quick-freezing in nitrogen-slush at –210°C.
5. Fracture in a Balzer’s freeze-fracture unit BAF 400D at 5 × 10–6 mbar and –150°C and

shadow the fracture faces with platinum (Pt) / carbon (C) in a ratio of 10�1 (2 nm; 45°) for
contrast and carbon (20 nm; 90°) for stabilization.

6. Remove the complementary replica device from the fracture unit and place the replicas in
12% sodium hypochlorite to remove the cell material for 30–60 min at room temperature.
The time depends on the adhesion strength of the remaining tissue.
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7. Cleaning the replicas several times in double distilled water and mounting on formvar-
coated copper grids.

8. Analysis of the replicas using a transmission electron microscope (see Notes 1–3).

3.2. Immunogold Freeze-Fracture Labeling Technique

The limitation of the freeze-fracture technique is that it allows only a morphologic
assessment of plasma membranes, providing no direct information on the molecular
composition of the structure of interest. To overcome this limitation, freeze- fracture
studies have been combined with immunohistochemistry using two different methods.
The first method is the label-fracture method, in which the biologic material is prela-
beled with the first antibody against the protein of interest and with a gold-conjugated
secondary antibody. Afterward, the specimens are fixed, cryo-protected, frozen and frac-
tured (22,23). In contrast, in the fracture-label technique immunohistochemistry is
done after the fracture process. The techniques used today, are all based on the freeze-
fracture immunocytochemistry methods (Fig. 4).

The breakthrough in fracture-labeling that produces a Pt/C-replica was the combi-
nation of cryo-immobilization (rapid-/quick-freezing) with subsequent fracturing, and
shadowing with Pt/C and sodium dodecyl sulfate (SDS)-digestion (24,25). The SDS-
digested freeze-fracture replica labeling (SDS-FRL) method of Fujimoto (24) utilizes
the modified quick freezing method of Heuser et al. (26), which belongs to the metal
mirror quick freezing methods, in which the tissue to be frozen is stamped on a copper
bloc cooled by liquid helium. The very quick and firm contact of the tissue with the
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Fig. 4. (A, B) Fracture-labeling technique using Madin Darby canine kidney (MDCK) cells
for labeling the tight junction protein occludin in the tight junction strands with a polyclonal
anti-occludin antibody and a 10-nm gold-conjugated secondary antibody.



plane polished (mirror) copper surface leads to the vitrification of several cell layers.
The main advantage of the method is the good ultrastructural preservation of the tissue
and the high antigenicity. The disadvantage is that only cytoplasmic residues of trans-
membrane proteins and, using TritonX-100 for digestion, peripheral membane proteins
can be labelled. Another limitation is the time consuming preparation of the copper foil
and copper block, needed for the sample sandwich and the freezing process. If many
samples have to be frozen, the freezing method of Heuser et al. (26) is not suitable.

To partially overcome these methodological problems, the authors used a modifica-
tion of the technique of Fujimoto et al. (27):

1. Cells were grown according to their requirements, washed twice with PBS and scraped off.
Alternatively they were grown on filters, which were cut into appropriate pieces.

2. Cells were mounted between a copper sandwich and frozen quickly in liquid ethan and
transferred into the pre-cooled Balzer’s freeze-fracture device.

3. The freeze-fracture and shadowing conditions were identical to those described above (see
Subheading 3.1.).

4. After fracturing, the replicas were detached from the copper holder under PBS and washed
two more times.

5. For handling the replicas a loop of thin platinum wire and an eyelash were used.
6. Subsequently, the replicas were digested overnight under vigorous stirring with a magnet

stirrer (450 rpm) in a 2.5% SDS solution.
7. The next day, approx 20 small pieces of the replica were subjected to a conventional “in

solution“ immunogold-labeling procedure as follows:
a. The replicas were washed twice with PBS and blocked in PBS containing 10% BSA for

30 min.
b. The primary antibody (dilution has to be determined) was incubated either 1 h at room

temperature or overnight at 4°C.
c. The replicas were washed three times for 10 min in PBS, blocked again with PBS/BSA

(10%) for 10 min and incubated with the gold-conjugated secondary antibody.
d. The labeled replicas were washed in PBS several times.
e. They were then fixed with 2.5% glutaraldehyde in PBS for 10 min at room temperature.
f. Replicas were washed in distilled water and mounted on pioloform-coated copper grids.
g. They were analyzed in a Zeiss EM10 transmission electron microscope (see Fig. 4).

8. Interpretation of the labeling specificity of this method is done by stereo images, which allow
visualization of gold particles above and under the replica surface (25), Gold particles above
the replica surface are due to nonspecific adsorption to the Platinum (see Note 4).

3.3. Interpretation of the Freeze-Fracture Replicas

The freeze-fracture method is based on the fact that the fracture plane runs through
the middle of the membrane according to the hydrophobicity between the two lipid
layers of a membrane (see Figs. 2A, B). Thus, the membrane is split into two halves:
The protoplasmic fracture face (P-face) associated with the protoplasm and the exter-
nal fracture face (E-face) associated with the extracellular space. The P-face is viewed
from outside the cell, and one has to imagine the cytoplasm behind the fracture plane.
Correspondingly, the E-face is viewed from inside the cell, and one has to imagine the
extracellular space behind the fracture plane (see Figs. 2C and 3).

Because of the cleavage of the membrane and the consecutive disconnection of both
halves (see Fig. 2B), one gets two different replicas that have to be examined inde-
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pendently. For this reason, it is extremely difficult to find and to identify the comple-
mentary sites of the intact membrane in complementary replicas.

Particles are visible on the surface of the fractured membranes as well as within the
tight junction strands. It is believed that most intramembrane protein particles (IMP)
are not cleaved by the fracturing process, thus resulting in particles, which are elevated
above one or the other plane of the separated membrane halves. A cleavage of proteins
in the fracture plane was proposed to be unlikely because it would presume a break of
covalent bonds in the transmembrane peptide chain (28).

In general, particles in freeze-fracture replicas are mainly associated with the P-face
and less associated with the E-face (see Fig. 3). This might be caused by the prefixa-
tion with aldehydes. Comparing replicas from aldehyde-fixed and rapidly frozen aortic
endothelial cells, it appears that after rapid freezing, the IMPs were nearly equally dis-
tributed on both fracture faces, whereas chemical prefixation resulted in the clear pre-
dominance of P-face associated IMPs (29). This may reflect an aldehyde-strengthened
interaction between the cytoskeleton and intramembrane proteins resulting in the
anchorage of the proteins in the protoplasmic leaflet. If, however, in series of experi-
ments the cells are consistently fixed with glutaraldehyde before fracturing, the advan-
tage of better reproducibility is considerable, and the disadvantage of an altered particle
association is always the same in all experimental systems. Thus, if after glutaralde-
hyde fixation a given particle or strand is still associated with the E-face (e.g., periph-
eral non-barrier endothelial cell tight junctions: 30), the linkage to the cytoskeleton must
even be weaker than judged from replicas after cryoimmobilization. It is postulated that
each particle on one membrane leaflet has to correspond with one pit in the comple-
mentary membrane leaflet. In high quality replicas, this is indeed the case. However,
in most cases one finds a high number of P-face–associated particles, a low number of
E-face–associated particles and a smooth lipid plane at the E-face (see Fig. 3). Pits are
frequently obscured by the evaporated platinum. However, there are some well-known
examples of E-face–associated negative structures (pits or grooves) corresponding with
P-face associated positive structures: the vertebrate gap junctions (31), the orthogonal
arrays of particles in glial cells (32), and the tight junctions (33).

3.4. Morphometric Evaluation of Tight Junctions

3.4.1. Determination of E-Face/P-Face Ratio

The E-face/P-face distribution of tight junction particles is an important feature of
tight junctions, which may reflect the functional state of the epithelial or endothelial
barrier. The ratio of E-face– or P-face–associated particles to the total length of the tight
junctional network is done using morphometry by:

1. Determining the length of the given tight junction structure that is covered with particles.
2. Determining the whole length of the given tight junction structure.
3. Calculation of the ratio of the total amount of particles and the whole length of the tight

junction. The ratio is expressed as %PFA or %EFA, respectively.

3.4.2. Quantification of the Tight Junction Complexity

The classical feature of tight junction morphology is the complexity of the network.
This can be assessed by different methods:
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1. Strand counting (SC): In earlier studies, quantification of tight junction complexity was
mainly performed by counting of longitudinal strands by line- or grid-intersection meth-
ods (SC), sometimes in combination with the additional evaluation of parameters such as
linear junctional density, tight junction depth, meshes, branches, and free ends (34–36).

2. Complexity index (CI): Alternatively, the CI was calculated and defined as the ratio of the
number of branch-points in a network to the total of the tight junction length (37,38).

3. Fractal dimension (FD): This provides a more comprehensive description of tight junctional
complexity (39). Fractal geometry describes the structural properties of objects that, by def-
inition, show self-similarity, which means that these objects are identical at all magnitudes.
Theoretically, this should be true for an infinite range of scales, but in reality objects are
self-similar only in a restricted range of magnitudes. Such objects are characterized by a
dimension (FD) greater than the corresponding classical topologic dimension (40,41). For
tree-like structures with a topologic dimension of 1, FD ranges between 1.0 (for the most
simplest objects) and 2.0 (for the most complex structures). FD is a highly integrative para-
meter, because its value is influenced by a variety of properties such as number, length,
tortuosity, and connectivity of elements of a given object. On the other hand, measurement
of FD is independent of the orientation of a figure in the plane. These advantageous fea-
tures of FD have successfully been used to describe the structure of biologic objects or phe-
nomena (42–45), although such structures are self-similar only within a restricted range
of scaling levels. Because tight junctions are tree-like structures, they show a certain degree
of self-similarity and are therefore a suitable object of fractal analysis (39). For manual
evaluation of FD, grids of different scaling levels (grid-sizes) are superimposed to the tight
junction image and for each scaling factor the number of boxes containing parts of the tight
junction network are counted (N) only once, in repeated measurements. The suitable grid
sizes are 0.2, 0.1, 0.05, 0.025, and 0.0125 µm. Because the definition of FD (box count-
ing) is log N / log (l/s), the values obtained for each scaling level are inserted into a log N
vs. log (l/s) graph for visualization, and the regression curve is calculated. The slope of the
curve can be related to the value for the FD.

The semi-automatized method for FD evaluation includes video-recording, analog
to digital conversion with image processing software (see Note 5). Only the fractal
analysis is able to detect the continuous increase of complexity (39).

3.5. Cerebral Endothelial Tight Junctions

In conventional ultrathin sections, tight junctions are considered to form pentalam-
inar layers resulting from the fusion of the external leaflets of the adjacent cell mem-
branes. Depending on the orientation of the section, the tight junctions mostly appear
as a chain of fusion (“kissing”) points or as a domain of an occluded intercellular cleft
of variable length (3,46). In freeze-fracture replicas, the tight junctions of the
blood–brain barrier (BBB) endothelial cells are the most complex in the vascular system
(47). The P-face association of particles in BBB endothelial cell tight junctions is
approximately 55%, whereas 45% of the IMPs are situated on the E-face (48) (Fig. 5A).
In contrast, epithelial tight junctions are predominantly associated with the P-face
forming a network of strands and leaving grooves at the E-face, which are occupied by
very few particles (37,49–51).

If tight junction particles occur on the E-face they are frequently arranged in chains;
if occurring on the P-face they are, at least in epithelia, formed as smooth continuous
cylindrical profiles (see Note 1). This difference has been explained by the assumption
that the discontinuous and irregular appearance of tight junction particles on E-faces
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are due to multiple linkage sites of protein complexes to the cytoskeleton (52,53).
Some authors believe that the cylindrical profiles of tight junctions consist of double
strands that are arranged in an offset manner so that the fracture plane runs between the
partner strands (53,54).

It has been suggested that there is a logrithmic relationship between the number of
strands and the transcellular electrical resistance (TER; 34,35). It was concluded that
the complexity of the network of strands could be used to predict physiologic parame-
ters such as permeability and TER (55). These suggestions are now supported by trans-
fection experiments using DNA constructs of the newly discovered important family
of proteins—the claudins, which are responsible for tight junction stability and restrict
tight junction permeability (56–58). When transfected with claudin-1 or claudin-3,
tight junction-negative L-fibroblasts formed tight junctions associated with the P-face;
if transfected with claudin-2 or claudin-5, the cells formed tight junctions associated
with the E-face (59,60). Whereas transfected occludin induced short strands the claudin-
induced strands are very long and resemble in vivo tight junctions (56,61). Introduction
of the claudin-2 cDNA into high-resistant madin-darby canine kidney cells (MDCK-I)
that normally express claudin-1 and 4, mimicked both the resistance behaviour and the
tight junction morphology of low-resistant MDCK-II cells (62). These experiments sup-
port the predicted relationship between tight junction morphology as it appears by
freeze-fracture and electrical resistance. Moreover, the combination and stoichiometry
of the claudin species directly determines the barrier function and the morphologic out-
come of a given tight junction.
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Fig. 5. Freeze-fracture replicas of cerebral endothelial cell tight junctions. (A) In capillary
preparations, most P-face strands are occupied with particles. (B) Cultured brain endothelial
cells, show only few tight junction particles in the tight junction ridges of the P-face, but most
particles have switched to the E-face.



In endothelial cells, the claudins detected so far are claudin-1, claudin-5 (60,63,64),
and claudin-3 (Engelhardt and Wolburg, unpublished). The high electrical resistance
of cerebral endothelial cells is accompanied by an expression of claudin-1/3 and claudin-
5 and reflected by P-face/E-face ratio of about 55/45% (48). In contrast, in non-BBB
endothelial cells, tight junctions are almost completely associated with the E-face (30),
and claudin-1 is rarely or not expressed. BBB endothelial cells cultured in vitro develop
tight junctions with particles dramatically switched to the E-face (38; Fig. 5b) accom-
panied by a downregulation of claudin-1 (64) and by an increased permeability and
decreased TER. This means that the morphologic features of tight junctions reflect their
physiologic properties.

Thus, morphologic investigations by freeze-fracturing combined with the detection
of antigens in freeze-fracture replicas is a powerful method to predict and characterize
the physiologic properties of tight junctions (see Note 6).

4. Notes
1. Experience is necessary to interpret freeze-fracture replicas and to detect tight junctions

in them. Therefore, it is advisable to undertake initial studies under the supervision of an
experienced scientist in this field. Incorrect interpretations may be made if the investiga-
tor is not able to distinguish between leaky (choroid plexus capillaries; large vessels) and
tight endothelial (cerebral capillaries) and epithelial (choroid plexus) junctions that occur
in brain tissue. A feature of choroid plexus capillary tight junctions is the intercalation of
gap junctions, while choroid plexus epithelial tight junctions have a predominant P-face
association of particles. Very small tight junction pieces should not be taken for analysis
of in vivo material.

2. Detection of tight junctions in fractured brain tissue pieces is very difficult and time-
consuming. Therefore, isolated capillary fragments are used for our investigations
whenever it is feasible. Cerebral capillaries are isolated according to the method described
in Risau et al. (65) as follows:
a. Briefly, the forebrains are carefully dissected out and the meninges and choroid plexuses

are removed.
b. Three to four brains are minced and digested using collagenase (0.75% w/v, Worthington

CLS II in 15 mM HEPES) for 80 min at 37°C with gentle agitation.
c. The capillaries are separated by BSA density gradient centrifugation (25% in PBS;

20 min at about 1000g in a Heraeus Centrifuge using a swing-out rotor), washed and
fixed according to the protocol (see Subheading 3.1.).

3. For proper evaluation of freeze-fracture replicas by electron microscopy, a goniometer
attached to the microscope is useful.

4. For interpretation of the labeling specificity, controls are done either by omitting the pri-
mary antibody or by use of the preimmune serum instead of the primary antibody.

5. For semiquantitative analysis, software from SISanalysis (Münster, Germany) is used,
which allows the simultaneous detection of the amount of particles and tight junction
length as well as the statistical evaluation.

6. Several authors suggest that the tight junctional strands are lipid in nature (66,67). This
model postulated inverse lipid micelles, which should form during a phase transition of
the planar lipid bilayer similar to that occurring in models of membrane fusion (e.g., in
exocytosis). The important point is that this model involves a continuity of the outer mem-
brane leaflets of two tight junction-connected partner cells (Fig. 6). The experiments per-
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formed by Hein et al. (68) and Grebenkämper and Galla (69) provided unequivocal evi-
dence for the continuity of outer partner cell leaflets. Accordingly, Kan (70) demonstrated
the presence of phospholipids in cylindrical tight junction strands using freeze-fracture
labeling with gold-conjugated phospholipase A2. Because the tight junction particles in
freeze-fracture replicas have a similar size to the connexins of gap junctions and these struc-
tures are constructed from six single units, each particle or strand on the fracture face should
consist of more than one transmembrane molecule or represent the backbone of a lipid/pro-
tein-suprastructure. However, the manner in which lipids and proteins are interconnected
within the tight junction structure is as yet undefined. In fact, reaching high electrical resis-
tances in the order of 10.000 Ωcm2 seems impossible with proteins only, and because a
pure lipid backbone of the tight junction is unstable, stabilizing proteins are required (Fig.
6A). Therefore, we propose a unifying model using a special folding scheme of the junc-
tional proteins, which incorporates all known properties of the four transmembrane domains
of proteins (Fig. 6B). We assume that the hydrophilic loop between transmembrane domain
II and III is located in the micelle but not in the cytoplasm. The model allows predictions,
which are currently being tested.
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Studies of Cerebral Endothelium by Scanning 
and High-Voltage Electron Microscopy

Albert S. Lossinsky and Richard R. Shivers

1. Introduction
This chapter reviews methods for the preparation of central nervous system (CNS)

tissues for scanning (SEM) and high-voltage electron microscopic (HVEM) studies of
the cerebral vasculature. The techniques described here have been used by the authors
for the past two decades for investigations of pathologic alterations of the blood–brain
barrier (BBB) after a variety of experimentally induced injuries in mammalian (1–4)
and non-mammalian species (5–7). The question of when to use one morphologic
application over another becomes important for studies of cerebrovascular endothelial
cells (ECs).

The application of the SEM has a distinct advantage for studies related to questions
concerning pathologic alterations of the inner (luminal) surfaces of the ECs during BBB
injury. Under these conditions, the SEM can provide an enormous amount of informa-
tion about changes in the topography of large areas of the luminal surface of the vas-
culature. The SEM has enabled researchers to observe detailed structural changes that
manifest on the EC surfaces after BBB injury, including increased cavitations,
microvilli, and fronds (8–10).

Surface details of EC microvilli produced by the conventional transmission electron
microscope (TEM) in earlier studies, however, were based on compilations of numer-
ous single images collected from serial thin-sections, a mission that is labor-intensive
and often impractical. These images are limited to very small areas of the EC surface
compared to those that can be examined by the SEM. The HVEM, like the TEM, is
applied to answer questions related to internal structural changes within the ECs during
BBB injury (3,4,6,9–12), often not possible using the SEM. The major advantage of
the HVEM, a high-voltage TEM, is due to the ability of the electron beam to penetrate
thicker plastic sections, as much as 100 times thicker than routine thin-sections exam-
ined by TEM. Like the SEM, the HVEM can also provide additional information con-
cerning surface structural features and high-resolution images of the three-dimensional
structure of thick-sectioned, internal EC organelles.

Together, SEM and HVEM have contributed tremendously to the scientific litera-
ture concerning the morphologic changes that occur in cerebral vessels as a consequence
of CNS injury.
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2. Materials
2.1. Experimental Protocol

1. Anesthetic: Sodium pentobarbital (Nembutal, Western Medical Co., Arcadia, CA). The
stock solution contains 50 mg/mL in sterile PBS or sterile saline (see Note 1).

2. Tuberculin syringes with 27-gage needles.
3. Experimental animals

a. Male or female adult (25 g) BALBc/J, C57BL, SJL/J mouse strains (Harlan,
Indianapolis, IN).

b. Male or female adult (250–400 g) Wistar, Lewis and Sprague Dawley rat strains (Harlan,
Indianapolis, IN).

4. Brain tissues
a. Rat brain C6 astrocytoma cell cultures were obtained from the American Type Culture

Collection, Rockville, MD.
b. Human brain tumors (biopsies of hemangiomas) were obtained from the Center for

Research and Clinical Studies, Polish Academy of Sciences, Warsaw, Poland.

2.2. Tissue Fixation and Autopsy

2.2.1. Fixation by Vascular Perfusion

1. Prewash solution: physiologic phosphate-buffered saline (PBS).
2. 0.1 M Sodium cacodylate (a toxic, arsenic salt).
3. Storage buffer (S/C buffer): 0.1 M sodium cacodylate containing 0.2 M sucrose and 0.01%

sodium azide (antimycotic agent).
4. Modified (half strength) Karnovsky’s Fixative (13) (1/2 K fixative): 2% paraformaldehyde,

2.5% glutaraldehyde diluted in 0.1 M sodium phosphate or sodium cacodylate buffer
(approx 1100 mOsM), adjusted to pH: 7.4 and used at 25°C.

5. Glass or plastic intravenous drip bottles: 2 × 500 mL or 1000 mL.
6. Two intravenous drip tubing sets with stop/pinch valves.
7. Latex hose (18 inch) with a plastic attachment at tip for a hypodermic needle-cannula.
8. One three-way stopcock.
9. Small pan to hold 2 L of fluid.

10. Instruments:
a. Small mosquito and large straight hemostats.
b. Small and large scissors.
c. Fine toothed forceps.
d. Scalpel holder with no. 10 blade.

11. Cork or cardboard dissecting board.
12. Rubber bands.
13. Tape.
14. Cannulae: no.18-gage (mice), and no. 12- or 14-gage (rats) (see Note 2).
15. 30-mL snap-cap or scintillation vials with screw caps for immersion fixation of tissues.

2.2.2. Autopsy and Tissue Collection

1. Dental wax plates.
2. Single edge razor blades.
3. Wheaton vials, 4 mL with rubber gasket.
4. Vibratome.
5. Tissue stubs.
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6. Rapid adhesion glue.
7. Smith-Farquhar Tissue Chopper.
8. Agar, 2% aqueous solution.

2.3. Post-Fixation and Dehydration Materials Common 
to Both SEM and HVEM

1. Ethanol
2. 1-2% osmium tetroxide in 0.1 M sodium cacodylate or S/C buffers.

2.4. Scanning Electron Microscopy

All HVEM and SEM supplies were obtained from Electron Microscopy Sciences,
Fort Washington, PA, or Ladd Research Industries. Inc., Burlington, VT or Ted Pella,
Redding, CA.

1. Aluminum SEM mounting stubs.
2. Double sticky carbon tape.
3. Silver conductive adhesive.
4. Compressed carbon dioxide gas for specimen critical point drying.
5. Hexamethyldisalizane (HMDS), an optional, rapid chemical drying method.
6. Carbon, gold and platinum metal rods are used for sputter coating.
7. Our studies were conducted using a standard tungsten filament ISI 40 SEM (at the New

York State Institute for Basic Research in Developmental Disabilities, Staten Island, NY),
which provided excellent visualization of the normal and injured BBB (Figs.1–4). We also
used environmental and variable pressure (VP) SEMs at the product laboratories of each
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Fig. 1. SEM image of a cerebral cortical blood vessel from a sham-operated control mouse.
Note the smooth luminal EC surface (*). Fixation: 2% formalin, 1% glutaraldehyde in 0.1 M
sodium cacodylate buffer. Original magnification: x2200.
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Fig. 2. SEM image of the rat cerebral cortex. This animal was subjected to global ischemia
by ligation of the cardiac vessel bundle for 3.5 min, followed by blood recirculation. Note the
rough appearance of the EC surface due to increased numbers of microvilli (*) and an elongated
frond (arrowhead). Fixation: 2% formalin, 1% glutaraldehyde in 0.1 M sodium cacodylate
buffer. Original magnification, x2590 (From ref. 25, with permission.)

Fig. 3. SEM image of a spinal cord vein from a mouse with chronic relapsing experimental
allergic encephalomyelitis (CREAE). Note the leukocyte (*) attached to the rough-surfaced EC
(E), presumably seeking an entrance passageway into and across the EC to the CNS side of the
BBB. Fixation: 2% formalin, 1% glutaraldehyde in 0.1 M sodium cacodylate buffer. Original
magnification, x9600.



manufacturer (the Hitachi S3500N and Hitachi S4700 Field Emission SEM with a YAG
crystal, Mountain View, CA, the JEOL JSM 5900LV, Peabody, MA, the FEI/Philips ESEM
XL 30, Wilmington, MA and the LEO/Zeiss 1430 and 1455 VPSE, Thornwood, NY).

2.5. High-Voltage Electron Microscopy

1. Horseradish peroxidase (HRP) Type II (mice), Type VI (rats) (Sigma Chemical,
St. Louis, MO).

2. Harvard Infusion Pump (Harvard Apparatus, Holliston, MA).
3. 3, 3′-diaminobenzidine tetrahydrochloride (DAB), a suspected carcinogen (Sigma Chemical,

St. Louis, MO).
4. Hypodermic needles: 23-gage and 27-gage.
5. PE 60 or smaller tubing (Clay Adams, Parsippany, NJ).
6. Propylene oxide (flammable) for tissue clearing.
7. Polybed 12 plastic embedding resin.
8. Spurr (liquid plastics are suspected to be toxic and/or carcinogenic) (14,15).
9. BEEM capsules (size 00) are used for preparing the plastic tissues blocks.

10. Formvar plastic to prepare membranes for slot grids (15).
11. 2% uranyl acetate stain.
12. Reynold’s lead citrate stain.
13. High-voltage electron microscopy was carried out at 800–l000 kV using an AEI EM7

HVEMs at the HVEM Facility, University of Wisconsin, Madison, WI (RRS), and the AEI
EM7 HVEM at 1200 kV at the HVEM Facility in Albany, NY (ASL) (Figs. 5, 6).
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Fig. 4. SEM image of a spinal cord vein from a CREAE mouse. High magnification of a leu-
kocyte (monocyte) inserting a flap-like lamellopodium (*) into the EC (E) at a parajunctional
location. The adjacent EC junctional complex is shown (arrowheads). Fixation: 2% formalin,
1% glutaraldehyde in 0.1 M sodium cacodylate buffer. Original magnification, x32200.



3. Methods
3.1. Experimental Protocol

1. Dilute the stock solution of sodium pentobarbital (Nembutal) (50 mg/mL) with sterile PBS
or other sterile physiologic saline in a ratio of 1�6 (1 part Nembutal plus 5 parts saline).

2. Inject mice intraperitoneally (i.p.) with the diluted anesthetic 0.1–0.15 mL, (0.83–1.25 mg)
using a Tuberculin syringe with no. 27-gage needle.

3. Inject rats i.p. with 0.1 mL of the stock Nembutal (5 mg/dose).
4. Animals are either placed in restraining holders, or grasped at the nape of the neck and

secured by hand to reduce stress during i.p. injection of anesthetics.

3.1.1. Euthanasia

Before vascular perfusion, the animals are given a single i.p. injection of stock
Nembutal.

1. Mice are given 0.1 mL (5 mg/dose) (see Note 1).
2. Rats are given 0.5 mL (25 mg/dose)

3.2. Tissue Fixation and Autopsy

Tissues are either fixed by vascular perfusion or by immersion

3.2.1. Fixation by Vascular Perfusion

1. Use perfusion bottles with hanging plastic drip tubing and a three-way stopcock.
2. Attach the cannulae (no. 18-gage needles for mice, and no. 12- or 14-gage needles for rats)

to the end of an 18-inch segment of latex tubing, the other end of which is connected to a
three-way stopcock and intravenous (iv) drip tubes and perfusion bottles.

3. Place the deeply anesthetized animals on their backs on a dissecting board with the legs
and tail secured to the board with tape (see Note 3).
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Fig. 5. Stereo-pair HVEM view of a 0.5-µm section of a cerebral cortex capillary from a mouse
subjected to stab wound injury. Note the connected series of vesicles filled with HRP reaction
product (arrow) and the HRP-filled basement membrane (arrowheads). Fixation: 2% forma-
lin, 1% glutaraldehyde in 0.1 M sodium cacodylate buffer. Vessel lumen = L. Original magnifi-
cation, x25000. (From ref. 11, with permission from Springer Verlag.)



4. Grasp the skin over the sternum with forceps and make a midline cut with scissors.
5. Retract the skin over the chest to the sides by blunt dissection.
6. Grasp the xiphoid process of the sternum with the large, straight hemostat, and while

lifting the hemostat upward, cut the diaphragm transversely under the rib cage.
7. Cut both sides of the rib cage up to the level of the clavicle.
8. Lift the entire rib cage over the head of the animal such that it does not interfere with

subsequent surgical procedures.
9. If young adult animals are used, remove the thymus gland and pericardium with care to

avoid cutting the underlying large blood vessels of the heart.
10. Grasp the tip of the right atrium using small toothed-forceps and cut it with small dissect-

ing scissors (for blood/fluid effluent).
11. Grasp the apex of the heart with a small mosquito hemostat and cut the tip of the apex with

the fine scissors.
12. Gently insert the cannula into the slit in the apex and into the ascending aorta, directing

the cannula along the left wall of the heart. The end of the cannula can be visualized through
the semi-transparent aorta (mice), or by visualizing the movement of the tip of the cannula
within the ascending aorta (rats).

13. Place a mosquito hemostat over the apex of the heart and close it to secure the cannula within
the ascending aorta.

14. Open the stopcock valve to permit maximum flow of prewash solution (10–20 mL for mice;
20–30 mL rats) to rinse out the blood. The return flow out of the heart usually clears after
20–30 s.
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Fig. 6. This HVEM micrograph is a stereo-pair image taken from a 0.5-µm section through
a vein from a human brain hemangioma biopsy. Using a pre-embedding technique (35), the tissue
was immunoincubated with a 1�100 dilution of mouse anti-human ICAM-1 monoclonal anti-
body, 1�50 dilution of goat anti-mouse biotinylated IgG, and then a 1�20 dilution of strepta-
vidin gold (15 nm gold particles). HVEM reveals the immunogold particles (arrowhead)
decorating the internal delimiting membrane surfaces of an elongated vesiculo-vacuolar struc-
ture (*). Vessel lumen = L. Fixation: 2% formalin, 0.1 glutaraldehyde in a 0.1 M sodium cacody-
late buffer. Original magnification, x20000. (From ref. 3, with permission from Springer Verlag.)



15. Open the stopcock valve to allow the 1/2 K fixative (or other desired fixative) to flow though
the animal (mice: 250 mL; rats: 1000 mL). We have successfully used the hydrostatic drip
method of Kalimo et al. (16) (see Notes 4, 5).

3.2.2. Fixation by Immersion

1. Place the required piece of fresh tissue (brain cortex after decapitation, tumor biopsy mate-
rial obtained during surgery, etc.) on a wax plate, a plastic petri dish, or corkboard and dice
it into 1 × 1 × 4 mm fragments in several drops of the fixative of choice (see Note 6).

2. Mince or chop the tissue slices in fixative into smaller 1 mm3 pieces fixative and allow the
tissue to fix in this fixative for either 2 h at 4°C, or the tissue can remain in fixative for
longer periods, up to overnight, at 4°C.

3. Place the tissue into S/C buffer, rinse twice, and hold in this buffer at 4°C.

3.2.3. Autopsy and Tissue Selection

This procedure is similar for tissues fixed by vascular perfusion or by immersion (see
Notes 6, 7). For alternate methods of cutting tissue specimens see Note 8. After appro-
priate fixation, the tissue blocks are placed in S/C buffer at 4°C and remain in this buffer
until they are post-fixed as described in Subheading 3.3.

3.3. Post-Fixation and Dehydration Methods Common 
to Both SEM and HVEM

1. Fix larger Vibratome slices, chopped tissue slices or smaller hand-minced tissue pieces (for
HVEM studies), as well as larger tissue blocks (for SEM studies) for 1–2 h with1–2% OsO4

at 4°C to stabilize lipid components of the EC membranes. Osmium tetroxide fixative is
prepared with 0.1 M buffer including either sodium cacodylate, S/C buffer without sodium
azide, or s-collidine according to standard protocols (15,17).

2. Dehydrate the tissue slices, minced pieces or larger blocks in 50%, 70%, 85%, 95% ethanol,
10 min in each concentration, on ice at 4°C. Prepare all dilutions using 95% ethanol.

3. Soak the tissues in 2 changes of 100% (absolute) ethanol for 10 min each at room tem-
perature (25°C).

4. Process the tissue samples further for either SEM (see Subheading 3.4.) or HVEM analy-
ses (see Subheading 3.5.).

3.4. SEM

1. Place the specimens into the critical point dryer with about 5 mL 100% ethanol and seal
the chamber door.

2. Slowly introduce compressed carbon dioxide into the chamber until the critical point (21)
is gradually reached at the proper temperature and pressure and preserving the tissue with
little structural distortion (see Note 9).

3. Slowly release the carbon dioxide gas and remove the specimens.
4. Place the dried specimens in a dessicator to prevent rehydration.
5. If a critical point drying apparatus is unavailable, immerse the tissue samples in a 50�50

mixture of 100% ethanol and 100% hexamethyldisalizane (HMDS) (24) for 30 min at 25°C.
6. Transfer the tissue to 100% HMDS for 30 min at 25°C (see end of Note 9).
7. Air-dry the tissue samples on filter paper and maintain the dried specimens in a dessica-

tor to prevent rehydration.
8. Mount the dried specimens on aluminum SEM stubs using either silver conducting paste,

double-edged carbon conducting tape, or by adding a small drop of the silver conductive
adhesive to the sides of the specimen that overlaps onto the aluminum stub.
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9. Sputter coat the dried, mounted specimens with either carbon, gold or platinum in a con-
ventional sputter coater, according to standard protocols (reviewed in 22).

10. The SEM-ready samples are stored for long periods under dessication to prevent rehydra-
tion (see Note 10 ).

11. Dried tissues examined by SEM (optional) can be further processed for HVEM so that both
SEM/HVEM can be done using the same specimen (see Note 11).

3.4.1. SEM Data Interpretation

1. SEM studies of normal mouse and rat brains fixed by perfusion have provided informa-
tion about the normal appearance of ECs lining the luminal surface of the cerebrovascu-
lature. The normal ECs usually present a smooth surface with short ridges at the boarders
of the individual ECs (see Fig. 1).

2. After brain and spinal cord injury, however, there is a dramatic change in the surface
topography of the ECs including increased microvilli, fronds and surface cavitations
(8,9,25). After CNS injury, finger-like microvilli and fronds are thought to upregulate
adhesion molecules that facilitate leukocyte-EC adhesion (26) and initiates transmigration
(3) (see Fig. 2).

3. The structural interaction between leukocytes and ECs has been studied extensively and
the SEM has been an important tool that has contributed to our understanding of how these
cells probe the surface of the EC searching for pathways to enter the ECs during inflam-
matory events of the CNS (8–10). Lymphocytes and mononuclear cells are known to extend
thin filipodial (see Fig. 3), and lamellipodial extensions of their plasma membranes, and
eventually insert them into pores within the EC surface (see Fig. 4) during the initial phase
of their transendothelial passage across the BBB.

3.5. HVEM

3.5.1 Animal Protocol

1. In animals scheduled for BBB permeability studies, HRP, Type II, 15 mg/25 g mice or HRP
Type VI, 5 mg/25 g mice, or 50 mg/250 g for larger rats is dissolved in 0.2 mL sterile saline,
PBS, or Ringer’s solution for administration to mice, or in 1 mL for rats.

2. Under a dissecting microscope, insert a 27-gage needle (attached to a 1 mL tuberculin
syringe connected to 12–18 in PE 60 tubing) into either the saphenous or femoral veins in
the leg, or into the tail vein.

3. Inject the HRP intravenously slowly either by hand or using an infusion pump.
4. Allow the tracer to circulate within the animal for 5 to 60 min before giving the final dose

of nembutal for euthanasia and subsequent vascular perfusion. (see Note 12).
5. After fixation, tissue selection and cutting, the 30–40 µm tissue slices are rinsed twice with

S/C buffer and then reacted with a filtered solution containing 5 mg DAB dissolved in 10 mL
of 0.05 M Tris-HCl buffer containing 0.01% hydrogen peroxide, pH 7.6 for 15–30 min at
25°C (27,28). Negative controls contain all reagents except HRP (see Note 13).

3.5.2. Tissue Processing

1. Rinse the sections twice in S/C buffer and hold them in this buffer before post-fixation with
OsO4.

2. Follow Steps 1–3 given in Subheading 3.3.
3. After the second rinse in 100% ethanol, the tissue sections are soaked in 2 changes of propy-

lene oxide (P.O.), for 15 min each.
4. The tissue is then infiltrated with liquid plastic by standard methods using Polybed 812, Spurr

etc.) (14,15). Use a 50�50 mixture of P.O. and liquid plastic mixture including accelerator.
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5. Transfer the tissue sections to a 100% plastic mixture containing accelerator and allow them
to remain overnight in a desiccator under vacuum.

6. Flat-embed the sections in labeled BEEM Capsules in fresh plastic including accelerator.
7. Polymerize the blocks overnight in a 70°C oven.
8. Trim the plastic blocks and cut sections at 0.25, 0.5, 0.75, and 1.0 µm on Leica Ultracut,

Sorvall Porter Blum MT-1 and MT-2B or other ultramicrotome.
9. Collect the sections on formvar-coated slot grids. Serial thick sections can also be collected

(1–4 sections each/slot grid) to insure accuracy in specimen orientation and to facilitate
visualization of sequential three-dimensional stereo-pair images of the internal EC struc-
ture in question.

10. Examine the sections either stained or unstained (see Note 14).

3.5.3. HVEM Data Interpretation

1. Mice subjected to traumatic brain injury and fixed by perfusion have produced useful
information concerning the mechanisms of HRP transport across the damaged BBB (11).
The advantage of HVEM is that it allows three-dimensional visualization of the relations
between internalized EC structures containing the HRP reaction product (see Fig. 5). In
order to acquire this type of data by conventional TEM, numerous serial-thin sections must
be stacked up and transformed into three-dimensional images, a technique that is chal-
lenging and labor-intensive.

2. Studies of vesiculo-canalicular and vesiculo-vacuolar organelles in thick sections of ECs
from human brain tumor biopsy specimens taken during surgery and fixed with weak glu-
taraldehyde concentrations have also been conducted (3). We have studied the nature of
the formation of EC vesiculo-canalicular structures after BBB injury using immunocyto-
chemical methods. (see Note 6) (see Fig.6). In these studies, immunogold particles labeled
the internal delimiting membrane surfaces of vesiculo-canalicular and vesiculo-vacuolar
type organelles. These studies indicate that the adhesion molecule-decorated EC vesiculo-
canalicular structures may serve as anatomic passageways for invading leukocytes and/or
neoplastic cells through the ECs, modulated by upregulated adhesion molecules (3).

These studies and several others provide evidence that the HVEM is, indeed, a
unique adjunct tool to the conventional TEM that can be applied to answer specific ques-
tions about internal structural details within the ECs related to the pathophysiology of
the altered BBB (see Note 15).

4. Notes
1. Guidelines for animal care and the use of anesthetics are controlled by the Animal Welfare

Committee of the University or Institute, in accordance with the guidelines of the National
Institutes of Health and the Animal Welfare Act (USA), and the Canadian Council of
Animal Care (Canada). Larger mice can be given additional anesthetic doses if they become
responsive to toe or tail pinches. In this case, 0.02 – 0.05 mL of the diluted nembutal solu-
tion may be given, although one must be aware of the risk of overdose. This amount of
nembutal places the animals into a comatose condition prior to opening the chest cavity
and perfusion. Surgical opening of the chest for vascular perfusion may begin when the
animal no longer responds to toe or tail pinches. An alternative anesthetic that has been
used successfully in adult rats is i.p. injections of a cocktail containing 90 mg/kg ketamine
and 7 mg/kg xylazine (Western Medical, Aracadia, CA). Animals may be intubated or ven-
tilated via the nose with an oxygen-rich air mixture before thoracotomy and vascular per-
fusion. This technique is an ideal way to reduce possible hypoxia-related EC structural
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changes that may occur at the ultrastructural level if surgical complications prevent a
speedy perfusion fixation.

2. Cannulae can be easily prepared by cutting off the beveled ends of 18- and 14-gage hypo-
dermic needles and filing the surfaces to make them smooth. Cannulae may also be pur-
chased from surgical instrument supply companies (e.g., George Tiemann & Co.,
Hauppauge, NY).

3. A useful technique to ensure good brain fixation is to secure the upper jaw of small- and
medium-sized rodents to the cork or cardboard tray using a rubber band. This prevents the
animal’s head from contorting during perfusion fixation, thus, providing unrestricted flow
of fixative through the carotid arteries to the brain.

4. The hydrostatic drip method of Kalimo et al. (16) allows the prewash and fixative solu-
tions to flow into the animals at a pressure of about 150 cm of water, the approximate sys-
tolic blood pressure of mice and rats. Using this method, the bottles are positioned approx
5 feet above the animals. Mechanical pumps can also be used for vascular perfusions of
mice and rats, but care must be taken to avoid too high an intravascular pressure that can
produce hypervolemia and artifactual breach of the EC tight junctional complexes.

5. Caveats about prewash. Prewash solutions are adjusted to pH 7.4. An optional PBS pre-
wash solution may contain heparin, an anticoagulent (final concentration of 10 units/mL)
and procaine hydrochloride, a vasodilator (final concentration of 0.01%). Washing peri-
ods in excess of 30 s may cause disruption of myelinated fibers and produce perivascular
and/or perineuronal halos at the TEM/HVEM level. Once the chest wall is open, one must
proceed quicky to avoid blood coagulation within the microvasculature in the event that
heparin is not added to the prewash solution.

6. Several excellent fixatives for ultrastructural studies are mentioned in this chapter. Complete
discussions concerning the many aspects of tissue fixation can be located in textbooks and
review articles (15,17,18). Tissues can be preserved with these fixatives by either perfu-
sion or immersion methods. Although half strength Karnovsky’s Fixative is hyperosmolar
(ca. 1100 mM), it has been used successfully as a vascular perfusate with excellent preser-
vation of ultrastructural details for SEM and HVEM studies of cerebrovascular ECs. It
induces minimal tissue shrinkage without edematous tissue changes. Other excellent fix-
atives for histologic, TEM, and HVEM studies that approach isotonicity (380 mM) include
2% formalin and 1% glutaraldehyde in 0.1 M sodium phosphate or cacodylate buffers (11).
A fixative developed by McDowell and Trump (19) consisting of 4% formalin, 1% glu-
taraldehyde in a buffer of 176 mM/L was considered to be their choice fixative for opti-
mum ultrastructural results of several different tissue types including the CNS. Fixation of
CNS tissues can also be carried out by either perfusion or immersion in one of the following
solutions: a) 6% ice-cold glutaraldehyde buffered to pH: 7.35 with 0.1 M sodium cacody-
late; b) perfusion of a solution consisting 1% glutaraldehyde, 1% paraformaldehyde con-
taining 4% sucrose in 0. 1 M sodium cacodylate (pH: 7.4) for 5 min, then continue to perfuse
for an additional 15 min with a solution of aldehydes increased to 2.5%. For convenience,
tissues can be held for extended periods (weeks) in S/C buffer in a refrigerator before post-
fixation. After fixation, the tissues are changed to S/C buffer and rinsed with 2 changes of
this buffer before post-fixation. In general, perfusion fixation preserves the tissue consid-
erably faster compared to immersion fixation. This is because of the fast replacement of
blood with fixatives producing rapid penetration of the fixatives across the BBB due to the
extensive vascular network in the brain. Thus, assuming that the time required to flush the
blood from the animal with the prewash buffer solution is rapid (under 30 s), and hypoxic
tissue changes will be avoided, fixation by perfusion is usually considered the optimum
method for ultrastructural studies. It is also possible to perform both immunocytochemi-
cal and ultrastructural studies in conjunction with SEM, conventional TEM, and HVEM
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studies to identify membrane-associated proteins such as adhesion molecules. For these
types of studies, one must use fixatives that contain reduced concentrations of glutaralde-
hyde (e.g., 2–4 % formalin containing 0.1–0.25% glutaraldehyde), which reduces the pos-
sibility of denaturing target antigens (18). The concentration of the fixatives, and the time
of fixation (not more than 2 h maximum time) may be a critical concern for optimizing the
expression of the specific antigens in question (3).

7. Perfusion fixative techniques cannot be applied to preserve human tissues, unless a writ-
ten consent is obtained from the family. In the state of Maryland, immediate autopsies (with
family permission) can be performed on patients with irreversible brain death at the
University of Maryland Hospital in Baltimore (16,20). It is customary to immersion-fix
human tissues including CNS tumor biopsy materials in either a fixative for ultrastructural
preservation, or for good antigen preservation using a more gentle immunofixative,
described above in Note 6. However, immersion fixation of CNS tissues may have limited
value for SEM studies of the microvasculature because the blood vessels may have col-
lapsed before fixation. Thus, in our past experience, observing luminal surfaces of collapsed
vessels by SEM has often provided limited results.

8. There are different methods of cutting tissues for peroxidase tracer studies, and other
ultrastructural, ultracytochemical, or immunocytochemical studies. Cut the tissues into
2 × 4 × 4 mm thick blocks (SEM studies), or cut the brain pieces into 2 × 2 mm × 30–40 µm
slices using a Vibratome, chopped at 30–40 µm using a Smith-Farquhar Tissue Chopper,
or mince into 1–2 mm3 pieces on a wax plate in a chosen fixative (HVEM studies). These
thick tissue blocks, smaller pieces or thin slices are then placed in 4 mL Wheaton vials in
a fixative similar to that which was used for fixation by perfusion or immersion. The
total time of fixation can range from 2 h to overnight at 4°C, depending on the goals of
the experiment.

9. Critical point drying (21) is an excellent method of completing the drying process of
the tissue before scanning it in the SEM. This is typically performed after the tissue has been
post-fixed with osmium tertroxide and dehydrated with ethanol (see Subheading 3.3.). The
state of critical point within a tissue specimen occurs when the two-phase stage of the major-
ity of volatile liquids (vapor and liquid) disappears from the tissue at this special “critical
point,” at a specific temperature and pressure. When the critical point is reached, the two
phases are in equilibrium and the phase boundary disappears removing any surface ten-
sion (22). Thus, critical point drying greatly reduces distortion of the cellular surface
topography of the ECs because it avoids the forces of surface tension that occur during evap-
oration (23). The exchange of liquid/gas and liquid/solid–solid/gas transition using
ethanol/carbon dioxide, for example, under high temperature and pressure results in a
completely dried specimen. During the final stages of drying, the tissue is exposed to
gaseous carbon dioxide, then air. Critical point drying has been considered the optimum
technique for specimen preparation for SEM, but some investigators have not found it to
be superior to other, more simplified chemical drying methods including HMDS (24) (see
Subheading 3.4., step 5).

10. Although coating dried tissue specimens considerably reduces charging artifact in con-
ventional, non-environmental SEMs, environmental SEMs including Hitachi S3500N,
JEOL 5910LV, LEO/Zeiss’ 1455 VPSE, the FEI/Philips XL30 ESEM, and FEI/Philips
Quanta SEMs do not require coating of the samples using variable pressure. These micro-
scopes also have the capacity to examine fixed, totally wet tissue samples. These types of
EMs provide excellent tools for cases in forensic medicine, when crime-related samples
cannot be dried or coated to avoid altering evidence. Environmental SEMs will hopefully
contribute valuable morphologic information from future studies of totally wet tissue sam-
ples of both normal ECs, and from ECs after CNS injury.
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11. It is also possible to target and evaluate a specific blood vessel combining both SEM and
HVEM techniques. The brain tissue samples are initially processed for SEM, including
osmication, dehydration, drying, and gold and platinum sputter-coating. These tissue blocks
are then scanned in the SEM and images of the targeted blood vessels are captured, either
photographically or digitally. Afterward, these same tissue blocks scanned by SEM can be
again dehydrated in ethanol and embedded in plastic (see Subheadings 3.3.2., 3.3.3., and
3.5.2., steps 3–7). The plastic blocks can then be trimmed under a dissecting microscope
and one can view the reflection of the same, previously SEM-scanned, gold-coated blood
vessels through low-power objectives of either dissecting or compound microscopes. Serial
thick sections of blood vessels scanned previously by SEM have been successfully exam-
ined in the HVEM using this method (10).

12. Horseradish peroxidase has been a valuable tracer to study the ultrastructural characteris-
tics of internalized EC structures involved with increased permeability of the vasculature
(see Fig. 5) and junctional complexes that can open after BBB injury. In our experience
Type II HRP (Sigma Chemical) can be tolerated as a vascular-borne tracer in laboratory
mice. However, this less purified grade of the peroxidase enzyme is toxic to other experi-
mental animals (27), and this type of HRP has been implicated in histamine-induced open-
ing of the BBB in laboratory rats. Sigma Type VI HRP is the tracer of choice for BBB studies
in rats, lizards, cats, and rabbits. Administration of antihistamines can also be used in ani-
mals receiving HRP. Forceful, manual injections of HRP may also produce hypervolemia
as a result of artifactual opening of the BBB. This potential methodologic pitfall can be
alleviated using slow, steady injections with an infusion pump at a rate of approx 1 mL/min
using a 27-gage needle attached to polyethylene tubing (PE 60 or smaller).

13. Permeability studies using protein tracers, including HRP, can only be performed in con-
junction with the HVEM (and conventional TEM), because the goal using the HVEM is
to examine internal structural compartments of the vasculature including EC caveolae,
vesiculo-canalicular structures and EC junctional complexes. The cytochemical localiza-
tion of exogenous HRP is observed after the DAB is reacted with the tissue producing a
brown coloration of the extracellular compartments of the CNS including the perivascular
basement membranes indicating the presence of a positive exogenous peroxidase activity
and increased BBB permeability to this protein tracer. This brown-colored reaction prod-
uct is subsequently chemically transformed into an electron-dense reaction product
(osmium black) after post-fixation with OsO4. Solutions of DAB should always be filtered
before use and the hydrogen peroxide solution should be added to the solution at the last
moment. DAB solutions occasionally produce undesired crystal-like precipitates when
phosphate buffers are used for perfusion, washes, etc. This precipitate is reduced when the
tissue samples are either washed overnight in S/C buffer or when sodium cacodylate buffer
is added to the fixative (19).

14. Grids may be either stained with lead citrate (29), stained with uranyl acetate (30), or with
alcoholic uranyl magnesium acetate for 3–4 h at 25° C, the latter to provide staining com-
pletely through the thickness of the section. A useful method for staining thick sections
(0.1–1 µm) using heated alcoholic uranyl acetate has been reported by Locke and Krishnan
(31). Other studies have also obtained excellent stain penetration using heated stains includ-
ing 2% uranyl acetate for 1.5 h at 50°C and 30 min in lead citrate at 25°C (11). Staining
of multiple grids for HVEM has always presented problems because the first and last grids
may have been stained for different times due to the time required to wash and dry each
grid. Thus, the last few grids are often overstained. To rectify this problem, one can use
devices that facilitate the simultaneous staining of numerous grids, resulting in equal stain-
ing time/grid. We have used a modification of the Hiraoka Staining Kit (Electron
Microscopy Sciences, Fort Washington, PA) (32). This technique was developed by
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Giammara (33), improved by K. F. Buttle, Albany, NY, and is also described by Hayat (34).
The Hiraoka staining pad consists of a plastic disk with 4 rows of 10 slots into which grids
are inserted and held in position as the entire disk is submerged into staining baths and dis-
tilled water rinses. If one cuts the plastic disk into individual strips, these 0.5 × 4 cm strips
will accommodate up to 10 grids/strip. A single strip securing 10 grids is inserted into a
modified plastic bulb-type pipet after the tip has been cut away. The staining fluids (uranyl
acetate, lead citrate) can be drawn into the pipet. By capillary attraction, the fluid is held
within the pipet as the entire pipet assembly is inserted into a small vial filled with the stain-
ing fluid or distilled water for rinsing. Thus, the pipet containing the plastic strip with grids
can be stained (and washed) either at room temperature or in a 50°C oven.

15. The main advantage of ultrastructural studies of brain microvessel ECs (the anatomic basis
of the BBB) offered by HVEM is the ability to see cross sectional views within thick sec-
tions of plastic-embedded CNS tissue. In standard TEMs, the accelerating voltage is usu-
ally less than 100 kV. Consequently, the penetration of the specimen by the electron beam
is much reduced, thereby limiting resolution of components of the cells in the tissue. To
increase the penetration of electrons through thick specimens and retain a resolution that
approximates its theoretical resolution of less than 1 Å, a higher accelerating voltage must
be used. The million-volt electron microscope provides the necessary beam strength and
resolving capabilities to render the contents of thick plastic sections of tissue (0.25–1 um
thick) visible. Advantages of the HVEM include recording of three-dimensional architec-
tural relationships of subcellular structures, and even rotational manipulation of the spec-
imen to reveal subtle details of spatial interrelationships. HVEM specimens in thick sections
can be examined and photographed at various tilt angles to permit stereo-pair views of the
tissues. Examination of thick plastic sections employing standard TEMs before studies with
HVEMs permitted screening of samples for technical artifacts and other problems, but pro-
vided limited results. Early examination of thick plastic tissue sections in a Philips 201 elec-
tron microscope operating at 100 kV served as an efficient method for selecting optimal
specimens for HVEM. In cases where access to HVEM facilities is limited or impossible,
very acceptable results can be obtained from 0.1–0.5 µm sections and an electron micro-
scope operating at voltages of 250 to 500 kV. Intermediate-range HVEMs equipped with
tilt-stage goniometers can reveal valuable information about biologic material in semi-thin
sections (36). Stereo-pair electron micrographs can be viewed with either a stereo-viewer
lens, or by simply holding the side-by-side paired micrographs at approx 10 inches from
the eyes.
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Detection of Endothelial/Lymphocyte Interaction 
in Spinal Cord Microvasculature 
by Intravital Videomicroscopy

Britta Engelhardt, Peter Vajkoczy, and Melanie Laschinger

1. Introduction
The central nervous system (CNS) is considered to be an immune-privileged site.

Entry of lymphocytes into the CNS is tightly controlled by endothelium, which is an
important component of the blood–brain barrier (BBB). Under physiologic conditions,
lymphocyte traffic into the CNS is low, whereas during inflammatory diseases of the
CNS such as multiple sclerosis (MS) or in the animal model experimental autoimmune
encephalomyelitis (EAE) large numbers of circulating lymphocytes readily gain access
to the CNS later during disease facilitated by the loss of BBB integrity. Thus, the
interaction of circulating inflammatory cells with endothelium is a critical step in
the pathogenesis of EAE.

In general, lymphocyte recruitment across the vascular wall is regulated by the
sequential interaction of different adhesion or signaling molecules on lymphocytes and
endothelial cells lining the vessel wall. An initial transient contact of the circulating
leukocyte with the vascular endothelium, generally mediated by adhesion molecules of
the selectin family and their respective carbohydrate ligands, slows down the leukocyte
in the bloodstream. Subsequently, the leukocyte rolls along the vascular wall with
greatly reduced velocity. The rolling leukocyte can receive endothelial signals result-
ing in its firm adhesion to the endothelial surface. Such signals can be derived from
chemokines, the activity of which is transduced via G-protein–coupled receptors on the
leukocyte surface. Binding of a chemokine to its receptor results in a pertussis toxin–
sensitive activation of integrins on the leukocyte surface. Only activated integrins medi-
ate the firm adhesion of the leukocytes to the vascular endothelium by binding to their
endothelial ligands, which belong to the immunoglobulin (Ig)-superfamily. This ulti-
mately leads to the extravasation of the leukocyte. Successful recruitment of circulat-
ing leukocytes into the tissue depends on the leukocyte/endothelial interaction during
each of these sequential steps (1).

Investigation of the molecular mechanism involved in lymphocyte/endothelial inter-
action in vivo can only be achieved by direct observation, i.e., by intravital fluorescence
microscopy. Observation of the CNS microcirculation by intravital fluorescence
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microscopy is, however, hampered by the protected localization of the brain and spinal
cord within the skull and the spinal column, respectively. To visualize the CNS micro-
circulation in vivo, acute and chronic cranial window preparations are available for
rodents, which allow observation of the pial and superficial cerebral cortical microcir-
culations, respectively (2,3). In EAE, however, inflammation is located preferentially
in the spinal cord white matter. Thus, to investigate the physiologically relevant inter-
action of autoaggressive T-lymphocytes with endothelium, we developed a novel spinal
cord window preparation that allows direct visualization of CNS white matter micro-
circulation by intravital fluorescence videomicroscopy. This chapter describes the meth-
ods that allow visualization of endothelial/lymphocyte interaction in spinal cord vessels
by intravital videomicroscopy.

Using this model, we assessed the interaction of encephalitogenic T-cell blasts
with the endothelium of white matter vessels in SJL/N mice. Our study provides, to
our knowledge, the first in vivo evidence that α-integrin mediates the G-protein–
independent capture and subsequently the G-protein–dependent adhesion strengthening
of encephalitogenic T-cell blasts to microvascular VCAM-1 in spinal cord white matter
microvasculature (4).

2. Materials
2.1. Labeling of Encephalitogenic T-Cell Blasts with Fluorescent Dye

1. Tissue culture centrifuge.
2. Fluorescent microscope (Axiophot, Zeiss) and/or FACScan (BD Biosciences).
3. Pipetboy (Integra Biosciences) and sterile (serologic disposable or glass) pipets: 5 mL,

10 mL.
4. Micropipets and sterile microtips.
5. Sterile 15-mL and 50-mL Falcon tubes.
6. Tissue culture Petri dishes (10 cm).
7. RPMI 1640 medium.
8. Phosphate-buffered saline (PBS) without Ca2+/Mg2+ (Biochrom KG, Berlin, Germany).
9. Wash buffer: Hank’s Balanced Salt Solution (HBSS) supplemented with 10% fetal calf

serum (FCS) and 25 mM HEPES.
10. Isotonic Nycodenz solution (density 1.09 g/mL at 20°C, Nycomed, Norway): to 17 g

Nycodenz add 26 mL of RPMI 1640 and 10 mL of FCS. Add sterile distilled water to a
total of 100 mL. Nycodenz solution can be stored at 4°C in the dark for several months.

11. Cell Tracker™ orange (CMTMR) (Molecular Probes, Eugene, Oregon, US). Stock solution:
10 µM in water-free dimethyl sulfoxide (DMSO) stored at –20°C.

2.2. Preparation of the Spinal Cord Window

1. Female SJL/N mice susceptible to EAE (from Bomholdgård Breeding, Ry, Denmark) were
used for the experiments described here. In general, mice should be 17 to 19 wk or weigh
at least 18 g. Spinal cord window preparations have also successfully been performed using
other mouse strains such as BALB/c.

2. Operating stereomicroscope with up to 40-fold magnification.
3. Heating pad.
4. Stereotactic rodent head holder.
5. Ketamine and xylazine.
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6. Sterile 1-mL disposable syringes.
7. Instruments: Fine Adson forceps and scissors, jewelry forceps, iris scissors, needle holder.
8. 4-0 silk suture.
9. Polyethylene catheter (PE-10).

10. Impermeable transparent membrane (Saran wrap).

2.3. Intravital Fluorescence Videomicroscopy

1. Axiotech vario microscope with a 100-W mercury lamp emitting an adjustable light inten-
sity (Attoarc; Zeiss, Germany).

2. Combined blue (450–490 nm) and green (520–570 nm) filter block (Zeiss, Germany).
3. X3.2 long distance, X10 long distance, and X20 water immersion working objectives

(Zeiss, Germany).
4. Low-light level CCD-video camera with an optional image intensifier for weak fluores-

cence (Kappa, Germany).
5. S-VHS videosystem (Panasonic, Germany) and video cassettes for on-line and off-line

evaluation.
6. Microphone (optional).
7. Sterile disposable 1 mL syringes.
8. 2% FITC-conjugated Dextran (0.1 mL FITC-Dextran150 i.v.; MW = 150,000; Sigma

Chemical, St. Louis, MO).

2.4. Blocking of Cell Adhesion Molecules on Endothelium 
or T-Lymphoblasts

1. Tissue culture centrifuge.
2. Pipetboy with 5-mL and 10-mL sterile pipets (either serologic disposable or glass).
3. Micropipets with sterile microtips.
4. Sterile 15-mL Falcon tubes.
5. PBS.
6. Sterile, purified, endotoxin-free blocking antibodies directed against CAMs.

2.5. Detection of Extravasated Cell Tracker Orange-Labeled
T-Lymphoblasts in the Spinal Cord Parenchyma by Immunofluorescence

1. Cryostat (Microm GmbH, Walldorf, Germany).
2. Fluorescence microscope (Axiophot, Zeiss, Germany).
3. Pipetboy and 5-mL and 10-mL pipettes.
4. Micropipettes and microtips.
5. Silanized glass slides.
6. Glass coverslips.
7. Dewar vessel.
8. Dry ice.
9. 1% Formaldehyde in PBS.

10. Tissue Tek (OCT; Miles Inc.,Vogel, Germany).
11. 2-Methylbutane (Merck, Darmstadt, Germany).
12. Acetone.
13. Antibodies: Rat anti-mouse endoglin; MJ7/18, FITC-conjugated goat-anti-rat IgG.
14. Bovine serum albumin (BSA).
15. Normal mouse serum.
16. Mowiol 4-88 (Calbiochem-Novbiochem GmbH, Bad Soden, Germany).
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3. Methods
3.1. Labeling of Encephalitogenic T-Cell Blasts with Fluorescent Dye

Establishment and culture of the CD4+ MHC class II restricted protein lipid protein
(PLP)–specific T-cell lines derived from SJL/N mice, induction and treatment of EAE
are not the topic of this chapter but have been described elsewhere in great detail (4–6).
Cell Tracker orange labeling of T-lymphocytes was chosen because it does not alter the
physiologic characteristics of the T-lymphocytes, i.e., cell surface expression of adhe-
sion molecules or encephalitogenicity (4) and reproducibly produces a 100% viable and
brightly stained T-lymphoblast population stably fluorescing for several days. Note, the
staining intensity of Cell Tracker dye remaines unchanged in non-dividing cells, but
decreases nonlinearly with cell division. In our hands, Cell Tracker orange labeling
in T-lymphoblasts is detectable up to 6 d after labeling in vitro and up to 4 d after
labeling in vivo. The labeling procedure is performed according to the protocol of
Hamann and Jonas (7), whereby the concentration of the Cell Tracker orange dye has
to be optimized for every individual lymphocyte population.

1. For labeling 5 × 106 T-lymphoblasts, the cells are incubated in 20 nM Cell Tracker orange
in 1 mL RPMI/10% FCS in an open 50-mL tube for 45 min at 37°C and 7% CO2.

2. Wash the labeled T-cells with 30 mL wash buffer and pellet by centrifuging for 10 min at
300g.

3. Excess dye is removed by placing 5 × 106-labeled T cells in 10 mL RPMI/10% FCS in a
petri dish for 30 min at 37°C and 7% CO2.

4. Subsequent removal of dead cells and debris is achieved by pelleting the labeled T-cells
for 10 min at 300g, resuspending them in 1 mL RPMI 1640 and placing the cell suspen-
sion on top of a gradient of 3-mL Nycodenz solution overlaid with 5-mL FCS in a 15-mL
tube. The gradient is run for 10 min at 250g without brake.

5. Live cells are harvested from the interphase between the Nycodenz solution and FCS,
washed three times with 30 mL of wash buffer and the intensity of fluorescence staining
is controlled either under the fluorescence microscope or by using a FACScan.

6. Cell Tracker orange-labeled T-cells can be used immediately for intravital microscopic
studies or alternatively be stored for up to 6 h in RPMI/10%FCS/25 mM HEPES on ice
before use.

3.2. Preparation of the Spinal Cord Window

1. Animals are anesthetized by subcutaneous injection of 7.5 mg/kg ketamine-hydrochloride
and 1 mg xylazine per 100 g body weight and placed on a heating pad (37°C) with con-
tinuous control of the body temperature (see Note 1).

2. A polyethylene catheter is inserted into the right common carotid artery for systemic
administration of fluorescent markers and injection of cells.

3. Next, the animal is turned to the prone position and the head fixed in a stereotactic rodent
head holder.

4. Using the Adson forceps and scissors a 3–4 cm midline incision is made on the skin of
the neck.

5. Using low magnification, the paravertebral musculature is detached from the cervical spin-
ous processes and retracted laterally exposing the vertebral laminae. Retraction is achieved
by the use of 4-0 threads.

6. Following exposure of the vertebral laminae, a C1 to C7 laminectomy is performed. Care
has to be taken not to injure the underlying spinal cord.
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7. Using high magnification, the dura is opened over the dorsal spinal cord with the jewelry
forceps and the Iris scissors, avoiding trauma to the underlying parenchyma and the spinal
microvasculature.

8. The preparation is covered with the impermeable transparent membrane to prevent dehy-
dration of the preparation and the influence of ambient oxygen.

9. Preparations that are traumatized during surgery or reveal signs of acute inflammation (dis-
torted vessels, hyperemia, stagnant blood flow) must be excluded from experiments (see
Note 2).

3.3. Intravital Fluorescence Videomicroscopy

1. The mouse with its head in the stereotactic head holder is transfered to the microscope stage.
2. Intravital fluorescence videomicroscopy is performed by epi-illumination techniques

using a modified Axiotech vario microscope with a 100-W mercury lamp emitting an
adjustable light intensity, which is attached to a combined blue (450–490 nm) and a green
(520–570 nm) filter block. The x3.2 long distance, x10 long distance, and x20 water
immersion working objectives result in magnifications of x50, x200, and x400, respectively.

3. The microscopic images are recorded using a low-light level CCD-video camera. To visu-
alize even weak flourescence, the camera should be equipped with an optional image
intensifier (Kappa, Germany).

4. For later off-line evaluation the images are recorded using a S-VHS videosystem.
5. To visualize the spinal cord microvasculature 0.1 mL of the fluorescent plasma marker

2% FITC-conjugated Dextran is injected via the arterial catheter and blue light epi-
illumination is applied.

6. The microhemodynamics of the vasculature are assessed by the behavior of the negatively
contrasted red blood cells (Fig. 1).

7. The quality of the preparation is evaluated to exclude the microvascular beds with surgi-
cal trauma that are activated inadvertently. This decision is based on the number of leuko-
cytes sticking to the vessel wall (should be less then 5 cells/100 µm vessel length in
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Fig. 1. Spinal cord window preparation for direct intravital microscopic assessment of white
matter microcirculation. Intravital fluorescence micoscopic view of a spinal cord window prepa-
ration exposing the dorsal spinal cord after a C1 to C7 laminectomy. A large collecting venule
is present in the midline of the dorsal medulla, which drains blood caudally. The function of this
venule is analogous to that of the superior sagittal sinus in the cerebral microcirculation. The
bar represents 500 µm.



postcapillary venules) and the extent of extravasation of the fluorescent marker FITC-
Dextran, which reveals BBB breakdown.

8. To study the interaction between the T-lymphoblasts and the white matter endothelium,
3 × 106 Cell Tracker orange-labeled T-cell blasts are injected in aliquots of 100 µL, each
containing 1 × 106 T-cells, via the arterial catheter and are visualized within the spinal cord
microcirculation using the green light epi-illumination.

9. This combination of two fluorescent markers with distinct excitation wavelengths allows
for localization of Cell Tracker orange-labeled T-cell blasts within the FITC-stained vessel
lumina (Fig. 2).

10. It is essential to use the lowest possible light intensity and the highest sensitivity of the
CCD camera otherwise phototoxic damage may develop within seconds and result in acti-
vation of the endothelium or BBB breakdown.

11. Due to the angioarchitecture of the spinal cord microvasculature, T-cell blast/
endothelium interaction can only be assessed within the spinal capillary bed and post-
capillary venules (20–60 µm), but not within precapillary arterioles, that are located within
the spinal cord parenchyma, and can therefore not be visualized by intravital fluorescence
videomicroscopy.

3.4. Blocking of Cell Adhesion Molecules on Endothelium 
or T-Lymphoblasts

1. For blocking cell adhesion molecules (CAMs) on the surface of the lymphocytes, 3 × 106

Cell Tracker orange-labeled T-cells are preincubated with 90 µg monoclonal antibody
(mAb) in 300 µL PBS for 20 min at 20°C (see Note 3).

2. For blocking endothelial CAMs, mice are injected with 90 µg mAb in 150 µL PBS 20 min
before infusion of T-lymphoblasts.

3.5. Intravital Microscopic Image Analysis

Quantitative analysis of the spinal cord microcirculation may include vessel densi-
ties, vessel diameter, microvascular permeability, and the velocity of circulating, fluo-
rescently labeled cells (Fig. 3). Any computer-assisted image analysis system such as
NIH Image may be used.

1. The highest cell velocity per vessel segment, vmax, is used to calculate the mean blood flow
velocity, as previously described (8):
vmean = vmax / (2-ε2) (µm/s) where ε is the ratio of the cell diameter to vessel diameter (d).

2. From vmean and d, the wall shear rate (γ) is calculated according to Hagen Poiseulle’s Law
as γ = 8 × vmean /d (s–1) (8).
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Fig. 2. (see facing page) T-lymphoblast/endothelium-interaction within spinal cord white
matter postcapillary venules during cell infusion. A, The white matter vasculature after contrast
enhancement of spinal cord microvasculature using FITC-Dextran150.000 is shown after the first
and prior to the secondary cell infusion. B–D, Intravital microscopic sequence of Cell Tracker
orange-labeled T-lymphocytes over time in seconds within the same postcapillary segments as
indicated in A. Also present in A and B are examples of a firmly adherent T-lymphoblast from
the first injection (arrows), and a firmly adherent T-lymphoblast (arrowhead) outside of the pre-
sent focus of the microscope. Intravital microscopic sequence of two Cell Tracker orange-
labeled T-lymphocytes 1 and 2 over time in seconds can be observed within the same
postcapillary segment as indicated in A (dashed vascular segment). Cells either lack interaction
with endothelium (2) or are captured to endothelium without prior rolling (1). Bar represents
100 µm.





3. The shear stress (τ) is approximated by τ = γ × blood viscosity (= 0.025 poise)
(dyn/cm2) (9).

4. Typical microhemodynamic parameters as measured in SJL/N spinal postcapillary venules
are as follows: vessel diameter: 20 – 60 µm; mean velocities: 500 – 1000 µm/s; wall shear
rates: 100 – 350 s–1; wall shear stress: 2.5 – 9.5 dynes/cm2.

5. In postcapillary venules permanently adherent T-lymphoblasts can be identified as cells
that bind to the vessel wall without moving or detaching from the endothelium within an
observation period of at least 20 s.

6. Non-permanently adherent T-lymphoblasts are further categorized using a velocity crite-
rion derived from the assumption of a parabolic velocity profile in the microvessel
(Fig. 3; 8). Therefore, vcrit, the velocity of an idealized cell traveling along, but not inter-
acting with the vessel wall, is calculated as vcrit = vmean × ε × (2 – ε). Consequently, any cell
traveling below vcrit is regarded as a cell interacting with and therefore rolling along the
vessel wall, any cell traveling above vcrit is regarded as a non-interacting cell (8,10).

7. Within the capillary network, plugging T-lymphoblasts are defined as cells that do not move
and block the capillary lumen, as evident by induction of blood flow stasis in the corre-
sponding vascular segment (Fig. 4). Permanent T-lymphoblast adhesion at 10 min, 1 h,
and 2 h after cell injection is expressed as the number of both adherent and plugging
T-lymphoblasts per region of interest (mm–2).

3.6. Detection of Extravasated Cell Tracker Orange-Labeled 
T-Lymphoblasts in the Spinal Cord Parenchyma by Immunofluorescence

1. To investigate extravasation of Cell Tracker orange-labeled T-lymphoblasts in the spinal
cord after intravital microscopy, the mice are placed on a heating pad for thermocontrol
and can be kept under anesthesia for up to 9 h after preparation of the spinal cord window.
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Fig. 3. Intravital microscopic image analysis. Schematic drawing of the hemodynamic para-
meters applied to image analysis following intravital microscopy. Using a computer assisted
image analysis system vessel diameters can be measured. Next the time ∆t required by a cell to
travel a certain distance between two lines drawn arbitrarily across the vessel diameter is mea-
sured for approx 50 cells per vessel. From these measurements the microhemodynamic para-
meters can be calculated as described in the text.



2. At defined time points after injection of Cell Tracker orange-labeled T-lymphoblasts, mice
are perfused with 15 mL 1% PFA in PBS via the left ventricle of the heart.

3. Spinal cords are carefully removed, embedded in Tissue-Tek, and snap frozen in a
2-methylbutane bath cooled with dry ice to –80°C in a dewar vessel.

4. Serial 6-µm thick cryosections are cut at a temperature of –15°C, placed on silanized glass
slides, dried overnight and acetone fixed for 10 min at –20°C.

5. Fixed and air-dried spinal cord cryosections are visually scanned for Cell Tracker orange-
labeled T-lymphoblasts using fluorescence microscopy. We recommend the use of Fluor-
objectives by Zeiss.

6. Judgement of the localization of Cell Tracker orange-labeled T-lymphoblasts can only be
achieved after visualization of vessels by immunofluorescence with an endothelial cell
specific antibody.
a. Sections containing Cell Tracker orange-labeled T-lymphoblasts are incubated with a

rat-anti-mouse endoglin mAb MJ7/18 (BD Biosciences; 10 µg/mL in PBS/0.1% BSA)
for 30 min and washed with PBS.

b. Secondary antibody (i.e., FITC-conjugated goat anti-rat IgG at 10 µg/mL in PBS/10%
normal mouse serum) is added for another 30 min.

c. After washing, slides are coverslipped with Mowiol and immediately analyzed by flu-
orescence microscopy.

d. The number of cells within and outside of vessels are counted manually (Fig. 5).
e. To judge if a Cell Tracker orange-labeled T-lymphoblast is located within a spinal

cord microvessel or has already migrated into the parenchyma, serial sections have to
be analyzed.

3.7. Application

We have used this technique successfully to demonstrate that encephalitogenic T-cell
blasts interact with the healthy spinal cord white matter microvasculature without
rolling and that α4-integrin mediates the G-protein–independent capture and subse-
quently the G-protein dependent adhesion strengthening of T-cell blasts to microvas-
cular VCAM-1. This novel spinal cord window model will allow the characterization
of molecules involved in the multistep interaction of circulating leukocyte subpopula-
tions with the CNS microvascular endothelium during health and disease in vivo.
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Fig. 4. Flow chart of T-cell interaction with the microvascular endothelium. The chart shows
how T-cell/endothelial interactions can be distinguished within capillaries and postcapillary
venules of the spinal cord vasculature.



4. Notes
1. Mice have to be carefully observed during the entire time because it might be necessary to

re-inject anesthetics. For reinjection half the dose of the primary dose is used.
2. In our experience successful preparation of the spinal cord window in mice requires either

experience in microsurgery or alternatively extensive training. Good results are only
achieved if the window preparation is completed within 30 min or less.

3. A complete record of the results can be kept by audiovideotaping the entire experiment.
4. Working with whole antibodies in vivo requires stringent controls. Include a control non-

blocking antibody of the same isotype as your blocking reagent to rule out any nonspecific
effects mediated by the Fc-portions of the antibodies. Also, instead of using irrelevant con-
trol immunoglobulins we suggest using control antibodies, which also specifically bind to
molecules on either T-lymphocytes or endothelial cells that are not involved in lympho-
cyte trafficking. We have used successfully anti-endoglin antibodies (clone MJ7/18).
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Pathophysiology of Blood–Brain Barrier Breakdown

Sukriti Nag

1. Historical Perspective
The innovative experiments of Paul Ehrlich (1) more than a century ago were the first

to demonstrate that the permeability properties of cerebral vessels were different from
those of non-neural vessels. He injected the aniline dye coerulean-S intravenously into
rats and found that all body organs turned blue but the brain did not. These findings
were later confirmed by Bouffard (2) and Goldmann (3) using intravenously injected
trypan blue. These early studies led to the recognition of a barrier between blood and
brain, which was not passable by trypan blue and which also led to the hypothesis at
that time that the barrier was at the endothelium of intracerebral vessels (4). Although
the term “blood–brain barrier” (BBB) was introduced to describe the absolute restric-
tion of penetration of certain molecules into the brain, it now includes a variety of mech-
anisms, which maintain cerebral homeostasis.

Tracers such as trypan blue and Evans blue were used extensively in the early part
of the 20th century and because they were detectable on visual examination, they estab-
lished that certain areas of the brain, which collectively are known as the circumven-
tricular organs, were normally permeable to protein. In addition, use of these tracers
established that BBB breakdown to protein was present in a variety of experimental con-
ditions such as infection, inflammation, infarction, brain injury, tumors, and hyperten-
sive encephalopathy. In the cold injury model, extensive BBB breakdown was observed
at the lesion site with spread of tracer into the white matter in the ipsilateral and con-
tralateral hemisphere (5) providing information for the first time on the extent of edema
associated with focal brain lesions.

Introduction of electron microscopy (EM) unfolded the ultrastructure of cerebral
endothelium as reviewed in Chapter 1, Subheading 2.2. A major advance occurred
when the plant enzyme horseradish peroxidase (HRP) became available and was used
as a tracer to study the permeability properties of cerebral vessels. Reese and Karnovsky
(6) demonstrated that HRP injected intravenously into mice was unable to reach the vas-
cular subendothelium despite a circulation time of 1 h. This suggested that the tight junc-
tions of cerebral endothelium were circumferential; hence, their name zonula occludens
as compared with junctions of the endothelium of non-neural vessels, which are spot-
like tight junctions and named macula occludens. However, longer circulation times of
HRP showed this tracer in endothelial plasmalemmal vesicles and in the extracellular

From: Methods in Molecular Medicine, vol. 89:
The Blood–Brain Barrier: Biology and Research Protocols

Edited by: S. Nag © Humana Press Inc., Totowa, NJ



space and cerebrospinal fluid (CSF) (7). This may be due to passage of tracer via the
fenestrated capillaries at the root of the choroid plexuses to reach the intercellular clefts
of the ependyma and thence the CSF (8). Arterioles in certain regions of the brain show
passage of HRP via plasmalemmal vesicles in steady states. These areas include the
arterioles below the entorhinal sulcus in rat brains (9) and pial vessels in the anterior
part of the dorsal sagittal fissure, the cerebellar sulci, and in the sulcus between the olfac-
tory bulb and the cerebral hemisphere of mice (10). These authors also noted increased
permeability of intrinsic vessels in the ventral part of the diencephalon and midbrain.
These findings emphasize the heterogeneity that is present in endothelium in various
parts of the brain.

Normal cerebral vessels are also not permeable to smaller tracers such as ruthenium
red (10) or ionic lanthanum (see Chapter 1, Fig. 1; Chapter 8, Fig. 1; 11–13).

2. BBB Development
The permeability of cerebral microvessels to exogenous protein tracers decreases

during development (14–16). This decrease in protein permeability appears to be a grad-
ual process and occurs at different times in different locations of the brain. In the
mouse, the barrier to protein forms last in the telencephalon where an ependymal-
cortical surface gradient of barrier differentiation occurs, with injected protein being
still visible in the subependymal layer at embryonic day 16 (15). Intravascular
injection of fluorescent-labeled albumin is not detectable in rat brain parenchyma at
embryonic day 15 and older (17) while in sheep, a significant barrier to albumin and
IgG is present at the early gestational age of embryonic day 60 (18). Decrease in per-
meability to protein is highly correlated with loss of fenestrations, which occurs by
embryonic day 13 in rat intraparenchymal vessels and embryonic day 17 in rat pial
vessels due to change in conformation of tight junctions between endothelial cells
lining the brain vessels (19). The characteristic appearance of tight junctions in human
cerebral endothelial cells occurs as early as week 7 of gestation (20).

Protein permeability studies suggest that although barriers to large molecules
are formed, junctions appear to be more permeable to low molecular weight lipid-
insoluble compounds such as inulin or sucrose (21,22). The route for this greater
permeability cannot be determined since these molecules, unlike proteins, are not visu-
alized at the EM level. It is possible that the progressive changes documented in tight
junctions during brain development (19,23) are correlated with the documented decline
in passive permeability to molecules, such as sucrose (18,22).

Expression of occludin, a tight junction protein (see Chapter 1, Subheading 2.2.1)
in brain endothelial cells is developmentally regulated, being low in rat brain endothe-
lial cells at postnatal day 8 but clearly detectable at postnatal day 70 (24).

3. Pial Vessel Permeability
Pial vessels are more accessible than intracerebral vessels and are used extensively

for electrophysiologic and pharmacologic studies of BBB characteristics. However, they
are not totally representative of intracerebral vessels, as there are differences in the struc-
ture and some molecular characteristics between the endothelia of pial and intracere-
bral vessels (25). Pial vessels are surrounded by a layer of loose connective tissue and
not glial end feet as are intracerebral vessels. The tight junctions of intracerebral ves-
sels have been described previously (see Chapter 1, Subheading 2.2.1). Endothelium
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of pial vessels show two types of tight junctions. Approximately 25% of the tight junc-
tions are similar to those of intracerebral vessels (26); however, 75% of junctions show
a gap of approx 2.8 nm (27). All recorded cerebral endothelial resistance measurements,
which are a direct measurement of ion permeability, have been done using endothelia
of pial vessels. Values vary from 1870 (28) to 6000 Ω.cm2 (29), supporting the ultra-
structural finding of the two types of junctions in pial endothelium.

Studies of normal pial vessel permeability to electron dense tracers, such as ferritin
(10), HRP (8,10), microperoxidase (30), and ionic lanthanum (8), give similar results
in that tracer is only able to penetrate the first junction at the interendothelial space.
Tracer is never seen to form a continuous column from the luminal end of the interen-
dothelial space to the abluminal end. Therefore these tracer studies are at variance with
the observation that 2.8-nm gaps are present in majority of pial tight junctions. A pos-
sible explanation offered by these authors is that lanthanum, which has a diameter of
2.78 nm in its hydrated state, is cationic and binds to the surface membranes obstruct-
ing narrow gaps to prevent further passage of tracer (25).

Comparison of the immunolocalization of OX-47, and Glut-1 shows no differences
between the endothelium of pial and intracerebral vessels (31). However, endothelial
barrier antigen immunoreactivity is uniform in endothelium of intracerebral vessels but
is irregular in endothelia of pial vessels and in these vessels only the endothelial cells
in contact with the glia limitans show localization of endothelial barrier antigen (32).

Despite these differences, the major contribution of pial vessel studies is that direct
observation of these vessels is possible during the application of various vasoactive
agents such as histamine (33), bradykinin (34,35), phenylephrine (36), and angiotensin
II amide (37) allowing the identification of which vascular segments leak protein. In
addition, such studies confirm the findings in non-neural vessels that it is the dilated
vascular segments that leak protein (37). Details of the methods used to study pial vessel
permeability to tracers using cranial windows are given in Chapter 7.

4. BBB Breakdown in Pathologic States Using HRP as a Tracer
How plasma molecules traverse cerebral endothelium has been studied for a few

decades using HRP as a tracer in diverse experimental models (38–40). Methods for
studying BBB permeability to tracers are given in Chapters 8 and 11.

The three principal routes for tracer passage have been described previously (see
Chapter 1, Subheading 2.2). Briefly they are by: 1) transcytosis of plasmalemmal vesi-
cles or caveolae containing plasma macromolecules, apparently by shuttling their con-
tents adsorbed from blood from the luminal to the antiluminal aspect of endothelium;
2) passage via transendothelial channels, which may form transiently by the fusion of
two or more plasmalemmal vesicles or caveolae, and provide a direct conduit for the
exchange of both small and large plasma molecules; 3) passage via intercellular junc-
tions that form the paracellular pathway for the passive, pressure-driven filtration of
water and small solutes.

4.1. Transcytosis

Multifocal areas of HRP extravasation from cerebral vessels occur in diverse models,
such as hypertension (41,42); spinal cord injury (43); seizures (44,45); experimental
autoimmune encephalomyelitis (46); excitotoxic brain damage (47); brain trauma (48);
and BBB breakdown induced by bradykinin (49,50), histamine (51), leukotriene C4
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(50), and other models as given in reviews (38–40,52). In these studies HRP was pre-
sent in all layers of the vessel wall and extended into the gap junctions between astro-
cytic foot processes and into the adjacent extracellular spaces. Disruption of vessel walls
did not account for the permeability changes. An increase in the number of endothelial
plasmalemmal vesicles was observed and many vesicles contained tracer (Fig. 1A).

4.1.1. Direction of Vesicular Passage in Endothelium

Time course studies done in experimental models such as the acute hypertension
model established the direction of vesicular passage. Studies done 8 min after the onset
of acute hypertension showed focal areas of HRP extravasation in the rat cortex in rela-
tion to penetrating arterioles (41). The endothelium of permeable vessels showed
increased numbers of endothelial plasmalemmal vesicles; however, these vesicles were
most prominent at the abluminal side of endothelial cells and could represent uptake
of tracer from the adjacent basement membrane. Ultrastructural studies done 90 s after
the onset of acute hypertension showed HRP confined to the walls of penetrating
cortical arterioles with very little extravasation into the surrounding neuropil; hence,
this represented an earlier phase of BBB breakdown (9). The endothelium of perme-
able arterioles showed numerous vesicles many of which contained tracer. The signif-
icant finding was the presence of confluent deposits of HRP in abluminal vesicles and
the adjacent endothelial basement membranes, which did not otherwise contain tracer
(Fig. 1B). Thus vesicles containing HRP were depositing tracer onto the endothelial
basement membrane suggesting that the direction of vesicular passage is from the vas-
cular lumen to the subendothelium. This finding was observed in all subsequent stud-
ies of hypertension (53–56) and in other models, such as spinal cord injury (43), seizures
(44), bradykinin-induced BBB breakdown (49), and excitotoxic brain damage (47).

These studies did not demonstrate passage of HRP via interendothelial junctions.
Although tracer was observed focally at the luminal or abluminal end of the interen-
dothelial space, it was never demonstrated along the entire length of the interendothe-
lial space nor was widening of tight junctions seen. These findings support enhanced
transcytosis as the principal mechanism resulting in BBB breakdown to protein. The
active participation of vesicles in transfer of proteins such as HRP across cerebral
endothelium is demonstrated by the prevention of such transport in vessels fixed for
45 min before the perfusion of peroxidase (10).

4.1.2. Quantitation of Endothelial Vesicles

Quantitative studies in several hypertension models demonstrate a twofold increase
in vesicles in arteriolar segments permeable to HRP and a 16-fold increase when fac-
toring in the vesicles containing HRP (9,53,57). The number of vesicles per square-
micrometer of arteriolar endothelial cytoplasm is the same in normotensive controls
receiving saline only and those receiving HRP only indicating that HRP itself does not
increase the number of vesicles (40). Similar increment in vesicular numbers are
observed in permeable arterioles in BBB breakdown induced by seizures (58),
bradykinin (49), and cytochalasin B (59). In case of capillaries, a fivefold increase in
vesicles occurs in experimental autoimmune encephalomyelitis (46) and a sevenfold
and fourfold increase in seizures and ischemia, respectively (58). A recent study of BBB
breakdown to HRP in tumor vessels, quantitated both the number of vesicles and two
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Fig. 1. (A), Segment of arteriolar endothelium from an acutely hypertensive rat showing
extravasation of horseradish peroxidase (HRP) into the basement membrane of endothelial and
smooth muscle cells. Note the increased numbers of plasmalemmal vesicles in these cells.
Tracer is present in vesicles at the abluminal plasma membrane of endothelium and has washed
out of those at the luminal membrane during perfusion-fixation. HRP has bypassed the lyso-
some (arrowhead) in the endothelium providing evidence that in pathological states all vesicles
containing HRP do not fuse with lysosomes on their way to the abluminal plasma membrane.
(B,C), Segments of arteriolar endothelium permeable to HRP from rats with chronic renal
hypertension show HRP in the endothelial basement membrane. Note the increased numbers of
plasmalemmal vesicles in (B) and HRP in an abluminal vesicle in continuity with tracer in the
adjacent plasma membrane (arrowhead), which is interpreted as a vesicle depositing tracer in
the endothelial basement membrane. Profiles of six mitochondria are present in this segment of
endothelium. An incomplete channel (arrowheads), which is formed by fusion of vesicles does
not fuse with the abluminal plasma membrane. A lysosome containing tracer is nearby. A
x80,000; B, x44,000; C, x60,000.



measurements to assess tight junction opening, namely the cleft index and cleft area
index (50). In this study only the increase in endothelial vesicles over controls was sta-
tistically significant.

An attempt was made to identify drugs that could decrease endothelial vesicles and
thus attenuate BBB breakdown, and a number drugs having these properties have been
identified such as indomethacin, trifluoperazine, or imidazole, which reduce the number
of vessels showing increased permeability following an intracarotid infusion of
bradykinin (49). In the case of imidazole, although the number of vessels showing per-
meability change is markedly reduced, the magnitude of vesicular increase in the
involved vessels is not altered. It is of interest that many of these drugs are used in the
treatment of psychiatric disorders of humans. Dexamethasone, a drug widely used to
reduce increased intracranial pressure resulting from cerebral edema associated with
brain tumors and pseudotumors, decreases the number of endothelial vesicles in normal
mouse brain vessels (60).

4.2. Transendothelial Channels

Plasmalemmal vesicles are known to fuse to form transendothelial channels in normal
non-neural vessels (see Chapter 1, Subheading 2.2.2.2.). Although these channels do
not occur in normal cerebral endothelium, they have been demonstrated in cerebral
endothelium by high-voltage EM, following osmotic opening of the BBB (61), hyper-
glycaemia (62), and brain trauma (63). In addition, transendothelial channels occur in
endothelium of vessels permeable to HRP in acute (64) and chronic hypertension
(Fig. 2A,B; 65). Transendothelial channels are not easily demonstrated because they
do not run perpendicular to the luminal surface. Ultrathin sections cut perpendicular to
the length of the vessel as is done in transmission EM studies usually demonstrate
incomplete channels (Fig. 1C; 55,66) and a careful search is required along with sec-
tioning at multiple levels of the permeable vessels to demonstrate these channels. It must
be emphasized that transendothelial channel formation is a transient phenomenon and
can only be demonstrated if EM studies are done within minutes after the onset of the
pathologic process.

Despite the accumulated evidence from many models, the role of noncoated plas-
malemmal vesicles in the transcytosis of HRP from the circulating blood across the
endothelium to the interstitium in pathologic states remains a controversial issue with
some opposed to this mechanism based on their studies of cerebral endothelial reac-
tivity in steady states (67,68). The major advances made in the molecular biology of
endothelial vesicles in the past decade and its role in transcytosis in non-neural vessels
(see Chapter 1, Subheading 2.2.2.3), should renew interest in this mechanism of BBB
breakdown.

4.3. Tight Junctions

The morphology and molecular composition of tight junctions have been reviewed
previously (see Chapter 1, Subheading 2.2.1). In steady states these junctions prevent
the passage of HRP via the intercellular space. Most of the short-term studies of BBB
permeability in diverse experimental models failed to demonstrate passage of protein
tracers such as HRP via tight junctions. In the case of osmotic opening of the BBB by
hypertonic solutions such as mannitol and urea infused via the carotid artery, HRP was
observed in two or more of the interjunctional pools between intact tight junctions and
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this finding along with lack of increase in plasmalemmal vesicles suggested that pas-
sage of tracer occurred via opening of tight junctions (69). The authors comment “how-
ever, no visible cleft separated the outer leaflets of contiguous cell membranes at the
junctions nor did the endothelial cells appear shrunken in the brains receiving 3 M urea”
(69). Other studies of osmotic BBB opening failed to demonstrate HRP passage through
tight junctions and reported that passage of tracer through endothelium occurred by
enhanced endothelial vesicles (61,70–72).

In summary, in vivo studies of BBB breakdown using HRP as a tracer in pathologic
states demonstrate passage of this tracer via transcytosis and transendothelial channels
suggesting that these are the major routes for passage of plasma proteins in diseases
associated with vasogenic edema. Passage of protein across cerebral endothelium most
likely occurs by fluid phase transcytosis rather than by receptor-mediated transcytosis
as suggested previously (73). In favor of fluid-phase transcytosis, is the finding by
immunohistochemistry in serial sections of an area of BBB breakdown, of the presence
of a variety of plasma proteins such as albumin, fibronectin, fibrinogen, factor VIII, and
the various immunoglobulins. Thus, if this breakdown is a consequence of receptor-
mediated transcytosis, there would have to be concurrent upregulation of a large number
of receptors in a cell already stressed by the pathological state. In addition, passage of
protein by transcytosis is calculated to be in the order of seconds, possibly millisec-
onds. Therefore, there is probably insufficient time for the cell to produce the large vari-
ety of receptors required for receptor-mediated transcytosis.

Passage of HRP via interendothelial junctions did not occur in these studies and this
may be due to several reasons. First, the junctional alterations may be of a minor degree
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Fig. 2. A segment of arteriolar endothelium from a rat with chronic renal hypertension pho-
tographed using a goniometer at 0 degrees (A) and + 6 degrees tilt (B). No tracer was adminis-
tered to this rat, which showed extravasation of endogenous serum proteins from cortical vessels
(not shown). Note the presence of increased plasmalemmal vesicles in endothelium and the pres-
ence of a transendothelial channel, which is formed by fusion of adjacent vesicles. The vesicles
are accentuated by the ultracytochemical localization of Ca2+ATPase, an enzyme known to be
present in these vesicles. A, B; x90,000.



therefore they are not detectable by HRP, which is a relatively large tracer (MW 40,000).
Second, it is possible that routine transmission electron microscopy is not the proper
technique to detect alterations of tight junctions because only a small part of the junc-
tion is visualized in ultrathin sections. However, tight junction alterations are also not
reported in studies using high-voltage EM, which allows thicker sections and larger
areas of the junction to be examined.

5. Tight Junction Alterations During BBB Breakdown
5.1. Osmotic BBB Opening

Smaller molecular markers such as ionic lanthanum (MW 138.9 Da ) and [14C]
sucrose (MW 342 Da) demonstrate BBB breakdown following intracarotid adminis-
tration of hyperosmotic agents. Ionic lanthanum labeling occurs along the entire length
of the interendothelial space, which is widened (12). This finding is not frequent and
the author states “a diligent search is usually required to find this pattern” (38). Transient
BBB breakdown to [14C] sucrose occurs in the ipsilateral hemisphere following osmotic
BBB opening and this is associated with 1–1.5% increase in brain water (74). By relat-
ing the cerebrovascular permeability to sucrose, after barrier opening, with its aqueous
diffusion co-efficient and the length of the diffusion path across the endothelium, it is
estimated that only 0.001% of the endothelial surface need become patent to account
for the increased permeability to macromolecules (12). These calculations support
passage of tracer either through tight junctions or via plasmalemmal vesicles.

Analysis of water composition and volumes of the intracranial compartment (cere-
brospinal fluid, brain tissue, and blood) in dogs (75) and dynamic measurements in
animals and humans using positron emission tomography (76) or magnetic resonance
imaging (77) confirm that acute hypertonic exposure of brain increases cerebral blood
volume. The resulting vasodilatation is postulated to stretch cerebrovascular endothe-
lium to mediate tight-junctional opening (78). Increased BBB permeability after intrac-
arotid hypertonic infusion is essentially reversed within 10 min in rats (74) as well as
in monkeys (79).

Regardless of the mechanism of BBB breakdown, clinical application of osmotic
modification of the BBB began in 1979 to increase the delivery of chemotherapeutic
agents for the treatment of brain tumors in humans. Intracarotid infusion of a 1.4 M man-
nitol solution, in conjunction with intracarotid methotrexate and intravenous procar-
bazine and cyclophosphamide infusion prolongs survival of patients with primary
central nervous system lymphomas or high-grade gliomas (80,81). However, this ther-
apy is not without its side effects (82).

5.2. Alterations in Tight Junction Proteins and Electrical Resistance

Decreased immunolocalization of zonula occludens (ZO)-1 and occludin occur in
areas known to have BBB breakdown to HRP following intracerebral injection of inter-
leukin (83) or BBB breakdown to serum proteins in human cerebral malaria (84). Dual-
labeled immunofluorescence confocal microscopy allows the detection of alterations
in tight junction proteins in vessels with BBB breakdown. This technique demonstrates
altered occludin localization in vessels leaking serum fibrinogen in acute multiple scle-
rosis lesions (85) and human immunodeficiency virus-1 encephalitis (86). The effect
of adenosine triphosphate (ATP) depletion and ischemia on tight junctional proteins has
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been studied in the Madin-Darby canine kidney cell model as reviewed previously
(87,88).

Hypoxic conditions result in a significant decrease by 24.8% in transendothelial elec-
trical resistance after 4 h and a 95% decrease by 8 h (89) in rat brain endothelial cells
co-cultured with astroglial cells, thereby indicating increased paracellular flux between
endothelial cells.

6. Factors Affecting BBB Permeability
Only selected factors affecting BBB permeability will be discussed in this review.

Although individual groups study the effect of one or few factors affecting BBB per-
meability it should be noted that increased permeability is associated with the com-
comitant alteration of several factors at a structural and molecular level and the
upregulation of several vasoactive factors which act at different times following injury.
As an example, BBB breakdown in the cold-injury model is associated with an increase
in several mediators such as bradykinin (90), polyamines (91), oxygen radicals (92),
nitric oxide (93), and VEGF-A (94,95).

6.1. Endothelial Surface Properties and BBB Breakdown

The luminal plasma membrane of normal cerebral endothelium has a net negative
charge (96), which is greater on the luminal than abluminal plasma membrane (97) (see
Chapter 9, Subheading 1.1.). This net negative charge is essential for maintenance of
the BBB to protein since its neutralization by intracarotid infusion of positively charged
substances such as polycationic protamine or poly-L-lysine (98,99) results in BBB
breakdown to tracers in the ipsilateral hemisphere. In experimental conditions associ-
ated with BBB breakdown such as acute hypertension (96), and cold injury (97) ves-
sels with BBB breakdown to HRP show marked reduction or loss of surface charge on
endothelium indicating that endothelial injury results in loss of the surface charge on
endothelium and contributes to BBB breakdown.

Loss of endothelial surface charge during BBB breakdown suggests that sialyl and
other oligosaccharide residues on the luminal plasma membrane might be altered during
BBB breakdown. The oligosaccharide residues localized on cerebral endothelium are
given in Chapter 9. The only lectin that does not bind to normal cerebral endothelium
is peanut agglutinin (100). However, it does bind to endothelium of arterioles perme-
able to HRP in acute hypertension (55) while l0 min after the onset of hypertension when
the luminal plasma membrane of endothelium regains its net negative charge peanut
agglutinin binding is no longer demonstrable (55). Loss of the terminal sialic acid
groups on endothelium in hypertension results in loss of the net negative charge on
endothelium and exposes the β-D-gal-(l-3)-D-gal N-acetyl groups that normally are not
accessible to peanut agglutinin and binding of this lectin occurs. Supporting this hypoth-
esis is the finding that exposure of cerebral endothelium to neuraminidase, which is
known to cleave the terminal sialic acid groups on endothelium, results in loss of the
net negative charge on endothelium and allows peanut agglutinin binding (55,100,101).
Thus these studies demonstrate that in acute hypertension alterations of the charge and
the oligosaccharide residues on the luminal plasma membrane of endothelium allows
HRP to be taken up by enhanced transcytosis. These changes are transient and not
demonstrable when the BBB is restored.
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The surface negative charge on cerebral endothelium is being exploited to introduce
chimeric peptides across the BBB. These chimeric peptides are formed when a non-
transportable peptide therapeutic is coupled to a BBB drug transport vector such as
cationized albumin as described in a recent review (102).

6.2. The Endothelial Cytoskeleton and BBB Breakdown

6.2.1. Actin

Endothelial cells, like most eukaryotic cells, have a cytoskeleton consisting of micro-
filaments, intermediate filaments and microtubules. All these filaments have been
described in endothelium of normal cerebral vessels (59,103). Transmission EM stud-
ies show that microfilament bundles having the dimension of actin are present in prox-
imity to cell junctions and actin has been localized to the endothelial plasma membrane
by molecular techniques (104). Integrity of the endothelial microfilaments is necessary
for maintenance of the BBB to protein in steady states because increased permeability
occurs in the presence of cytochalasin B, an actin-disrupting agent (59). In this study,
HRP was used as a marker of BBB permeability alterations and quantitative studies
showed a significant increase in endothelial plasmalemmal vesicles in permeable ves-
sels and lack of tracer passage via interendothelial junctions.

Structural organization of actin is necessary for maintenance of tight junction
integrity as well. Actin-disrupting substances, such as cytochalasin D, cytokines, and
phalloidin, disrupt tight junction structure and function (105,106). A 24-h hypoxic
insult results in an approx 2.5-fold increase in paracellular sucrose flux in bovine brain
microvascular endothelial cells (107). Increased junctional permeability is associated
with increased expression of actin and a redistribution of actin and the tight junctional
proteins, occludin, ZO-1 or 2 from the plasma membrane to a cytosolic location.

6.2.2. Microtubules

Rats pretreated with colchicine, an agent that disrupts microtubules, fails to result
in BBB breakdown to HRP in steady states suggesting that the microtubular network
has no demonstrable role in vascular homeostasis. However, pretreatment with
colchicine attenuates the BBB breakdown that is known to occur in acute hypertension
(59). Microtubules are known to form intracellular pathways along which protein-
bearing vesicles pass in certain cell types (108,109). A possible explanation may be that
disruption of microtubules impairs the passage of endothelial vesicles from the lumi-
nal to the abluminal plasma membrane thus attenuating BBB breakdown. A study of
bovine aortic endothelial cells demonstrates transport of fluorescein isothiocyanate
dextran from the luminal to the abluminal side by chains of vesicles (110). This activ-
ity was reduced by colchicine supporting the role of microtubules in vesicle passage
through endothelium.

6.3. Calcium and BBB Breakdown

Calcium is implicated in both transcytosis and the opening of tight junctions.

6.3.1. Calcium and Transcytosis

The role of calcium (Ca2+) in BBB breakdown to protein was studied in the acute
hypertension model in which enhanced numbers of endothelial vesicles and transcyto-
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sis of vesicles was demonstrated to lead to BBB breakdown to HRP (40,111). It was
hypothesized that transient fluxes of increased intra-endothelial calcium could medi-
ate enhanced permeability by transcytosis (111). This could result by the following
mechanisms. Inhibition of the endothelial plasma membrane Na+, K+-adenosine triphos-
phatase (ATPase) by hypertension may result in sodium accumulation within the cell.
This would decrease the efficiency of the Na/Ca exchanger leading to intracellular cal-
cium accumulation. Inhibition of the plasma membrane Ca2+-ATPase could contribute
to further increases of intra-endothelial Ca2+, which could mediate increased endothe-
lial permeability by enhanced transcytosis. The role of increased intra-endothelial cal-
cium in BBB breakdown in hypertension is supported firstly by ultracytochemical
studies that demonstrate reduced localization of both Ca2+-ATPase and Na+, K+-ATPase
only in the endothelium of arterioles permeable to HRP in hypertension (64,111).
Subsequent studies demonstrate that reduced activity of the endothelial ATPases pre-
cedes BBB breakdown in hypertension (112). Pretreatment of acutely hypertensive rats
with the calcium entry blocker Flunarizine decreases the number and size of areas of
Evans blue extravasation and results in a significant decrease in protein transfer of 125I-
labeled human serum albumin in total brain as well as in individual brain areas (113).

6.3.2. Calcium and Tight Junctions

Calcium acts both extracellularly and intracellularly to regulate tight junction activ-
ity. Removal of extracellular Ca2+ results in a concurrent decrease in electrical resis-
tance across the membrane and an increase in permeability (106), which involves
heterotrimeric G protein and protein kinase C signaling pathways. Intracellular Ca2+

plays a role in cell-cell contact (114), increased electrical resistance (115), ZO-1 migra-
tion from intracellular sites to the plasma membrane (116), and tight junction assem-
bly (117). Studies of cultured brain endothelial cells demonstrate that vasoactive agents
such as histamine, bradykinin, endothelin, and the nucleotides ATP, adenosine diphos-
phate, and uridine triphosphate, which are known to increase BBB permeability, cause
activation of phospholipase C and elevation of intracellular Ca2+ (118,119). Although
it was suggested that the data were consistent with a Ca2+-dependent contractile mech-
anism for opening of tight junctions, no proof of this was provided. Ca2+ modulation
of tight junction function is discussed in reviews (88,120).

Calcium flux is implicated in structural and functional variations in cultured cere-
bral endothelial cells during ischemic stress. Bovine brain microvascular endothelial
cells exposed to hypoxia-aglycemia for 6 h and hypoxia for 48 h show increased per-
meability to [14C] sucrose, which is reversed by treatment with the L-type calcium chan-
nel blocker nifedipine (121). Of interest is the finding that 48 h of hypoxia is associated
with alteration of the f-actin cytoskeleton of endothelial cells. These authors suggest
that endothelial cell calcium flux may be responsible for the observed structural and
functional variations.

6.4. BBB Breakdown in Inflammation

Proinflammatory cytokines produced and secreted by brain microvascular endothe-
lial cells include interleukin (IL)-α and β, IL-6, and GM-CSF (122–125). In many cases
these cytokines have an important role in initiating change in adhesion molecules on
endothelial cells such as PECAM-1, E-selectin, and ICAM-1. This allows immune
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cells to infiltrate the CNS and cause BBB breakdown. Injection of IL-1β into the brain
results in rapid induction of the neutrophil chemoattractants MIP-2 and CINC-1.
Administration of an antibody neutralizing the activity of CINC-1 suppresses both the
number of neutrophils in the brain parenchyma as well as BBB breakdown (126).
Endogenous agents, including many cytokines regulate tight junctions in vitro. Several
studies have reported marked permeability increases in cultured endothelial cells after
exposure to vasoactive cytokines, such as tumor necrosis factor-α (TNF-α), IL-1β, inter-
leukin 6, interferon γ, and histamine (119,127).

Brain diseases such as multiple sclerosis, human immunodeficiency virus encephali-
tis, Alzheimer’s disease, and stroke show BBB breakdown associated with leukocyte
migration (83,128,129). Ultrastructural studies show lymphocytes and monocytes pen-
etrate the endothelial cell adjacent to the junctional area in autoimmune demyelination
(130) and in chronic relapsing experimental encephalomyelitis (131). Migration of
activated rat T cells through porcine brain endothelial monolayers at parajunctional areas
occurs within 20–40 min of co-culture and is accompanied by a decay of endothelial
resistance (132). However, other studies show that T-lymphocytes penetrate human brain
endothelial cells by movement across the cytoplasm and through tight junctions between
these cells without apparent disruption of the integrity or solute permeability of the
monolayer (133). Increased leukocyte migration alters the molecular organization of
the tight junction complex, including breakdown of occludin and ZO-1 (83).

An interesting observation in IL-1–treated human umbilical vein endothelial cells
cultured in astrocyte conditioned medium is that leukocyte migration occurs at tricel-
lular corners where the borders of three endothelial cells meet and where tight and
adherens junctions are discontinuous and immunostaining for occludin, ZO-1, cadherin,
and β-catenin are not present (134). Supporting this finding is the observation by these
authors that neutrophil migration does not result in widespread proteolytic loss of the
tight junction proteins ZO-1, ZO-2, and occludin from endothelial borders and that
transendothelial electrical resistance is unaffected (135). The transendothelial electri-
cal resistance of endothelial cells grown in the astrocyte conditioned medium in this
study is reported to be approx 12,000 Ω; hence, these findings may have relevance to
cerebral endothelial cells.

Endothelial cells can also produce T-cell growth factors β1 and β2, which are con-
sidered to downregulate adhesion molecules and markedly diminish leukocyte migra-
tion across CNS endothelial cells (136,137).

6.5. Angiogenic Factors and BBB Breakdown

The endothelial-specific angiogenic factors vascular endothelial growth factor
(VEGF)-A and VEGF-B and the angiopoietins (Ang) described previously (see Chapter
1, Subheading 2.1.) are known to affect BBB permeability as reviewed recently (73,138).

6.5.1. VEGF-A

Although numerous studies show upregulation of VEGF-A gene in models associ-
ated with cerebral angiogenesis, very few have related the increased expression to BBB
breakdown (139–142). One of the earliest studies relating VEGF-A with BBB break-
down used serial sections to demonstrate VEGF-A protein in the endothelium of ves-
sels showing BBB breakdown to fibronectin at the site of a cortical cold injury (94).
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This was later confirmed by confocal microscopy of tissues dual labeled for VEGF-A
and fibronectin (95) (see Chapter 33, Figs. 2E and F). Other studies have correlated the
increased expression of VEGF-A at the messenger ribonucleic acid (mRNA) and pro-
tein level with edema formation in human meningiomas (143,144). A single intracor-
tical injection of VEGF-A in mice (145) or chronic administration of VEGF-A to rat
brains via miniosmotic pumps (146) causes BBB breakdown at the lesion site. BBB
breakdown and edema associated with cerebral infarcts and the size of infarcts can be
decreased by pretreatment of mice with a soluble VEGF receptor chimeric protein (Flt-
[1-3]-IgG), which inactivates endogenous VEGF (147). Thus VEGF is partly respon-
sible for the cortical edema formation in this model. However, administration of VEGF
to ischemic rats one hr after onset of ischemia exacerbates BBB leakage in the ischemic
hemisphere but not in the nonischemic hemisphere (148). These studies suggest that
acute inhibition of VEGF-A may have therapeutic potential in BBB leakage.

Activation by VEGF-A of its receptors leads to a multifaceted activation of down-
stream signaling pathways, some of which are involved in increasing permeability as
reviewed recently (149). This results in structural alterations in endothelium, which
leads to BBB breakdown. Ultrastructural studies following intracortical injection of
VEGF-A show interendothelial gaps and formation of segmental fenestrae-like
narrowings in cortical vessels permeable to endogenous albumin (145). In contrast,
VEGF-A–induced hyperpermeability of the blood-retinal barrier endothelium is asso-
ciated predominantly with enhanced numbers of endothelial vesicles while alterations
of tight junctions and fenestrations in endothelium are not observed (150). VEGF-A is
also known to induce changes in tight junction proteins. VEGF-A increases occludin as
well as its phosphorylation and that of tyrosine phosphorylation of ZO-1 within 15 min
in cultured retinal endothelial cells as well as when injected into the vitreous cavity of
rat eyes (151). Greater than 3-h exposures of VEGF-A with retinal (152) or brain (153)
endothelial cells reduces occludin expression coinciding with changes in permeability.

The fact that high-grade gliomas show abnormalities of tight junction structure has
been known since the 1970s (154) when EM studies demonstrated that there was lack
of fusion of adjacent plasma membranes at the tight junctions leaving a space. Molecular
studies show an almost 50-fold upregulation of VEGF-A in glioblastomas (155).
VEGF-A is known to produce structural alterations in endothelium (145,150), includ-
ing both an increase in endothelial vesicles and altered structure of tight junctions; there-
fore, both factors contribute to increased permeability in high-grade gliomas. In
addition, VEGF-A can alter junctional proteins (153,156) leading to increased junctional
permeability and cerebral edema in high-grade gliomas.

VEGF-B, on the other hand, is expressed constitutively in endothelium of cerebral
vessels (95). The finding that BBB breakdown to fibronectin in the cold injury model
shows loss of VEGF-B in the endothelium of the permeable vessels suggests that
VEGF-B, unlike VEGF-A, may be an essential factor in maintenance of endothelial
homeostasis (95).

6.5.2. Angiopoietin-1

Angiopoietin-1 (Ang-1) protein is constitutively expressed in endothelium of non-
neural and cerebral vessels, consistent with it having a constitutive stabilizing effect by
maintaining cell-to-cell and cell-matrix interactions (157) (Chapter 1, Fig. 2B).
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Overexpression of Ang-1 prevents vascular leakage of Evans blue in response to inflam-
matory agents in non-neural vessels (158). Constitutive expression of Ang-1 in cerebral
endothelium suggests that Ang-1 may maintain cerebral homeostasis and decreased Ang-
1 could be associated with BBB breakdown. This was demonstrated in the cold-injury
model by dual labeling for Ang-1 and fibronectin. In the early phase post-injury, when
BBB breakdown is present at the lesion site, vessels leaking fibronectin fail to show Ang-
1 protein while there is an increase in Ang-2 mRNA and protein (159,160). At days 4 to
6 post-injury, there is a progressive increase in Ang-1 mRNA and protein and decrease
in Ang-2 mRNA coinciding with maturation of neovessels and restoration of the BBB.

The leakage-resistant effect of Ang-1 has the potential of being utilized to reduce
BBB breakdown in pathologic conditions. A recent study shows that recombinant ade-
noviruses expressing Ang-1 administered to mice before middle cerebral artery occlu-
sion reduces BBB leakage in the ischemic brain and decreases the volume of ischemic
tissue (161). A study of non-neural vessels suggests that the leakage-resistant effect of
Ang-1 is related to increased expression of junctional proteins such as PECAM-1 and
decreased phosphorylation of PECAM-1 and cadherin (162). These authors also demon-
strate inhibition of TNF-α–stimulated leukocyte transmigration through endothelial
cells by Ang-1.

In summary, in the past decade there are an increasing number of in vitro studies of
cerebral endothelial permeability to small molecular weight tracers. Endothelial cells
have been derived from several species, including human and other cell types such as
bladder epithelial cells are being promoted as an in vitro model of the BBB as described
in Chapter 20. In vitro models are useful for answering specific questions, however, they
are not good models for BBB permeability studies. Brain endothelial cells loose their
markers in vitro and monolayers fail to achieve the junctional structure or their
transendothelial resistances present in vivo, despite co-culture with astrocytes. A number
of other factors such as effects of blood pressure and vasodilatation, which are impor-
tant in BBB breakdown to protein in vivo, are lacking in vitro. Another factor is that
increased plasmalemmal vesicles, which are the dominant finding during BBB break-
down to protein in vivo have not been reported during increased endothelial monolayer
permeability. Thus in vitro studies are focussing on tight junction alterations to small
molecular weight tracers such as [14C] sucrose, which is an indicator of increased per-
meability to ions and water. These studies are probably relevant to the physiologic open-
ing of the tight junctions, which allow passage of solutes required for normal cerebral
functioning. However, the relevance of these studies to life threatening human disease
is questionable since most focal brain lesions such as acute infections, infarcts and hem-
orrhages are associated with vasogenic edema which results from BBB breakdown to
both protein and water. Researchers should keep these factors in mind when designing
experiments.

In conclusion, rather than support one or the other mechanism of BBB breakdown,
the evidence suggests that during the early phase of BBB breakdown, viable endothe-
lial cells respond to injury by enhanced transcytosis and/or junctional opening.
Demonstration of these processes is dependent on the tracer used to study BBB per-
meability and how soon the studies are undertaken following the insult. A short insult
is associated with transient barrier opening both in situations where enhanced transcy-
tosis occurs and following osmotic opening of the barrier. Persistence of the patholog-
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ical state results in greater degrees of endothelial damage, resulting in disruption of tight
junctions and breakdown of the entire endothelial cell. The latter has been observed in
brains of patients dying of massive vasogenic edema.
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Pial Vessel Permeability to Tracers 
Using Cranial Windows

William G. Mayhan

1. Introduction
Many investigators, including numerous studies from our laboratory, have used flu-

orescence microscopy to directly examine changes in permeability of pial vessels in
rats (1–4), cats (5–7), mice (8,9), and hamsters (10–12) during basal and stimulated
states. The use of cranial windows and fluorescence microscopy to examine the cere-
bral microcirculation has several advantages. First, the techniques allow the investiga-
tor to directly visualize cerebral microvessels. Thus, the investigator can visually
examine changes in permeability of pial vessels during various stimuli and can visual-
ize changes in reactivity of cerebral blood vessels during alterations in permeability of
the blood–brain barrier (BBB). This allows the investigator to correlate changes in per-
meability of pial vessels with local cerebral hemodynamics. Second, the techniques
allow the investigator to examine changes in permeability of pial vessels to differently
sized and charged molecules. Thus, one can examine the effect of a specific stimuli on
the selectivity of pial vessels. Third, the techniques allow the investigator to determine
the precise sites, i.e., arteries, arterioles, capillaries, venules and/or veins, of disruption
of the BBB during pathophysiologic conditions. This information may be of potential
importance in the delivery of therapeutic agents to brain tissue during disease states.
Fourth, the techniques allow the investigator to not only qualitatively, but quantitatively
evaluate the permeability of pial vessels under basal conditions and during various con-
ditions. With the calculation of clearance, the investigator can evaluate basal perme-
ability of pial vessels and can determine the magnitude of disruption of the BBB in
response to various stimuli. This chapter will focus on the materials and methods
required to view and measure permeability of the pial microcirculation using fluores-
cent tracers.

2. Materials

1. Artificial cerebrospinal fluid (CSF): Potassium chloride (0.22 g/L), magnesium chloride
(0.132 g/L), calcium chloride (0.22 g/L), sodium chloride (7.7 g/L), sodium bicarbonate
(2.06 g/L), and glucose (0.55 g/L). The artificial cerebral spinal fluid is prepared in volume
(20 L) on a weekly basis using milli-Q water.
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2. The suffusion apparatus (Fig. 1) for artificial CSF consists of:
a. An aspirator bottle (2 L; Fisher Scientific; Pittsburgh, PA) connected via polyethylene

tubing to a custom made glass-jacketed heating coil (manufactured in the Department
of Chemistry; University of Iowa). This glass-jacketed coil is connected to a heated cir-
culating water bath (Fisher Scientific; Pittsburgh, PA).

b. The outflow of suffusate from the heating coil is connected via polyethylene tubing to a
variable speed roller pump (Mini Plus 2; Gilson Medical Electronics, Inc.; Middleton, WI).

c. The polyethylene tubing from the roller pump is then connected to a three-way valve
(model HV 3-3; Hamilton Co., Reno, NV).

d. The outflow from the three-way valve is PE-90 tubing that is connected to the cranial
window via a 20-gage needle and to a syringe pump that allows for the infusion of agents
into the artificial CSF, and thus into the cranial window.

e. The total volume of artificial CSF contained within the suffusion apparatus (indepen-
dent of the aspirator bottle) is approx 1–2 mL. This small volume ensures a rapid
turnover of artificial CSF in the cranial window and is important for maintaining gases
and temperature constant within the cranial window.

f. The outflow from the cranial window is connected, via a 20-gage needle and PE-90
tubing, to a variable speed roller pump (Cole-Parmer Inc.; Chicago, IL). The outflow
tubing can be connected to a fractionator for the constant collection of artificial CSF.
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Fig. 1. Schematic of the artificial cerebrospinal fluid (CSF) suffusion apparatus. The artifi-
cial CSF is bubbled with 95% nitrogen and 5% carbon dioxide. The suffusate is then pumped
through a heating coil and into the cranial window. The presence of a three-way valve also allows
for the infusion of agents into the CSF and into the cranial window. A second roller pump is
used to withdraw CSF from the cranial window and into collection tubes for later determina-
tion of fluorescence intensity.



3. Thiobutabarbital sodium (Inactin; Research Biochemical International [RBI]; Natick, MA).
4. Wistar-Furth rats (see Note 1; 200–400 g; Harlan, Inc.; Indianapolis, IN).
5. Polyethylene tubing (Becton Dickinson and Co.; Franklin Lakes, NJ): PE-260 to make the

trachea cannula, and PE-90, and PE-50 tubing for arterial and venous cannulas.
6. Rat ventilator (Harvard Apparatus; Holliston, MA).
7. Body temperature control unit (Cole-Parmer; Chicago, IL).
8. Rat head holder (David Kopf, Inst.; Tujunga, CA).
9. Dremel motor tool (Dremel; Racine, WI).

10. High-speed carbide dental burs (Biomedical Research Inst.; Bethesda, MD).
11. Micro-dissecting scissors (Biomedical Research Inst.; Bethesda, MD).
12. Micro-dissecting forceps (Biomedical Research Inst.; Bethesda, MD).
13. Dura hook (30-gage needle; Becton Dickinson and Co.; Franklin Lakes, NJ).
14. Fluorescein isothiocyanate-dextran (FITC-dextran) of various molecular weights:

FITC-dextran-70K, -40K, -20K, -10K, -4K (Sigma Chemical Co.; St. Louis, MO), FITC-
albumin and sodium fluorescein (Sigma Chemical, St. Louis, MO). FITC-dextrans
and FITC-albumin are dissolved in saline (40 mg/mL) and are made up on a weekly basis.
Sodium fluorescein is prepared as a 1% solution in saline and is made up on a weekly basis.
The fluorescent tracers are light and temperature sensitive, and thus are refrigerated in
amber bottles that are covered with aluminum foil.

15. Variable speed syringe pump (Sage syringe pump; Orion Research, Inc.; Boston, MA) for
the intravenous infusion of fluorescent tracers.

16. Fluorescence microscope (Leitz stereo-zoom microscope with a 75 W xenon vertical illu-
minator (North Central Instr.; Minneapolis, MN).

17. PowerLab (ADInstruments).
18. Fraction collector (Gilson Medical Electronics, Inc.; Middleton, WI) to collect suffusate

samples.
19. Spectrophotofluorometer (LS-30; Perkin Elmer; Norwalk, CT) to measure suffusate and

plasma concentration of the fluorescent tracers.

3. Methods
The methods described below outline 1) the suffusion of the cranial window prepa-

ration with artificial CSF, 2) the preparation of the cranial window to view the pial micro-
circulation, and 3) the use of fluorescence microscopy to evaluate the permeability
characteristics of pial vessels.

3.1. Artificial CSF Suffusion
1. On the day of the experiment, sodium bicarbonate (2.06 g/L) and glucose (0.55 g/L) are

added to 2 L of artificial CSF contained within an aspirator bottle.
2. The aspirator bottle is attached to the suffusion apparatus and the artificial CSF is bubbled

continuously with a mixture of nitrogen (95%) and carbon dioxide (5%) at least 30–60 min
before preparation of the cranial window (see Fig. 1). We have shown previously (2), that
this procedure maintains gases (PO2 and PCO2) and pH of the artificial CSF within
physiologic limits.

3. Once the craniotomy is prepared, the artificial CSF is suffused across the pial micro-
circulation at a rate of approx 2 mL/min, which maintains the temperature of the suffusate
in the cranial window preparation at 37 ± 1° C.

3.2. Preparation of the Animal
1. Rats are anesthetized with Inactin (thiobutabarbital sodium; 100 mg/kg intraperitoneally).

Inactin produces sustained anesthesia in rats (13), and thus systemic and cerebral vascu-
lar hemodynamics remain constant during the experimental protocol.
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2. After the animal is anesthetized, it is placed on a heated stage to maintain body tempera-
ture within physiologic limits.

3. A tracheotomy is performed (PE-260 tubing), and the rat is mechanically ventilated (tidal
volume of 1 mL/100 g body weight and ventilatory rate of 45–50 breaths/min) with room
air and supplemental oxygen to maintain arterial PO2, PCO2, and pH within normal limits.

4. A cut-down is performed over the left femoral area, and the femoral artery and vein are
exposed and isolated using 3-0 suture. A modest amount of tension is placed on the femoral
artery and vein using the sutures.

5. A small incision is then made in the femoral artery and vein using the microdissecting scis-
sors. A cannula consisting of PE-90 tubing with a tip of PE-50 tubing (approx 4 cm in
length) is filled with saline, and the PE-50 tubing is inserted into the femoral artery or vein
with the aid of microdissecting forceps.

6. The femoral artery cannula is connected to a pressure transducer for the measurement of
systemic blood pressure, mean arterial pressure and heart rate using a PowerLab and for
obtaining blood samples for the measurement of plasma concentration of fluorescent tracer.

7. The femoral vein cannula is used for injection of the fluorescent tracer.
8. Following these initial procedures, the rat is then positioned in a head holder in prepara-

tion for the craniotomy.

3.2.1. Cranial Window

1. To visualize the pial microcirculation, a cranial window is prepared, as we have described
previously (2). The cranial window is positioned over the parietal cortex and is enclosed
by the sagittal, coronal, and interparietal suture lines. The constant position of the window
in this area assures that we are examining the permeability of pial vessels and reactivity of
pial arterioles in similar regions in all experiments.

2. The preparation of the cranial window requires several steps. First, a small incision is made
in the skin with a no. 10 scalpel blade to expose the skull.

3. Second, the skin is retracted with 3-0 sutures and allows the skin to serve as a “well” for
the suffusion fluid (Fig. 2).

4. Third, an inlet port and an outlet port (20-gage needle hubs) are made at opposite ends of
the cranial window (Fig. 3). These ports allow for the constant flow of suffusate across the
pial microcirculation.

5. Fourth, a craniotomy is performed using a dental burr attached to an air-cooled dremel tool
(10–12,000 rpm) (Fig. 4). To minimize the transfer of heat from the dental burr to the
skull/brain, extreme care is taken so that the dental burr does not remain in contact with
one specific area of the skull for longer than 1–3 s (see Note 2). In addition, to prevent
excessive bleeding, care is taken so that no drilling of the skull is performed over the suture
lines. Drilling continues until small cracks are observed in the skull. At this point, the cere-
bral microcirculation can be viewed through the translucent bone.

6. Then, the piece of skull is carefully removed using microforceps, exposing the dura with
the underlying pial microcirculation.

7. The suffusion of artificial CSF over the cranial window preparation is now started.
8. Twenty to thirty minutes after starting the suffusion of artificial CSF, an incision is made

in the dura using a dura hook. This hook is fashioned from a 30-gage needle that is bent at
an angle of approx 90° using a needle holder.

9. After an incision is made in the dura, the dura is opened using microdissecting scissors to
expose the pial microcirculation (Fig. 5).

10. Sections of the dura are then cut away for better viewing of the pial microcirculation (see
Fig. 5). To quantitate the permeability of pial vessels using fluorescent tracers, it is criti-
cal that there be no bleeding from either the bone or dura. Bleeding from the skull is usu-
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ally not a major concern because drilling rarely produces bleeding. However, bleeding from
the dura can be, at times, difficult to control. Normally, bleeding from the dura can be
stopped by grasping the dura with microdissecting forceps and applying a “pinching” pres-
sure for several seconds (see Note 3). Care must be taken so that the dissecting forceps do
not touch the exposed brain surface.
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Fig. 2. Photograph of the cranial window. Sutures placed in the skin allow for the formation
of a “well” that contains the cerebrospinal fluid.

Fig. 3. Photograph of the cranial window after insertion of inflow and outflow ports. These ports
allow for the continuous infusion of cerebrospinal fluid across the cerebral microcirculation.



3.3. Fluorescence Microscopy

1. After preparation of the cranial window the pial microcirculation is allowed to equilibrate
for 1–2 h.

2. Then, the fluorescent tracer is infused intravenously. The larger molecular weight tracers
(FITC-dextran-70K and -40K, and FITC-albumin) are given as a bolus injection
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Fig. 4. Photograph of the cranial window during the drilling of the skull. A small rectangu-
lar drilling area can be observed as well as the underlying cerebral microcirculation through the
translucent skull.

Fig. 5. Photograph of the pial microcirculation following removal of the skull and opening
of the dura. The pial microcirculation is continuously bathed with artificial cerebrospinal fluid.



(25–40 mg/mL) and the smaller molecular weight tracers are given as a constant infusion
(40 mg/mL at a rate of 0.05 mL/min) for the entire experimental period. This procedure
produces a steady state plasma concentration of fluorescent tracer.

3. A representative view of the pial microcirculation after injection of fluorescent tracer
(FITC-dextran-10K) is shown in Fig. 6. As can be seen from this figure, the fluorescent
tracer remains intravascular and no leakage of FITC-dextran-10K can be observed from
the bone or dura.

3.3.1. Qualitative Method

1. We described a method by which one could count the number of fluorescent “spots” termed
leaky sites that occurred around cerebral microvessels following stimulation of cerebral
vessels (2). This method was extrapolated to the cerebral microcirculation from that used
by us and others to evaluate changes in permeability of the peripheral microcirculation
(14–16). These leaky sites occur as very discrete areas of fluorescent tracer extravasation
and we visually counted the number of these leaky sites under control conditions and during
stimulation (2).

2. Under control (basal) conditions, no leaky sites are visible, as can be seen in Fig. 6.
3. During stimulation of the BBB, leaky sites do occur and usually occur around venules and

veins (2). These leaky sites are often difficult to count as they progress because they
become very diffuse and tend to combine with adjacent leaky sites. Thus, a quantitative
method can be utilized.

3.3.2. Quantitative Method

1. This method relies on the collection of suffusate and plasma samples to calculate the clear-
ance of fluorescent tracer (mL/sec × 10-6) by pial vessels under basal conditions and during
stimulation (2,17,18).
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Fig. 6. Photograph of the pial microcirculation following injection of FITC-dextran-10K.
There is no extravasation of the FITC-dextran-10K visible from the cerebral microcirculation,
the dura, or skull.



2. The suffusate fluid is collected in glass test tubes at predetermined intervals (usually every
4–5 min) with the aid of a fraction collector.

3. Arterial blood samples (approximately 60 µL/sample) also are drawn at various times
(usually every 20–30 min) throughout the experimental period.

4. Although there are no “standard” scenarios for protocols used to evaluate the permeability
characteristics of pial vessels, there are several key ingredients.
a. Several control samples of artificial CSF must be collected before injection of fluores-

cent tracer. These control samples serve as background and are subtracted from all sub-
sequent samples.

b. An adequate number of samples must be collected before stimulation of the BBB. This
gives the investigator an index of “basal” levels of permeability before stimulation.

c. Adequate samples must be collected in order to observe a profile for the effects of a stim-
ulus on the permeability of pial vessels.

d. Time control experiments must be completed to evaluate a temporal relationship in
changes in permeability of pial vessels. With these considerations in mind, one can then
design appropriate protocols to meaningfully evaluate changes in permeability of pial
vessels during various conditions.

5. Once the suffusate and plasma samples are collected, the investigator can quantitate the
concentration of fluorescent tracer in these samples using a spectrophotofluorometer.

6. First, a standard curve for concentration of fluorescent tracer vs percent transmission is
obtained with the aid of a spectrophotofluorometer. The standards are prepared on a weight-
per-volume basis, i.e., 1, 5, 10, 50, and 100 ng/mL. A standard curve is generated for each
experiment and each curve is subjected to linear regression analysis.

7. The percent transmission for unknown samples (suffusate and plasma) are then measured
on the spectrophotofluorometer and the concentration is calculated from the standard
curve. The suffusate samples usually are in the ng/mL range and do not require dilution.
However, because plasma samples are in the mg/mL range they must be diluted before the
measurement of fluorescent intensity. By using linear regression analysis, one can calcu-
late the plasma concentration of fluorescent tracer at each interval. Finally, clearance of
fluorescent tracer at every time interval is calculated by multiplying the ratio of suffusate-
to-plasma concentration by the suffusate flow rate that is kept constant during the experi-
mental period (2 mL/min) (2,17,18).

8. The calculation of clearance is given as follows:

CLR = ([FT]s × [FT]p) × Qs

where CLR is clearance of fluorescent tracer (mL/s × 10–6), [FT]s is the fluorescent tracer
concentration in the suffusate (ng/mL), [FT]p is the fluorescent tracer concentration in the
plasma (mg/mL), and Qs is the suffusate flow rate (mL/min). Because the concentration
of fluorescent tracer in the suffusate ([FT]s) is in ng/mL and the concentration of fluores-
cent tracer in the plasma ([FT]p) is in mg/mL, the product of this ratio is standardized to
ng/mL. Given that the suffusate flow rate (Qs) is given as mL/min, the units of clearance
(CLR) must be divided by 60 s/min to report CLR as mL/s × 10–6.

Thus, using these methods, an investigator can visualize and quantitate the perme-
ability characteristics of pial vessels in a variety of animal models under numerous phys-
iologic and pathophysiologic conditions.

4. Notes
1. Rats: To examine the permeability of pial vessels using FITC-dextrans, we initially used

Sprague-Dawley rats (2). However, because these rats are anaphylactic to dextran, they had
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to be injected with antihistamines before the infusion of FITC-dextran. Because the cere-
bral circulation contains many mast cells and the degranulation of these structures may
influence permeability of pial vessels during various stimuli, we elected to switch our model
to the Wistar-Furth rat. These rats respond similarly to vasoactive agents as other strains
of rats, but do not exhibit anaphylaxis to dextran and thus are not influenced by the poten-
tial effects of antihistamines.

2. Damage during drilling: Because the brain is in proximity to the skull, it is possible that
the drilling process could produce damage to the brain. To prevent this damage, one could
use controlled hemorrhage to decrease mean arterial pressure, and thus intracranial pres-
sure. This would produce an increase in the space separating the brain and the skull. We
have used controlled hemorrhage (withdrawal of approx 0.5–1 mL/100 g body weight of
blood) to prevent damage to the brain during the drilling procedure. In addition, the use of
controlled hemorrhage aids in decreasing the amount of bleeding from the dura following
the craniotomy. The decrease in blood pressure observed during controlled hemorrhage
(approx 20–30 mm Hg) usually recovers within 5–15 min.

3. Bleeding: The skin is very vascular and bleeds following the initial incision to expose the
skull. Because we do not want any fluorescent tracer to leak from the skin and contami-
nate the readings obtained from the pial microcirculation, it is important to stop all bleed-
ing. This bleeding can be stopped by using ferric chloride. Thus, after the initial skin
incision, ferric chloride is painted onto the skin and skull to stop all bleeding. Once the
“well” is formed by the skin, the area is washed extensively with artificial CSF for at
least 30 min to remove all ferric chloride from this area before making the cranial
window.

4. In some instances, bleeding from the dura can not be alleviated by a “pinching” pressure
applied by the microdissecting forceps. Over the years, we have used many procedures to
attempt to stop bleeding from the dura, including vasoconstrictor agents (thromboxane,
endothelin, norepinephrine, etc.), a coagulating agent (thrombin), and electrocauterizing
forceps. Vasoconstrictor agents are not useful. These agents fail to adequately control
bleeding from the dura and they have direct effects on pial blood vessels, which may be
detrimental to the experimental protocol. The use of thrombin has been modestly successful
in stopping bleeding from the dura. However, if thrombin is left on the dura/brain for an
extended period, it damages the pial microcirculation by coagulating blood within pial ves-
sels. In addition, thrombin has been shown to increase the permeability of the BBB, and
thus its use is a problem. The use of electrocauterization can produce damage to the pial
microcirculation. Because the dura is very thin, the electrocautery can actually cut the dura
and produce more bleeding. In addition, the electrocautery can produce irreversible dila-
tion of pial arterioles, presumably via heat generated and/or the formation of reactive
oxygen radicals. Thus, these methods have not been successful in aiding in the control of
bleeding from the dura.
Careful use of very small amounts of ferric chloride can prevent bleeding from the dura.
Once the dura has been opened and we have “pinched” bleeders with the microdissecting
forceps, we stop the flow of suffusate from the pial microcirculation and carefully apply a
small, but concentrated solution of ferric chloride to specific sites on the dura from which
bleeding has occurred. Thus, neither the dura nor the pial microcirculation is bathed with
ferric chloride, but rather very specific sites of the dura are exposed to this agent. The ferric
chloride is applied to the dura via a finely drawn tip of a kim wipe. This method allows the
investigator to apply ferric chloride to very precise areas on the dura and prevents the ferric
chloride from coming into contact with the brain. Once the dura has been treated with ferric
chloride, it is carefully removed and the flow of suffusate is re-started. During this proce-
dure, the brain is only devoid of suffusate for less than 30 s. This procedure can be repeated
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as necessary, but extreme care must be taken because repeated starting and stopping of suf-
fusate may produce damage to the pial microcirculation, and thus the BBB. In addition, it
is extremely important that the ferric chloride be applied only to the dura and vessels con-
tained within the dura because its application to the brain would produce irreversible
damage.
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Blood–Brain Barrier Permeability Using Tracers 
and Immunohistochemistry

Sukriti Nag

1. Introduction
The first report of blood–brain barrier (BBB) permeability by Paul Ehrlich (1)

involved the use of the exogenous tracer Coerulean-S as described in Chapter 6. Over
the years, tracers of different sizes were introduced to study the permeability proper-
ties of normal cerebral vessels in physiologic and pathologic states (Table 1). Tracers
provide information about the permeability status of vessels immediately before sacri-
fice. The disadvantage of exogenous tracers is that there are side effects associated with
the administration of some tracers in live animals. The properties and methods by
which some of these tracers are used to study BBB permeability to proteins and ions
in pathologic states will be described.

Endogenous protein extravasation into brain can be detected by immunohistochem-
istry. Antibodies to circulating proteins such as albumin, serum proteins, fibrinogen, or
fibronectin have been used to detect BBB permeability (2,3). The advantage of immuno-
histochemistry is that it not only provides information about the status of vessels at the
time of sacrifice (2,3) but it also detects areas of previous protein extravasation in brain
and the associated inflammatory reaction can be used to date these areas of protein
extravasation (2). Dual labeling can also be done to identify a protein of interest in a
vessel with BBB breakdown to circulating proteins (4–6).

2. Materials
1. PE50 polyethylene tubing, syringes: 1 mL, 5 mL
2. 250 units of heparin per 100 mL of sterile 0.9% sodium chloride for syringes and poly-

ethylene cannulas.
3. Tracers:

a. 2% Evans Blue dissolved in sterile 0.9% sodium chloride.
b. Horseradish peroxidase, type II (Sigma Chem. Co., St Louis, MO) dissolved in sterile

0.9% sodium chloride. (See Note 1.)
c. Microperoxidase (Sigma Chemical, St Louis, MO).
d. Iodine-125–labeled serum albumin (RISA) (ICN Biomedicals, Canada Ltd., Montreal,

Quebec).
e. 5 mM Lanthanum chloride (Sigma Chemical, St Louis, MO) dissolved in sterile 0.9%

sodium chloride.
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4. 0.05 M Tris-HCl, pH 7.6.
5. Hydrogen peroxide, 1% solution.
6. 3, 3′-diaminobenzidine tetrahydrochloride (DAB), 0.06 % solution in 0.06 M Tris-HCl,

pH 8.0.
7. Fixative solution: 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M cacodylate

buffer , pH 7.2 containing 4.35% sucrose and 0.05% calcium chloride. It is prepared as
described in Chapter 2, Subheading 3.1.1.

8. Infusion pump.
9. Perfusion apparatus (see Chapter 2, Subheading 2.1.).

10. Tissue sectioner or Vibratome.

3. Methods
The methods described below outline detection of BBB breakdown 1) by tracers such

as dyes, horseradish peroxidase, microperoxidase, radio-iodinated serum albumin and
ionic lanthanum; and 2) by immunohistochemistry.
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Table 1
The Exogenous Tracers Used to Detect Blood–Brain Barrier Permeability 
and the Methods to Detect Endogenous Protein Extravasations

I. Exogenous Tracers
1. Markers of Protein Permeability

Dyes: Evans blue
Fluorescent Tracers:

Fluorescein isothiocynate-dextran (MW: 62,000)
Fluorescein isothiocynate-albumin (MW: 67,000)

Horseradish peroxidase* (MW: 40,000)
Microperoxidase* (MW: 1900)
Radiolabeled Compounds

125Iodine-labeled serum albumin
14C-labeled dextran (MW: 70,000)

2. Markers of Solute and Ion Permeability
Ionic Lanthanum* (MW: 138.9)
Sodium Fluorescein (MW: 376)
Lucifer Yellow (MW: 457)
Ruthenium Red* (MW: 800)
Fluorescein isothiocynate-dextran (MW: 3000)
Radio-labeled Compounds

14C -α -Aminoisobutyric acid (MW 103)
14C Sucrose (MW: 342)
14C- Methotrexate (MW: 455)
14C-Inulin (MW: 5000)

II. Endogenous Protein Extravasation
Detected of Plasma Proteins by Immunohistochemistry

Immunoperoxidase
Immunofluorescence
Immunogold technique

The molecular weights of the tracers are expressed in Daltons.
*Exogenous tracers detectable with EM.



The choice of tracer depends on the biologic process being studied. The timing of
tracer administration and the circulation time depends on when BBB alterations are
anticipated in the model being studied.

3.1. Dyes

In 1913, trypan blue was introduced to study BBB permeability (7) and was widely
used until Evans blue became available. Dyes such as trypan blue and Evans blue bind
to albumin in vivo hence their presence in the brain is an indicator of BBB breakdown
to protein (8). Plasma levels of Evans blue do not remain high for very long and mea-
surements after 24 h show a drop to insignificant levels coinciding with uptake of the
dye-albumin complex by astrocytes for degradation (9). Evans blue is detected by
visual examination of the brain (Fig. 1A); hence, it is helpful for the selection of areas
showing BBB breakdown for subsequent analyses such as water content, specific grav-
ity of brain tissue, or quantitative measurement of extravasation of tracers such as
radio-iodinated serum albumin.

1. A rat (200 g) is injected with 1 mL of a 2% solution of Evans blue intravenously slowly
over 1 min via a polyethylene cannula in the femoral vein. The dose for gerbils (60–80 g)
is 0.1 mL and for cats is 1 mL/kg of a 2% solution, respectively (9).

2. In our studies of BBB permeability in acutely hypertensive rats, Evans blue was injected
before the induction of hypertension and circulation for 10 min before sacrifice was suffi-
cient to detect areas of BBB breakdown (10).

3. Perfusion of fixative or saline does not result in loss of Evans blue from the areas of BBB
breakdown.

3.2. Horseradish Peroxidase

Horseradish peroxidase (HRP), a plant enzyme having a molecular weight of 40,000
daltons and a diameter of 5 nm, was originally used to study renal tubular absorption
of protein (11). In these studies, the distribution of HRP in isolated kidney fractions
was detected by a calorimetric technique although it was suggested that histochemistry
could be tried to localize this enzyme in tissues. Introduction of a reliable ultrastruc-
tural cytochemical technique (12) proved to be a major advance for the investigation
of the ultrastructural basis of vascular permeability. In this method HRP was reacted
with the oxidizable substrate 3 -3′ diaminobenzidine to produce an insoluble brown reac-
tion product that was easily visualized by light microscopy, and after exposure to
osmium ions, was electron dense and easily detected by electron microscopy. Brain is
fixed following injection of HRP to bind it to its in vivo location and limit the diffu-
sion of this enzyme. The first study of cerebrovascular permeability to HRP by Reese
and Karnovsky (13) was a major contribution in the understanding of the permeability
properties of normal cerebral vessels to proteins. This study was followed by numer-
ous studies using this tracer as reviewed in Chapter 6.

1. If the protocol requires using rats, it is recommended that Wistar-Furth rats be used. These
rats are more expensive than most other species but they are also most resistant to any side
effects of HRP (14,15) (see Notes 2–4).

2. If the protocol requires using cats, pretreatment with acetyl salicylic acid or indomethacin
abolishes the hypotensive effect produced by HRP (16).

3. The dose of HRP used in our studies of cerebrovascular permeability in acute hyperten-
sion is 250 mg/kg of rat (17). The HRP is dissolved in 1 mL of sterile 0.9% sodium chlo-
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ride and injected intravenously via a PE50 polyethylene cannula inserted into the femoral
vein. A slow injection administered over 1–2 min prevents fluctuations in the blood pres-
sure of rats (see Note 5).

4. Mice are injected with 10–20 mg of HRP dissolved in 0.1–0.4 mL of 0.9% sodium chlo-
ride via the tail vein.

5. The circulation period of HRP depends on the biologic process being studied. To detect
how tracer reaches the vascular subendothelium very short circulation times such as 90 s
may be sufficient (17). To determine how HRP is cleared from the extracellular spaces,
longer circulation times are required.

136 Nag

Fig. 1. (A), Brain of a rat with chronic hypertension showing areas of Evans blue extravasa-
tion in the boundary zone areas (arrowheads). (B), Fixed slice of rat brain showing multifocal
areas of HRP extravasation following intracarotid administration of cytochalasin B. (C), High
magnification shows an arteriole with BBB breakdown to HRP in norepinephrine-induced acute
hypertension. (D), Segment of arteriolar wall from an intracerebral vessel showing lack of pas-
sage of ionic lanthanum through the tight junction (arrowhead). A plasmalemmal vesicle is seen
to open into an interjunctional space (v). Note the cross sections of actin filaments (a) occupy-
ing the entire width of the endothelium and along the intercellular space. A, x3; B, x15;
C, x100; D, x60,000.



6. Experiments are teminated by vascular perfusion of fixative into anesthetized rats as
described in Chapter 2, Subheadings 3.1.1. and 3.1.3. (see Notes 6–8).

7. Brains are removed and placed in the same fixative for 2 h (see Note 9).
8. Brain blocks of the required areas are sectioned at 50-µm intervals using a tissue sectioner

(Sorvall MT-2C or Vibratome). See Note 10.
9. Slices are collected in 0.1 M cacodylate buffer in a petri dish.

10. Sections are then processed for the demonstration of HRP reaction product as follows:
a. Rinse slices in 1 change of Tris-HCl, which is added to the petri dish containing the slices

and removed by pipetting.
b. The substrate solution containing 0.06 % DAB in 0.06 M Tris-HCl, pH 8.0 is then added

for 20 min and replaced by fresh substrate containing 0.02% H2O2 for 20 min. The DAB
is discarded into a large beaker (see Notes 11 and 12).

c. Slices are then rinsed with cacodylate buffer and transferred to fresh petri dishes con-
taining the same buffer using bamboo splints.

d. Large areas of HRP extravasation are visible as brown spots in slices. Examine slices
under a stereoscope or light microscope for the presence of HRP reaction product in
individual vessels (Figs. 1B,C).

e. Selected slices are mounted in 60% glycerine. The edges of the coverslip are sealed with
nail polish (see Note 13). These sections are ideal for photography.

f. Positive controls: Residual red blood cells in the vascular system serve as a positive con-
trol as they turn brown due to their high peroxidase content. Vessels with endothelium
having pores and fenestrae located in regions such as area postrema, the median emi-
nence, and choroid plexuses, also stain brown. Pial arterioles located in the cerebellar
sulci, superior saggital fissure and the sulcus between the olfactory bulb and cerebral
hemisphere and few intracerebral vessels located in the entorhinal cortex are normally
permeable to HRP (17,18). Intracerebral cortical vessels are not permeable to HRP even
after a circulation time of 60 min (13) nor are the apical tight junctions between normal
choroidal epithelial cells (19).

g. Negative controls: Delete H2O2 or DAB from the substrate solution.
9. Appropriate sized blocks containing vessels permeable to HRP and nonpermeable vessels

are then processed for electron microscopy as given in Chapter 2, Subheadings 3.2–3.6.
10. Electron micrographs are then obtained to assess findings.

3.2.1. Assessment of Results

1. Light microscopy: The number of permeable vessels and areas showing BBB breakdown
in brain slices of test and control rats can be counted to determine the magnitude of BBB
breakdown in test and control rats (20).

2. Electron microscopy: Qualitative studies can be done to determine how tracer traverses
endothelium to reach the endothelial basement membrane. Studies done in our laboratory
have demonstrated an increase in endothelial plasmalemmal vesicles in arterioles of test
rats showing BBB breakdown to HRP as compared to the nonpermeable vessels of control
rats (17,21). The method for quantitation of endothelial vesicles is as follows:
a. An overlapping series of electron micrographs are taken along the circumference of non-

permeable arterioles or microvessels and those permeable to HRP at a screen magnifi-
cation of x22,000.

b. In case of arterioles, five vessels may be used for quantitation per group while in the
case of microvessels a larger number are measured.

c. Images from the negatives of electron micrographs placed on a light box are transmit-
ted to an image analyser (Microcomputer Imaging Device, Imaging Research Inc.,
St. Catherines, On) by a high-resolution CCD camera.
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d. The image analyzer is calibrated for area measurements in square micrometers. Because
plasmalemmal vesicles have an uneven distribution along the circumference of endothe-
lium we suggest obtaining the total area of endothelium excluding the area occupied by
the nucleus.

e. The number of vesicles/µm2 of endothelium for the vessel is then obtained. Set criteria
for identification of endothelial plasmalemmal vesicles. These are roughly spherical
structures measuring 75–80 nm in diameter (see Chapter 6, Fig. 2D). They are present
in the endothelial cytoplasm singly or in small groups or chains. At the luminal aspect,
only those vesicles with a neck in the process of being pinched off from the surface are
counted. Within the endothelium only vesicles with a full profile and definite unit mem-
branes are counted.

f. The mean vesicles/µm2 of endothelium for vessels in the different experimental groups
are compared simultaneously by the one way analysis of variance with the Tukey post
hoc test (SPSS 11.0).

The mean vesicles/µm2 of arteriolar endothelium in normal rat brain cortex is 5 ± 1
(21) and for microvessels is 10–14 (22). The tracer HRP by itself does not alter the
number of pinocytotic vesicles in arteriolar endothelium. Breakdown of the BBB to HRP
in diverse experimental states is associated with a significant increase (p < 0.001) in
the mean vesicles/µm2 of arteriolar endothelium to 10 with 65% of vesicles containing
tracer (21).

3. Quantitative estimate of HRP: When HRP was first studied it was measured in tissue frac-
tions using calorimetric techniques. Modification of a prevalent calorimetric method has
also been used to determine HRP activity in brains of test and control rats (23).

3.3. Microperoxidase

This tracer, prepared from cytochrome c, has a molecular weight of 1900 daltons and
molecular diameter of 2 nm. It is localized in tissues at an ultrastructural level at the
same dose and by the same methods as used for HRP with minor modifications. Despite
its smaller molecular weight than HRP, it never gained popular usage for studies of BBB
permeability perhaps due to its cost and because it did not provide any additional infor-
mation as compared with HRP.

1. The tracer solution contains 0.5% microperoxidase in 0.154 M NaCl adjusted to pH 7.0
with 0.1 N NaOH. The tracer solution is prewarmed to 38°C immediately before use. It is
injected in a dose of 1 mL/100 g body weight at a rate of 0.1 mL/sec.

2. 10–20 mg of microperoxidase has also been used in mice.
3. At the termination of the experiment, animals are fixed by vascular perfusion of fixative

as described in Chapter 2, Subheadings 3.1.1–3.1.3.
4. The method for demonstration of microperoxidase in brain slices is the same as described

for HRP in Subheading 3.1.2. with a minor modification.
5. The substrate contains 0.05% DAB and 0.1 M imidazole in 0.05 M Tris-HCl, pH 7.6. The

final pH is adjusted to 8.8 using NaOH. Hydrogen peroxide 0.02% is added before use.
Imidazole increases the activity of the peroxidase.

6. Interpretation: Normal cerebral cortical vessels are impermeable to microperoxidase (24).

3.4. Combined Permeability and Ultracytochemical Studies

In an area of BBB breakdown, particularly in the acute hypertension model, not every
vessel shows a permeability change to HRP. Therefore to determine whether vessels with
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BBB breakdown show alterations in specific vascular enzymes, permeability studies can
be combined with histochemistry for the specific enzyme in the same brain slices (25,26).
In these experiments rats are injected with HRP as a tracer of BBB breakdown. The fix-
ative used must be compatible for the histochemical reactions of both HRP and the
enzyme of interest. The brain is processed for the demonstration of HRP reaction prod-
uct first as described in Subheading 3.1.2. and then slices are reacted for the demon-
stration of the enzyme of interest as described in the next chapter (see Chapter 9).

3.5. Radio-Iodinated Serum Albumin

The principal advantage of this method is that a quantitative estimate of BBB per-
meability to protein can be obtained using iodine-125–labeled serum albumin (RISA)
(10,27). A disadvantage of this method is that precautions have to be used throughout
the experiment because of the use of a radioisotope. This tracer cannot be detected by
visual examination; therefore, to identify areas with BBB breakdown before selection
of areas for measurement of radioactivity, this tracer has to be used in combination with
Evans blue. This method provides no information about how BBB breakdown occurs
at the tissue level.

1. Gloves and plastic aprons are worn throughout this procedure and the work area is cov-
ered with plastic coated bench paper (see Note 14).

2. Polyethylene cannulas have to be inserted one in the femoral artery for the withdrawal of
blood for total plasma radioactivity measurements and the other in the femoral vein for
administration of test substances.

3. Rats (200 g) are injected with 10 µCi RISA intravenously.
4. Blood (0.3 mL) is collected at regular intervals throughout the duration of the experiment

after the administration of RISA.
5. Evans blue is injected intravenously 10 min before the termination of the experiment.
6. The experiment is terminated by an intravenous bolus of sodium pentobarbital (37.5 mg).
7. A thoracotomy is then performed and 0.9% saline is perfused for 10 min via a cannula in

the ascending aorta to remove RISA from the lumen of vessels.
8. The brain is rapidly removed and divided into the regions of interest, which are dropped

into pre-weighed scintillation vials that are re-weighed to determine the weight of the blood
and the brain areas.

9. Radioactivity of the samples is determined using a gamma counter.
10. The sum of the radioactivity of all brain regions is used to calculate the leakage of RISA

in the whole brain.
11. The amount of leakage of RISA into brain is expressed as a percentage of plasma radioac-

tivity using the following formula:

Cpm/mg brain × 100% = % protein transfer
————————— × 100% = % protein transfer

Cpm/µl plasma × 100% = % protein transfer

12. Values of the mean percent protein transfer in the whole brain, in individual brain regions
of rats in the different experimental groups are compared simultaneously by the one-way
analysis of variance and the Tukey post-hoc test (SPSS 11.0).

This method was used to obtain a quantitative estimate of BBB permeability in
acutely hypertensive rats treated with the calcium entry blocker, flunarizine. The latter
results in decrease in protein transfer in total brain and individual brain regions of hyper-
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tensive rats showing increased permeability to Evans blue as compared with untreated
hypertensive rats suggesting that calcium plays a role in increased endothelial perme-
ability in hypertension (10).

3.6. Lanthanum

One of the smallest electron-dense tracers available is ionic lanthanum, which belongs
to the lanthanide series of rare earth metals. Ionic lanthanum has a molecular mass of
138.9 daltons and a radius of 0.12 nm; hence, it appears to be a marker of ion perme-
ability. Small concentrations of ionic lanthanum can be infused intravenously in living
rodents without apparent ill effects. This tracer has been used to study permeability of
tight junctions of normal cerebral vessels and following injury (28,29). Ionic lanthanum
is not visible by light microscopy making selection of abnormal vessels for electron
microcopy difficult. This is overcome by using both HRP and ionic lanthanum as trac-
ers in the same animal.

1. Rats are injected with HRP intravenously and simultaneously infused with a 5 mM lan-
thanum chloride solution at a rate of 0.34 mL/min via the other femoral vein.

2. The circulation time of lanthanum depends on the experimental design.
3. Animals are fixed by vascular perfusion of a paraformaldehyde-glutaraldehyde mixture for

5 min as given in Chapter 2, Subheading 3.1.3. This is followed by perfusion of the same
fixative containing 5 mM lanthanum chloride for 10 min.

4. Brains are then processed for demonstration of HRP reaction product as outlined in
Subheading 3.1.2. Five millimolar lanthanum chloride is added to the cacodylate buffer
to prevent the lanthanum from being washed out of the tissues.

5. Vessels showing permeability to HRP and nonpermeable vessels are selected for process-
ing for electron microscopy as described in Chapter 2, Subheadings 3.2–3.6.

6. Interpretation:
a. Lanthanum appears as an electron-dense precipitate on electron microscopy (Fig. 1D).

Normal intracerebral vessels are not permeable to ionic lanthanum infused for 6 min
prior to fixation (28,29).

b. Following intracarotid administration of a hypertonic solution of arabinose, ionic lan-
thanum can penetrate cerebral endothelial tight junctions and extend into continuity in
the basal lamina of vessels (28).

c. A 6-min circulation of ionic lanthanum allows passage of this tracer through the choroid
plexus vessels but not through the apical tight junctions between the choroidal epithe-
lial cells (19). Longer circulation of lanthanum for 30 min (30) or administration of ionic
lanthanum via the carotid (31) does result in leakage of this tracer through the apical
tight junctions between choroidal epithalial cells with extravasation of this tracer into
the ventricular cavity.

3.7. Detection of BBB Breakdown by Immunohistochemistry

3.7.1. Single Labeling

Immunohistochemistry at the light microscopical level can detect areas having ves-
sels that are normally permeable to protein such as the area postrema and the median
eminence (Figs. 2A,B). This technique has also been used to detect BBB breakdown
to endogenous circulating proteins such as serum proteins (Fig. 2C), fibrinogen and
fibronectin using specific antibodies to these proteins (2,3). These proteins can be
detected in paraffin-embedded animal or human brain sections by the standard proto-
col given in Chapter 33.
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3.7.2. Dual Labeling for Permeability and a Specific Endothelial Protein

Protocols for dual labeling using immunoperoxidase or immunofluorescence are
given in Chapter 33. These techniques allow the detection of vessels showing BBB
breakdown by using an antibody to circulating proteins such as serum proteins, fib-
rinogen or fibronectin. Another protein related to permeability can be demonstrated in
the endothelium of the vessel showing BBB breakdown. Double labeling for VEGF-A
in a vessel with BBB breakdown to fibronectin is shown in Chapter 33; Figs. 2E,F.

In areas of BBB breakdown not every vessel is permeable. Therefore studies docu-
menting alterations in tight junction proteins such as zonula occludens-1 and occludin
(32) should be combined with evidence of protein extravasation from vessels to deter-
mine whether the alterations in the tight junctional proteins are related to BBB break-
down in the same vessel as demonstrated by others (4,5).

In conclusion, immunohistochemical techniques have largely replaced tracer tech-
niques in studies of BBB permeability in pathological states. Immunohistochemical
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Fig. 2. Immunohistochemical demonstration of serum protein extravasation in paraffin sec-
tions of rat brain are shown. Areas with vessels having no BBB such as the area postrema (A)
and the median eminence (B) show extravasation of serum proteins from vessel walls into the
surrounding neuropil. (C), Rat brain showing BBB breakdown with serum protein extravasa-
tion at the cortical cold injury site. Note extravasation of serum proteins in the ipsilateral and
contralateral white matter. A, B, x100; C, x50.



techniques at the light microscopical level take less time and do not require highly skilled
technical assistants as do the tracer studies and immunohistochemical procedures requir-
ing electron microscopy.

4. Notes
1. HRP, type VI is also available and is stated to contain less impurities than type II. Due to

its higher price and the finding that its effect on sensitive rats are the same as type II it has
not gained popular usage.

2. Most species of rats are known to develop an allergic reaction to HRP, which manifests as
respiratory difficulty and hypotension (15). To circumvent this, some authors inject rats
with an antihistamine 10–15 min before injection of HRP (15). However, this may alter
the permeability of cerebral vessels because histamine is known to affect BBB permeability
therefore in our studies antihistamines were not used.

3. The blood pressure and blood gases of rats injected with HRP should be monitored to ensure
that they are in the normal range.

4. Arterial hypotension following injection of HRP is less when inhalation anesthetics such
as metofane and halothane are used as compared with a barbiturate, such as nembutal.

5. The stated dose of HRP was used in our studies to detect early permeability changes in
acute hypertension. In models where massive permeability changes are anticipated, the dose
of HRP administered can be reduced to as little as 7.5 mg/100 g rat.

6. Both paraformaldehyde and glutaraldehyde are known to inhibit HRP therefore using
higher concentrations of either fixative alone reduces enzyme activity.

7. Length of perfusion: Perfusion of fixative for 10 min provides good tissue preservation and
allows tissue slices to be handled without breaking up. Longer perfusions reduce the activ-
ity of HRP. Shorter perfusions result in poor fixation and the tissue is more fragile and could
breakup while being handled.

8. It is not advisable to delete fixation and freeze brains with subsequent use of frozen sec-
tions for the demonstration of HRP reaction product as HRP will diffuse into the sur-
rounding brain. Some degree of diffusion also occurs after fixation. Secondly, endogenous
peroxidase activity could also be a problem because this is more rapidly suppressed by glu-
taraldehyde fixation than exogenous HRP.

9. In our studies brains were processed for demonstration of HRP reaction product approx
2 h after fixation as overnight fixation reduces the activity of HRP and the amount of
reaction product is markedly reduced.

10. At this stage brain tissue can be frozen and 40–50 µm cryostat sections can be used to
demonstrate HRP reaction product. However, the results are not as good and staining is
not as crisp as when tissue slices are used.

11. The chromogen DAB is a potential carcinogen and should be handled with gloves. It is made
fresh daily and dissolved in a fume hood. Hydrogen peroxide is added just before use
because oxidation begins directly after its addition. After the reaction, bleach is added
to the DAB solution to allow oxidation to a white precipitate.

12. The DAB solution is light sensitive; therefore, the reaction is done in a hood in the
dark or the petri dishes containing the slices are covered with a cardboard box.

13. Brain slices can also be mounted in Aquamount for long-term storage. Photographs of the
aquamount preparations are never as good as those taken using glycerine-mounted slices.
Alternately, slices can be dehydrated in ethanol and xylene and mounted in permount.

14. Details of the precautions that have to be taken during these experiments are obtained from
the Radiation Safety Department of the Institution. Briefly, the rat, bench paper, syringes
and all wastes are disposed in a bag, which is labeled with a radioactive sticker and a label
identifying the principal investigator. Instruments are soaked in count-off and then washed.
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A counter is required to monitor the radioactivity in the work area. Wipe tests have to be
done after the experiment and weekly.
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Ultracytochemical Studies of the Compromised
Blood–Brain Barrier

Sukriti Nag

1. Introduction
Several cerebral endothelial properties can be studied by electron microscopy such

as endothelial surface charge, the composition of monosaccharide residues on the
endothelial plasma membrane and enzyme localization in intracerebal vessels. All these
factors play a role in blood–brain barrier (BBB) breakdown to protein in pathological
states as discussed in Chapter 6.

1.1. Endothelial Surface Charge

The surface of all cells have a net negative charge which is mainly due to sialyl groups
(1) along with carboxyl groups of proteins, phosphates of phospholipids, amines of pro-
teins, and proteoglycans (2,3). The surface charge on endothelium can be determined
at the ultrastructural level by binding of agents such as cationized ferritin (4), colloidal
iron (5), cationized colloidal gold (6), or poly-L-lysine-gold complexes (7). These tech-
niques demonstrate a net negative charge on cerebral endothelium as well (5,8–10).

1.2. Monosaccharide Residues on the Endothelial Luminal 
Plasma Membrane

Specific oligosaccharide residues were localized on the endothelial plasma membrane
of non-neural vessels by light microscopy using lectins conjugated with fluorescent dyes
(11) or antibodies to lectins (12) or by electron microscopy of tissues incubated with
lectins followed by an horseradish peroxidase (HRP)-gold conjugate, or mucin-gold
complex or lactosaminated albumin-gold complex (13). These methods were adapted
for electron microcopic studies of monosaccharide residues on the surface of cerebral
endothelium (7,14). Most of the lectins studied (Table 1) were localized on the surface
of cerebral endothelium (7,14) with the exception of peanut agglutinin (14,15). There
was no difference in lectin localization in vessels of areas having a BBB such as the
cerebral cortex and areas having no BBB such as the pituitary (16).

1.3. Ultracytochemistry of Enzymes in Cerebral Vessels

Early enzyme localizations in cerebral vessels used histochemical techniques on
paraffin sections (17), imprints and squash preparations of brain (18) or biochemical
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Table 1
Biotinylated Lectins with Their Major Sugar Specificites and the Binding Inhibitor Used to Block Lectin Binding

Binding in Binding in vessels
Biotinylated lectins Major sugar specificities Binding inhibitor used normal vessels permeable to HRP

Concanavlin A (Con A) α-D-mannosyl O-methyl-α-D-mannopyranoside + +
α-D-glucosyl-

Dolichos biflorus α-N-acetyl-D-galactosaminyl N-acetylgalactosamine + +
agglutinin (DBA)

Peanut agglutinin (PNA) β-D-gal-(1-3)-D-gal N-acetyl _ +
β-D-galactosyl-

Ricinus communis I β-D-galactosyl B-methyl-D-galactoside + +
agglutinin (RCA I)

Soybean agglutinin (SBA) α-N-acetylgalactosaminyl N-acetylgalactosamine + +
Ulex europaeus I α-L-fucosyl L-fucose + +

agglutinin (UEA I)
Wheat germ agglutinin β-N-acetylglucosaminyl N-acetylglucosamine + +

(WGA) N-acetylneuraminic (sialic) acid

All these lectins bind to the luminal plasma membrane of normal cerebral endothelial cells except peanut agglutinin, which only binds to the luminal plasma mem-
brane of vessels permeable to horseradish peroxidase (HRP).
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techniques using brain homogenates (19,20). Enzyme localizations in cerebral vessels
by light microscopy demonstrated many interesting findings (9,10,21–23). Some
enzymes such as alkaline phosphatase and the transport adenosine triphosphatases
(ATPases) though ubiquitous being present in both non-neural and cerebral capillaries
are highly enriched in cerebral capillaries (24,25). Other enzymes such as γ-glutamyl
transpeptidase (19) and butrylcholinesterase (20,26,27) are present only in endothelium
of vessels in areas having a BBB while the enzymes dopa decarboxylase and monoamine
oxidase are located in the cytoplasm of cerebral endothelial cells but not in endothe-
lium of non-neural vessels (28,29).

Histochemistry done at the light microscopic level is sometimes difficult to interpret
because it is difficult to be certain which component of the vessel wall contains the
enzyme of interest and also which organelles contain the enzyme. This is overcome by
localizing enzymes at the ultrastructural level, which is done by two principal meth-
ods. One method is based on a histochemical reaction, which results in the formation
of an end product, which is electron-dense and can be localized by electron microscopy.
The latter not only provides information about the subcellular localization of enzymes
but also gives an indication of the intensity of the catalytic activity. The other ultracy-
tochemical method for enzyme localization is immunohistochemistry using antibodies
to specific enzymes, which are conjugated with HRP or gold particles. Details of the
latter method are given in the next chapter (Chapter 10) and studies in the literature
(9,10). Some of the enzymes localized in cerebral vessels at the ultrastructural level are
shown (Table 2).

In some ultracytochemical studies, different amounts of reaction product were
observed on the luminal and abluminal plasma membranes of cerebral endothelial cells
leading to the conclusion that both membranes are functionally different and gave rise
to the concept of polarity, which should permit active solute transport across brain cap-
illary endothelial cells (9,42). These authors found that Na+,K+-ATPase is located pre-
dominantly on the abluminal plasma membrane by histochemistry and quantitation and
proposed that it acts as an ion pump, removing potassium from the brain to the blood
against the concentration gradient and removing sodium from the cytoplasm into the
brain interstitium, also against the concentration gradient. An early attempt to corre-
late enzyme localization with vessel function demonstrated BBB breakdown to trypan
blue following inhibition of butyrylcholinesterase and acetyl cholinesterase (30).
Ultracytochemistry of cerebral vessels in disease states such as scrapie, vessel injury
and BBB breakdown during hypertension (see Table 2) show alterations in enzyme
localization or activity.

In this chapter, the methods for ultrastructural localization of the transport adeno-
sine triphosphatases, Na+,K+-ATPase, and Ca2+-ATPase in cerebral vessels will be
described in steady states and in vessels with BBB breakdown in acute hypertension.
In these studies enzyme localization is combined with the use of the tracer HRP to local-
ize vessels with BBB breakdown to detect alterations in enzyme localization in these
vessels. It is possible to perform two histochemical reactions using the same tissue since
the lead phosphate formed during the ATPase reactions is jet-black and easily differ-
entiated from HRP reaction product, which is less electron-dense.
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Table 2
Some of the Enzymes Localized by Ultracytochemistry in Intracerebral Vessels
in Normal and Disease States

Histochemical Demonstration of Enzymes
Acetylcholinesterase Normal vessels and Joo and Varkonyi (30)

post-injury
Normal vessels Flumerfelt et al. (26)

Adenylate cyclase Normal vessels Vorbrodt et al. (31)
Acid phosphatase Normal vessels Vorbrodt (10)

Chronic hypertension Yamada et al. (32)
Alkaline phosphatase Scrapie Vorbrodt et al. (33)

Experimental Allergic Kato and Nakamura (34)
Encephalomyelitis

Butyryl cholinesterase Normal vessels and Joo and Varkonyi (30)
post-injury

Normal vessels Flumerfelt et al. (26)
Calcium-dependent adenosine Normal vessels Inomata et al. (35)

triphosphatase Nag (36)
Acute Hypertension Nag (37)
Brain edema Kawai et al. (38)

Glucose-6-Phosphatase Normal vessels Broadwell et al. (39)
Guanylate cyclase Normal capillaries Karnushina et al. (40)
Magnesium-dependent adenosine Normal vessels Inomata et al. (35)

triphosphatase Vorbrodt (10)
Monamine oxidase Normal vessels Fujimoto et al. (41)

Normal vessels Inomata et al. (35)
5′-Nucleotidase Normal vessels Inomata et al. (35)

Scrapie Vorbrodt et al. (33)
Nucleoside diphosphatase Scrapie Vorbrodt et al. (33)
Ouabain-sensitive and Normal vessels Betz et al. (42),

potassium-dependent Inomata et al. (35), Nag (43),
p-nitrophenyl phosphatase Vorbrodt et al. (44)

Acute Hypertension Nag (43)
Brain Injury Vorbrodt et al. (44)
Experimental Allergic Kato and Nakamura (45)

Encephalomyelitis
Thiamine monophosphatase Normal vessels Inomata et al. (35)
Thiamine pyrophosphatase Normal vessels Inomata et al. (35)

Scrapie Vorbrodt et al. (33)
Thiamine triphosphatase Normal vessels Inomata et al. (35)

Immunocytochemical Demonstration of Enzymes
γ-glutamyl transpeptidase Normal vessels Ghandour et al. (46)



2. Materials
2.1 Experimental Model

1. Male Wistar-Furth rats weighing 200–220 g.
2. Metofane (Janssen-Ortho Inc., Toronto, Canada).
3. Two 20 cm segments of PE-50 polyethylene tubing (Clay Adams, Parsippany, NJ) attached

to 10-mL plastic syringes by a 23-gage needle. The syringes are filled with heparinized
saline (2.5 U heparin/mL saline) for femoral artery and vein cannulations.

4. Pressure transducer (NARCO Biosystems, Austin, TX) connected to a polygraph (Grass
Instruments, Quincy, MA).

5. Angiotensin amide (Ciba).
6. Horseradish Peroxidase, Type II (Sigma Chem. Co., St Louis, MO).

2.2. Endothelial Surface Charge
1. Fixative: 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M cacodylate buffer

(pH 7.2) containing 4.35% sucrose and 0.05% calcium chloride.
2. Dulbecco’s PBS (DPBS), GIBCO-BRL.
3. DPBS containing 0.1 M Glycine.
4. Phosphate-buffered saline (PBS).
5. Cationized ferritin solution 0.5 mg/mL, pH 8.5 (Miles-Yeda, Rehovat, Israel) and native

ferritin, pH 4.5 (horse spleen, Calbiochem-Behring, San Diego, CA).
6. Neuraminidase, type X (Sigma), 4 U/mL in 0.1 M sodium acetate buffer, pH 5.4. Add

9 mg NaCl and 1 mg CaCl2/mL of buffer.
7. Substrate for demonstration of HRP reaction product: 0.06 % 3,3′-diaminobenzidine

tetrahydrochloride (Sigma) in 0.06 M Tris-HCl buffer, pH 8.0.
8. 1% hydrogen peroxide solution.
9. TC-2 Tissue sectioner (Sorvall) or Vibratome.

2.3. Monosaccharide Residues on the Endothelial Luminal 
Plasma Membrane

1. Biotinylated lectins (see Table 1) and avidin D-HRP (Vector Laboratories, Burlingame, CA).
2. Binding inhibitors (Sigma): O-methyl-α-D-mannopyranoside, N-acetylgalactosamine,

B-methyl-D-galactoside, N-acetylgalactosamine, L-fucose, and N-acetylglucosamine.

2.4. Ultracytochemistry of Enzymes in Cerebral Vessels

2.4.1. Localization of Na+,K+-ATPase

1. Fixative: 2% paraformaldehyde and 0.2 % glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.2) containing 4.35 % sucrose (see Notes 1 and 2).

2. 1% Lead citrate in 50 mM KOH solution.
3. 1 M glycine-KOH buffer, pH 9.0.
4. Substrate: 1% lead citrate in KOH, 8 mL; glycine KOH buffer, 5 mL; Levamisole 12 mg

(Sigma); 0.1 M p-nitrophenylphosphate (Mg salt, Sigma); and 2 mL of distilled water. Stir
to dissolve, and add 5 mL of dimethyl sulfoxide (DMSO, Sigma). Adjust the pH of this
solution to 9.0 (see Note 3). Levamisole inhibits nonspecific alkaline phosphatase activ-
ity while DMSO enhances K+-NPPase activity.

5. 10 mM ouabain solution.

2.4.2. Localization of Ca2+-ATPase

1. 2 mM Lead citrate solution: Add the required amount of lead to distilled water and stir.
1 M NaOH is added drop by drop until the solution clears.
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2. Substrate: 2 mM lead citrate containing 250 mM glycine, 10 mM calcium chloride, and
10 mM levamisole. Adjust the pH of this solution to 9.0 and add 2 mM Na2ATP (Sigma)
(see Note 3).

3. Chemicals (Sigma): adenosine monophosphate (AMP), 10 mM p-chloromercuric ben-
zoate, 0.1 mM quercetin, 0.1 mM oligomycin, and 10 mM MgCl2.

3. Methods
The ultrastructural methods outline how to study (1) endothelial surface charge,

(2) monosaccharide residues on the endothelial luminal plasma membrane and (3) Na+,
K+-ATPase and Ca2+-ATPase localization in normal intracerebral cortical vessels and
vessels with BBB breakdown to HRP in acute hypertension (see Note 4).

3.1. Endothelial Surface Charge

3.1.1. Experimental Model

The methods described in this chapter utilize the acute hypertension model in which
sudden rapid elevations of blood pressure are accompanied by BBB breakdown of
cerebral cortical vessels in multifocal areas of the cortex, particularly in the temporo-
parietal lobes (8,37,43,47). This protocol will now be described.

1. Male Wistar-Furth rats weighing 200–220 g are anesthetized using methoxyflurane
inhalation.

2. A polyethylene catheter (PE-50) inserted into the left femoral artery is connected to a pres-
sure transducer for continuous monitoring of the blood pressure and sampling of blood for
gas and pH determinations.

3. Another polyethylene catheter (PE-50) is inserted into the femoral vein for infusion of test
substances.

4. Rats are injected intravenously with 250 mg/kg HRP, type II.
5. One minute later, hypertension is induced by a 2-min intravenous infusion of angio-

tensin II (24 ug).
6. Control rats are injected with saline instead of angiotensin.
7. Thirty seconds after the termination of the angiotensin or saline infusion, a thoracotomy

is performed and rats are perfused with fixative via the ascending aorta at a pressure of
120 mm Hg. Details of perfusion fixation are given in Chapter 2, Subheading 3.1.3.

8. Brains are removed and placed in the same fixative for 1 h at room temperature or as stated
in the specific method.

9. The temporo-parietal lobes are sliced coronally at a thickness of 50 µ using a tissue
sectioner and sections are collected in cacodylate buffer.

10. The cortex is cut into rectangular blocks (see Note 5).

3.1.2. Demonstration of Endothelial Surface Charge

1. Wash brain blocks of test and control rats with 3 changes of DPBS for 5 min each and then
place blocks in DPBS containing 0.1 M glycine for 30 min. to quench the unbound alde-
hyde groups and prevent nonspecific adsorption of ferritin on the surface of membranes.

2. Place blocks in DPBS containing cationized ferritin 0.5 mg/mL for 20–30 min at room tem-
perature (see Notes 6 and 7).

3. Place brain blocks of control rats in DPBS containing native ferritin at the same concen-
tration and for the same time as the cationized ferritin.

4. Another set of brain blocks from control rats are treated with 4 U/mL of neuraminidase for
1 h before incubation in the cationized ferritin solution.
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5. Wash blocks with DPBS twice for 5 min each.
6. Wash blocks once with 0.06 M Tris-HCl buffer, pH 8.0 and then perform the histochem-

istry for the demonstration of HRP reaction product by placing blocks in the substrate for
20 min (see Subheading 2.2.).

7. Blocks are then placed in the same substrate containing 2 mL of 1% hydrogen peroxide
for 20 min. Details of this procedure and the precautions to be observed are given in the
previous chapter (see Chapter 8, Subheading 3.1.2.). Vessels and areas with BBB break-
down to HRP appear brown and this can be detected visually or by light microscopy.

8. Leave blocks overnight at 4°C in the same fixative as used for the perfusion.
9. Process blocks for electron microscopy the next morning as described in Chapter 2,

Subheadings 3.2.–3.6.
10. Ultrastructural Findings

a. Intracerebral cortical arterioles of control rats incubated with native ferritin do not show
ferritin particles on the endothelial surface.

b. Cortical arterioles from control rats incubated with cationized ferritin show uniform
binding of this agent on the luminal plasma membrane of endothelium (Fig. 1A), (8)
(see Note 8).

c. Cortical vessels of control rats incubated with neuraminidase prior to cationized ferritin
show marked reduction of cationized ferritin binding on endothelium due to loss of the
sialyl groups (15).

d. Arterioles of hypertensive rats with BBB breakdown to HRP show tracer in all layers
of the vessel wall with extravasation into gap junctions between astrocytic foot processes.
The endothelium and occasionally the smooth muscle cells show increased numbers of
plasmalemmal vesicles or caveolae many of which contain tracer (Fig. 1B).

e. Arterioles of hypertensive rats with BBB breakdown to HRP show loss of CF binding
on endothelium therefore increased permeability is associated with loss of the net neg-
ative charge on endothelium (Fig. 1B) (8).

11. Limitations

This technique only allows localization of anionic groups on the luminal plasma
membrane of live or fixed endothelium in brain slices. To determine the charge on
both the luminal and abluminal plasma membrane, techniques such as cationic
colloidal gold (6) or of poly-L-lysine-gold complex (7) binding to ultrathin sections
of brain can be used. Using these techniques the binding of cationic colloidal gold was
observed to be more regular and more intense on the luminal than the abluminal plasma
membrane suggesting a polar distribution of anionic sites on cerebral endothelium (9).

3.2. Monosaccharide Residues on the Endothelial Luminal 
Plasma Membrane

1. The experimental model is the same as described in Subheading 3.1.1. and the fixative is
the same as described in Subheading 2.2.

2. Incubate fixed brain blocks of test and control rats in the biotinylated lectins listed in
Table 1, at concentrations of 0.5–1 mg/mL except for wheat germ agglutinin, which is used
at a concentration of 0.05 mg/mL. The blocks are incubated for 1.5 h with continuous gentle
agitation (see Note 7).

3. Specificity of lectin binding is checked by competitive inhibition in which 0.5 M of the
monosaccharide to which each lectin binds is added to the incubation medium.

4. Incubate brain blocks of control rats with biotinylated lectin solutions with non-compet-
ing sugars or with avidin-HRP alone.
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5. In a separate series, brain blocks of control rats are pretreated with 4 U/mL of
Neuraminidase, for 1 hr at 37°C before the demonstration of lectin binding.

6. Wash blocks three times with PBS for 5 min each.
7. Place blocks in Avidin D-HRP (15 µg/mL) for 30 min at room temperature.
8. Repeat step 6 and then incubate the blocks in the substrate for demonstration of HRP reac-

tion product as described in steps 6–8.
9. Process blocks for electron microscopy as described in Subheading 3.1.2., step 9 (see

Notes 9 and 10).
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Fig. 1. (A), Segment of an intracerebral cortical arteriole from a control rat showing uniform
binding of cationized ferritin on the luminal plasma membrane of endothelium. (B), Arteriolar
segment from an acutely hypertensive rat showing increased permeability to HRP which is pre-
sent in the basement membrane of the endothelium, smooth muscle cell layer and adventitia.
An increased number of endothelial vesicles are present and many of the vesicles contain HRP.
Note lack of cationized ferritin binding on the luminal plasma membrane. (C), Segment of arte-
riolar wall from a control rat showing linear electron-dense reaction product on the luminal
plasma membrane of endothelium indicating the binding of biotinylated ricinus communis
lectin. (D), Permeable arteriolar segment of a hypertensive rat showing HRP in the basement
membranes of the vessel wall. Note the luminal binding of peanut agglutinin. A, D, x60,000;
B, x40,000; C, x52,000.



10. Ultrastructural Findings
a. Lectin binding is demonstrated as an uniform, linear, electron-dense deposit on the lumi-

nal plasma membrane of endothelium of intracerebral arterioles and microvessels
(Fig. 1C). Lectin binding is present in plasmalemmal vesicles at the luminal plasma
membrane and at the luminal end of the interendothelial space but no binding is present
on plasma membranes beyond the first tight junction. The same pattern of lectin bind-
ing is present for Con A, SBA, WGA, and RCA I (14,15). Staining intensity is less for
UEA I and DBA even when higher concentrations of lectin are used. Biotinylated PNA
does not bind to the endothelial luminal plasma membrane of normal cerebral vessels.

b. Lectin binding does not occur when blocks are treated as given in step 3 or with Avidin-
HRP alone.

c. Blocks treated as given in step 5 show a similar pattern of lectin binding as observed
previously. In addition there is binding of PNA to the luminal plasma membrane of
endothelium and accentuated staining for SBA (15). Thus neuraminidase removes the
terminal sialyl groups exposing the subterminal β-D-gal-(1-3)-D-gal N-acetyl groups to
which PNA binds.

d. Arterioles of hypertensive rats with BBB breakdown to HRP show similar findings as
given in Subheading 3.1.2., step 10d.

e. Vessels permeable to HRP in angiotensin-induced acute hypertension show similar
results as control vessels with regard to localization of all the lectins studied except
for PNA. Permeable vessels show PNA binding on endothelium (Fig. 1D) (47). The sig-
nificance of this finding is discussed in Chapter 6.

11. Limitation
This technique allows localization of monosaccharide residues on the luminal plasma
membrane only. In order to study both the luminal and abluminal plasma membrane it is
necessary to use a technique which can be applied to ultrathin sections of brain embedded
in a hydrophilic media such as Lowicryl K4M and use lectin-gold complexes (10). These
authors demonstrate differences in the binding of some of the lectins studied to the
luminal and abluminal plasma membrane of normal cerebral endothelium, reinforcing
the concept of polarity and that both membranes have different properties (9).

3.3. Ultracytochemistry of Enzymes in Cerebral Vessels

3.3.1. Na+,K+-ATPase and HRP Histochemistry

The Na+, K+ pump operates as an antiport, actively pumping Na+ out of the cell and
K+ in against their concentration gradients. Energy for these processes are derived from
the breakdown of adenosine triphosphate to adenosine diphosphate and phosphate by
the Na+,K+-ATPase enzyme. Localization of Na+,K+-ATPase at the ultrastructural level
by the one-step method (48) gives reliable results and this technique is used to local-
ize the ouabain-sensitive, K+-dependent p-nitrophenylphosphatase (K+-NPPase) activ-
ity of the Na+, K+-ATPase complex in normal intracerebral cortical vessels and vessels
of rats with angiotensin-induced acute hypertension.

1. The experimental protocol is the same as given in Subheading 3.1.1.
2. Brains are fixed by vascular perfusion of fixative for 8 min only (see Subheading 2.4.1.

and Note 2).
3. Remove brains and place in the same fixative as used for perfusion for 1 h at 4°C.
4. Transfer brains to 0.1 M cacodylate buffer containing 10% DMSO and slice at 50-µm inter-

vals using a tissue sectioner.
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5. Perform histochemistry for the demonstration of K+-NPPase (see Note 11) by placing slices
in substrate (see Subheading 2.4.1.) for 45 min at 37°C followed by 2 washes in 0.1 M
cacodylate buffer.

6. Cytochemical controls consist of incubating slices in:
a. Substrate-free medium
b. Medium excluding levamisole.
c. A medium in which K+ ions are replaced by Na+ ions.
d. A medium that contains 10 mM ouabain. Slices are preincubated with 10 mM ouabain

in cacodylate buffer for 30 min before the cytochemical reaction.
7. Slices are then reacted for the demonstration of HRP reaction product as described in

Subheading 3.1.2., steps 6–8.
8. Process slices for electron microscopy as described in Subheading 3.1.2., step 9.
9. Ultrastructural Findings

a. Intracerebral cortical vessels of control rats show discontinuous electron-dense deposits
indicative of K+-NPPase on the outer plasma membranes of endothelial cells of arteri-
oles, capillaries and venules (Fig. 2A,B), (43,44). Significant differences are not pre-
sent in the amount of reaction product on the luminal and abluminal plasma membrane
of arteriolar endothelium (see Fig. 2A) but capillary endothelium show more reaction
product on the abluminal than luminal plasma membrane (see Fig. 2B). Enzyme is also
localized on the outer plasma membrane of smooth muscle and adventitial cells in the
case of arterioles and pericytes in the case of capillaries. Localization of K+-NPPase is
prominent within endothelial plasmalemmal vesicles and on the outer plasma membrane
of invaginating vesicles.

b. No reaction product is observed when blocks are treated as described in steps 6a and c.
c. Reaction product is increased when levamisole is excluded from the incubation medium.
d. Reaction product is significantly reduced when blocks are preincuabted with ouabain.
e. Localization of HRP in arterioles with a compromised BBB is similar to the findings

described in Subheading 3.1.2., step 9c.
f. Vessels permeable to HRP in acute hypertension show marked reduction of K+-NPPase

localization in vessel walls (Fig. 2C).

3.3.2. Ca2+-ATPase and HRP Histochemistry

Plasma membrane Ca2+-ATPase splits ATP to derive energy, which enables it to
move calcium out of the cell up the steep concentration gradient that is present across
the plasma membrane. A histochemical reaction that results in the formation of lead
phosphate, which is electron-dense, allows localization of this enzyme at the ultra-
structural level (49). Using x-ray microanalysis, the reaction product was confirmed to
contain lead and phosphate.

1. The experimental model is the same as described in Subheading 3.1.1. and the fixative is
the same as described in Subheading 2.4.1.

2. Brain slices are reacted for the demonstration of HRP reaction product, which is done as
stated in Subheading 3.1.2., steps 6–8 (see Note 12).

3. Brain blocks containing vessels permeable to HRP and nonpermeable vessels are then
reacted for the demonstration of Ca2+-ATPase.

4. Brain blocks are washed with 2 changes of glycine buffer and incubated in freshly prepared
substrate (see Subheading 2.4.2.) for 30 min at room temperature.

5. The following controls are done:
a. Exclusion of Ca2+-ions from the substrate
b. Exclusion of ATP from the substrate
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c. Substitution of ATP with AMP.
d. Boiling the blocks before the reaction
e. Inclusion of 10 mM p-chloromercuric benzoate or 0.1 mM quercetin or 0.1 M oligomycin

or 10mM MgCl2 in the medium.

6. Blocks are then washed in 3 changes of cacodylate buffer and processed for electron
microscopy as described in Subheading 3.1.2., step 9.

7. Ultrastructural Findings
a. Intracerebral cortical vessels of control rats show discontinuous deposits of electron-

dense reaction product indicating presence of Ca2+-ATPase on the endothelial plasma
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Fig. 2. Segments of arteriolar (A) and capillary (B) wall of a control rat showing black reac-
tion product indicative of K+-NPPase localization. Discontinuous deposits of electron-dense reac-
tion product are present on both the luminal and abluminal plasma membrane. (C) Segment of
an arteriolar wall from an acutely hypertensive rat showing HRP in the basement membrane of
the endothelium, smooth muscle and adventitial cells. Note the marked reduction in K+-NPPase
activity in the vessel wall in acute hypertension as compared to the vessel of the control rat.
Segments of arteriolar walls from a normotensive (D) and acutely hypertensive rat (E) showing
localization of Ca2+-ATPase. Note the discontinuous deposits of electron-dense reaction prod-
uct on the luminal and abluminal plasma membrane of endothelium. Note reduced localization
of the enzyme in acute hypertension (E) as compared to the vessel of the control rat (D). A, D,
E, x60,000; B, C, x44,000.



membranes of all types of vessels (Fig. 2D). In the case of arterioles, reaction product
is also present on the plasma membranes of the smooth muscle and adventitial cells (see
Note 13) (37).

b. Multifocal deposits of reaction product indicative of Ca2+-ATPase activity are present
in association with endothelial actin filaments both those present in the cytoplasm and
those along the interendothelial junctions.

c. A striking finding is the localization of Ca2+-ATPase in plasmalemmal vesicles of the
endothelial and smooth muscle cells. Invaginating vesicles at both the luminal and ablu-
minal plasma membrane also show reaction product on the outer plasma membrane.

d. Occasional red blood cells present in the vascular lumina show reaction product on the
outer plasma membrane serving as a good positive control for this histochemical reac-
tion.

e. The controls treated as given in steps 5a–d of this section fail to show reaction product
in cerebral vessels.

f. The controls treated as given in step 5e show marked reduction of reaction product in
endothelial, smooth muscle and adventitial plasma membranes while no effect is
observed on Ca2+-ATPase localization in association with actin filaments or plas-
malemmal vesicles.

g. Localization of HRP is similar to the findings described previously in Subheading 3.1.2.,
step 10d.

h. Vessels permeable to HRP in acute hypertension show marked reduction of Ca2+-ATPase
localization in vessel walls (Fig. 2E).

3.4. Concluding Remarks

The methods listed in this chapter demonstrate that ultracytochemistry can be used
to detect alterations in enzyme distribution and activity in cerebral vessels with a com-
promised BBB. Reduced enzyme localization of Na+, K+-ATPase and Ca2+-ATPase in
cerebral vessels with BBB breakdown to protein has also been observed in rats with
chronic renal hypertension (50) and the significance of these findings in the pathogen-
esis of BBB breakdown in hypertension has been discussed previously (51).

The techniques listed in this chapter can be applied to cultured cells. A recent study
describes the use of high-voltage microscopy to obtain three-dimensional views of
organelles of cells cultured on grids and stained by histochemical procedures for the
demonstration of various enzymes (52).

The availability of antibodies to specific enzymes has resulted in histochemical tech-
niques being replaced by immunohistochemical techniques to demonstrate enzymes of
interest using the immunogold technique, which is described in the next chapter
(Chapter 10). Ultracytochemistry can also be combined with the immunogold technique
in the same tissue to answer specific questions as done previously (53). In such cases,
cerium should be used as a capture agent for phosphate instead of lead as cerium phos-
phate precipitates are more stable than lead phosphate during postembedding immuno-
cytochemistry (54).

4. Notes
1. In the ultracytochemical methods listed in this chapter cacodylate buffer was used with sat-

isfactory results. Other authors suggest that Pipes buffer is more preferable than cacody-
late to preserve both enzyme activity and ultrastructure (54).

2. Concentration of glutaraldehyde greater than 0.2 % inhibits the K+-NPPase activity.
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3. The substrates are freshly prepared and should be clear otherwise they have to be filtered
before use. Cloudy substrates may result in a nonspecific electron-dense particulate pre-
cipitate throughout the tissue.

4. It is essential to treat tissues from the control and test rats in an identical manner. The total
time the brain is in fixative, the time when the histochemical reaction is done after fixa-
tion and the time when tissues are processed for electron microscopy must be kept con-
stant. Minor variations in these times may alter the final reaction product obtained and
preclude comparison of results of control and test rats. For this reason, studies in the lit-
erature pertaining to localization of a single enzyme cannot be compared unless identical
experimental protocols are used.

5. Using a stereoscope the cortex is cut into rectangular blocks and only blocks containing
penetrating arterioles are processed for electron microscopy. The pial surface and the
superficial part of the molecular layer are cut away so that solutions can access the vessel
lumina for methods given in Subheadings 3.1 and 3.2.

6. Histochemical reactions are done using fixed brain slices. Perfusing reagents such as
buffers, cationized ferritin and substrate intra-arterially as done previously (42,55) dam-
ages the endothelial luminal plasma membrane and precludes demonstration of the lumi-
nal plasma membrane properties. This may be the reason why these authors did not observe
any enzyme in the luminal plasma membrane of endothelium.

7. Incubations are done by placing brain blocks in shell vials with microstir bars and placing
the vials on a magnetic stirrer set at a low speed so that the solution is gently agitated and
the tissue does not fragment.

8. This method is not reliable for the demonstration of charge on endothelium of microves-
sels since lack of cationized ferritin binding could result from inadequate penetration of
cationized ferritin into the lumen of microvessels.

9. Following all histochemical procedures the edges of the blocks may show nonspecific pos-
itive staining for HRP. These edges are cut away before processing the tissue for electron
microscopy or when the blocks are trimmed for ultrathin sectioning.

10. HRP reaction product indicative of lectin binding on the luminal plasma membrane can be
seen in semithin unstained sections. To save time, examine these sections to ensure that
HRP reaction product is present before proceeding to ultrathin sectioning.

11. Histochemical reactions are done about 90 min after perfusion fixation. Longer fixation
results in marked decrease in the amount of reaction product indicating decrease in enzyme
activity.

12. When the histochemical reaction for demonstration of HRP reaction product is done after
the histochemistry for demonstration of Ca2+-ATPase, reaction product of the latter is very
much reduced. Therefore in our studies HRP reaction product is demonstrated first followed
by the demonstration of Ca2+-ATPase.

13. In this study histochemical reactions for demonstration of both Ca2+-ATPase and HRP was
done in control rats therefore the reaction product representing Ca2+-ATPase activity was
less than controls in which only Ca2+-ATPase was demonstrated (36).
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Immunogold Detection of Microvascular Proteins 
in the Compromised Blood–Brain Barrier

Eain M. Cornford, Shigeyo Hyman, and Marcia E. Cornford

1. Introduction
Few techniques have approached the high resolution afforded by immunoelectron

microscopy using gold markers for the detection of specific cellular proteins and other
molecules (1) or by post-embedding procedures (2). In principal, a primary antibody to
a particular protein, which has been fixed, embedded, and placed on a grid, is identified
by a host-specific secondary antibody conjugated to a gold particle of defined size. The
gold particle identifying the targeted protein is then detected by electron microscope
observation. This method has undergone a steady development over the past few years,
because it uniquely meets the need to precisely assign macromolecules to specific loca-
tions and domains within both tissues and cells. It has also been used to reveal antigens
that may be present in low or trace amounts and thus, has contributed to a greater under-
standing of functional specialization domains within cells and tissues. Its advantages
over light microscopic immunocytochemistry and confocal immunofluorescence local-
ization studies are that it can be carried out on very minute specimens and that it can
provide a permanent record for quantitative analyses of multiple domains. Its disad-
vantage is that, because of the small tissue size, more sampling is needed and more exper-
tise is required in handling, thus requiring more overall experimental time. Additionally,
the operation of an electron microscope (EM) can result in prohibitive costs.

Specialized methods have been developed for virus-infected cells (3), neurotrans-
mitters (4), glutamate receptors (5), and ganglioside antigens (6), indicating that many
ligand-specific techniques are available to the neuroscientist. Blood–brain barrier
(BBB)-specific proteins (7) including monocarboxylic acid transporters (8,9), ZO-1
tight junctional protein (10), endothelin (11), and p-selectin (12) have also been iden-
tified with EM immunogold. In our laboratory, we routinely process adjacent tissue sam-
ples for EM, and also fix samples in buffered formalin for paraffin-embedded light
microscopic immunocytochemistry. The parallel light microscopy provides orientation
and some assurance that the EM sample prepared does not represent an aberrant or non-
typical area of the cells under study. This chapter describes techniques and methods of
analysis, and will introduce the application of these methods by presenting selected
examples of the contributions quantitative EM immunogold techniques have made to
our understanding of the central nervous system microvasculature.
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2. Materials
1. 0.1 M Sorensen’s buffer: 0.1 M KH2PO4/Na2HPO4, pH 7.4.
2. EM fixative: 0.05% glutaraldehyde , 2% paraformaldehyde, 2% sucrose, 0.15 M NaCl,

0.15 mg/mL CaCl2, in 0.01 M Sorensen’s buffer.
3. LM fixative: 10% buffered formalin.
4. LR white resin, medium grade (Ted Pella, Redding, CA).
5. Absolute ethanol (Gold Shield Chemical, Hayward, CA).
6. Gelatin capsules, size 4 (Polysciences, Warrington, PA).
7. Nickel slot grids (Sjostrand type) and storage boxes (Ted Pella, Redding, CA).
8. Ultramicrotome (LKB).
9. Primary antibodies:

a. Rabbit anti-GLUT1 (Chemicon, Temecula CA).
b. Mouse anti GFAP (Glial fibrillary acidic protein; DAKO, Carpinteria, CA).
c. Rabbit /mouse anti-human serum albumin (DAKO).

10. Gold-conjugated secondary antibodies
a. Goat anti-rabbit, 5 nm, 10 nm gold (Amersham, Piscataway, NJ).
b. Goat anti-mouse, 10 nm, 20 nm gold (Ted Pella).

11. Buffer A:1% bovine serum albumin, 0.1% fish gelatin, 0.15 M NaCl, .05% Tween-20,
0.01 M sodium phosphate pH 7.4.

12. Blocking Buffer: 2.5% (wt/vol) ovalbumin, 2.5% (vol/vol) normal goat serum in Buffer A.
13. PBS.
14. Staining microwell mold (Ted Pella).
15. Parafilm.
16. Whatman no. 1 filter paper.
17. Osmium tetroxide, 4% aqueous (Ted Pella).
18. Uranyl acetate (Polysciences, Warrington, PA).
19. 0.22 um syringe filter units (4, 13, 25 mm; Millipore Corp, Bedford, MA).
20. Non-magnetic no. 7 curved forceps (Ted Pella).
21. 0.54% Formvar (Ted Pella) in ethylene dichloride (Mallinckrodt, St Louis, MO).
22. Photographic negatives, enlarger, paper, and developing supplies (Kodak).
23. Electron microscope (JEOL).
24. Digitizing tablet (Numonics, Montgomeryville, PA).
25. SigmaScan /Image Measurement Software (Jandel Scientific, Corte Madera, CA).

3. Immunogold Electron Microscopic Methods
3.1. EM Tissue Fixation

Traditionally, glutaraldehyde concentrations of approx 1–2% have been used for EM
tissue fixation of antigens, and alteration of fixation concentration and time may be the
first step to optimizing any procedure (13). Too little fixative compromises ultrastruc-
tural detail in tissue preservation, whereas too much fixative results in excessive cross-
linking, and the antigenic epitopes of interest are then not recognized by the primary
antiserum (see Note 1).

1. Brain tissues are immersion-fixed as rapidly as possible, to minimize autolysis.
2. Using a binocular stereomicroscope, shavings of brain tissue are cut into small (approx

1 mm3) pieces while immersed in the EM fixation buffer (30–45 min at 4°C).
3. The fixative is replaced by Sorensen’s buffer for at least 15 min, then dehydrated in ethanol

and embedded in resin.
4. Fixed tissue may be stored in refrigerated buffer overnight if necessary, without compro-

mising the procedure.
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3.2. Dehydration and Embedding

Once dehydration begins, the tissue is processed through to resin polymerization,
without interruptions.

1. Dehydration involves 10-min changes in 50%, 70%, 95%, and 100% ethanol before resin
infiltration. Care is taken to ensure that the tissue samples are not allowed to dry out during
the graded alcohol solution changes.

2. Embed in LR-White resin (see Note 2), using 15-min changes of 100% ethanol�resin 2�1,
1�1, 1�2, and pure resin (3x).

3. Sample glass vials are supported on a slowly rotating, tilted platform to promote mixing
of the viscous resin.

4. Tissue samples are then placed in individual gelatin capsules and polymerized overnight
at 50 ± 2° C.

3.3. Grid Preparation

1. Nickel slot grids are used for immunogold EM.
2. To coat grids with a formvar support, a solution of 0.54% formvar in ethylene dichloride

is prepared and filtered.
3. A cleaned glass microscope slide is dipped in the formvar and then scored with a sharp

knife.
4. The slide is gently inserted in a bath of distilled water at an angle, and the formvar layer

allowed to float free on the water surface.
5. Grids are then placed on the formvar layer to coat, then picked up with tweezers, dried,

and placed in grid storing boxes for later use.
6. Head-band, flip-up magnifying lenses (2–3x) facilitate working with grids for extended

periods.
7. Thin sections (70–80 nm) of brain tissue are cut on an ultramicrotome with a diamond knife,

then mounted on the formvar-coated slot grids.

3.4. Immunostaining

3.4.1 Single Labeling

To avoid deposition of debris on the grids, all chemicals are EM grade and all solu-
tions are filtered using 0.22-µm filters before use.

1. Incubate in (goat) blocking buffer for 30 min at room temperature. A drop (approximately
80–100 uL) of blocking buffer is pipetted onto clean parafilm, and the grid placed verti-
cally against the side of the drop.

2. Incubate in rabbit primary antibody (30 uL in microwell staining mold) overnight at 4°C
(see Notes 3,4).

3. After a gentle syringe “jet” wash, grids are washed in 6 drops of Buffer A for 10 min each.
The drops are placed on large sheets of parafilm as described above for the blocking pro-
cedure. When transferring the grid to the next drop, drain off excess fluid by holding the
edge of the grid with forceps and touching the contact point with a triangular piece of
Whatman no. 1 filter paper. Fluids drain by capillary action from the grid to the paper.

4. Place grids in drops of 10 nm-gold conjugated goat antirabbit serum on the parafilm for
2 h at room temperature (see Note 5).

5. Wash six times with PBS for 10 min each.
6. Fix for 5 min in 1% glutaraldehyde to immobilize the immunogold, then wash with dis-

tilled water for 10 min.

Immunogold Detection of Microvascular Proteins 163



7. Treat with 2% osmium tetroxide for 10 min and wash with distilled water for 10 min.
8. Stain for 30 min with 2% uranyl acetate, and wash twice with distilled water for 10 min

each (see Note 6).
9. Transfer to grid boxes for drying, storing, and transporting.

3.4.2. Double Labeling

We typically localize two different BBB epitopes simultaneously, using different-
sized gold particle markers: 10 nm gold to identify Glut1 and 20 nm gold for GFAP
(Fig. 1). The procedure is the same as for single labeling except that a mixture of poly-
clonal Glut1 (1�800) and monoclonal GFAP (1�400) are present in Subheading 3.4.1.,
step 2, and a mixture of Goat anti-rabbit 10nm gold (1�75) plus Goat anti-mouse 20nm
gold (1�75) are present in Subheading 3.4.1., step 4.

3.5. Quantitative Analyses of Epitope Densities

Newer electron microscopic systems capable of supporting digital image analyses
permit direct immunogold quantification (13), but our experience lies with human dis-
crimination. (In dual label studies, it is important to confirm that if digital software
recognition programs are used, that they can accurately identify membrane-associated
particles, as well as discriminating two attached or adjacent 5-nm gold particles from
a single 10-nm particle.)

1. Grids containing one section are scanned to record all capillary profiles at x1900 in an elec-
tron microscope operating at 80 kV, and endothelial cell profiles photographed for glucose
transporter, GFAP, serum albumin, and other epitope analyses.
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Fig. 1. Double-label immunogold EM demonstration of endothelial (GLUT1) glucose trans-
porter protein with 10-nm gold particles, and perivascular glial fibrillary acidic protein (GFAP)
with 20-nm gold particles. The human brain tissue was resected from an actively spiking lesion
of a patient with complex partial seizures. Note the type A endothelial cell (in the upper left)
exhibits abundant GLUT1 expression, in contrast to the reduced GLUT1 expression in the abut-
ting type B endothelial cell (upper right). Glial scarring is seen immediately below the peri-
capillary basal lamina. Over-expression of GFAP epitopes is apparent along the many fibrils (seen
in the lower half of the image) within the glial foot process.



2. In traditional electron microscopy, there is an emphasis on selecting and photographing
artistic images. The textbook image of a BBB capillary is a perfectly circular profile, from
a perfusion-fixed preparation.

3. In contrast, with quantitative electron microscopy, the emphasis is on complete (and there-
fore random) sampling. Every available capillary profile on each grid is photographed,
regardless of its shape or aesthetic appeal, at magnifications of x7–x14,000 to ensure no
bias in sample analyses.

4. Montages of longitudinal capillary sections are prepared when necessary for quantifica-
tion and digital analyses of the immunogold particles.

5. The negatives are photographically enlarged to x19–x38,000 for detailed examination of
the small gold particles, and the luminal and abluminal endothelial cell membrane lengths
measured (24).

6. A population of 15–25 capillaries is sufficient to characterize the tissue block studied.

3.5.1. Microvascular Parameters

1. The initial measuring procedure involves inspection of capillary photographic enlargements
under x3–x5 magnification, and the weakly contrasted (no lead staining) abluminal endothe-
lial and pericyte membranes along with the basal laminae, termed BM-1 and BM-3 (25),
are manually traced out.

2. The luminal membrane is typically more sharply contrasted against the lumen, and does
not require such definition.

3. Gold particles are manually counted and particles are assumed to be membrane-associated
when found within ±20 nm of the membranes.

4. The application of this limit is supported by the study of Takata et al. (26), who indicated
that 83% of the immunolocalizing gold particles identifying the sodium-dependent glucose
transporter protein (SGLT1) were found within a 40-nm zone around the membrane.

5. Cell nuclei are osmiophilic and typically contain condensed electron dense chromatin
material within the nuclear envelope. Immunogold particles tend to adhere nonspecifically
at these sites (27,28) when rinsing procedures are insufficient. It has often been useful to
compare gold particle counts at the nuclear border, and within the lumen of a capillary that
is devoid of plasma proteins or blood cells. This analysis indicates the effectiveness of the
immunostaining and wash procedures, as well as suggesting the background density of gold
particles in a staining preparation of experimental and control slides.

6. Areas of pericytes, basal lamina, nuclei and vacuoles are also identified for digitization,
and a wide variety of capillary and perivascular structures are systematically measured from
the photographs (29).

7. The digital analyses of the membrane lengths and cytoplasmic areas are performed using
a digitizing tablet and Sigma Scan image analyzer, which is calibrated for the specific mag-
nification of the photograph.

8. For every capillary profile examined, the following parameters are determined: luminal
membrane length, abluminal membrane length, net endothelial cytoplasmic area, capillary
lumen area, mean endothelial cell thickness, and (pericyte + basal lamina) area.

9. Nuclear areas of endothelia and pericytes are measured when present, as are the areas of
any cytoplasmic vesicles or vacuoles. The sum of these components is subtracted from the
total cytoplasmic area to estimate net cytoplasmic areas, which are remarkably constant in
cross-sectional profiles (with or without a nucleus).

10. GLUT1 immunogold particles are totaled for every capillary profile location, and the
number per micrometer of luminal and abluminal circumference determined along with
GLUT1 density per square micrometer of endothelial cytoplasm, and pericyte/basal lamina
areas.

Immunogold Detection of Microvascular Proteins 165



11. Reduced data may be presented in figures and tables as (length or area) means ± S.D.
12. Considerable differences in epitope densities may be seen in comparing different brain

regions (18,19). For example, brain capillary membrane GLUT1 transporter densities vary
by a factor of two- to threefold in a comparison of cerebellum, hippocampus and frontal
cortex microvasculature (30).

3.5.2. Influence of Gold Particle Size on Epitope Density

Smaller (1 nm) gold particles may be difficult to see, requiring silver enhancement
(7). The size of gold particle preparations from different manufacturers may also be quite
variable. Differentiation of 10- and 5-nm particles in some instances is easily executed,
but in other cases the same two sizes (from different manufacturers) may be so similar
that they are almost impossible to distinguish with certainty. Thus, new supplies or lot
numbers should be checked before use in double labeling studies.

Another caveat of quantitative immunogold work is that apparent epitope density is
influenced by gold particle size, as illustrated in Fig. 2. Pericapillary GFAP epitopes
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Fig. 2. Comparison of GFAP epitope identification and gold particle size in pericapillary fib-
rils from a human brain resection. Sequential sections from the same tissue block were mounted
on separate grids, to compare epitope densities with either 20-nm gold particles (left panel),
10-nm gold (center panel), or 5-nm gold particles (right panel). In both the left and right panels,
a mouse monoclonal antiserum to human GFAP was employed, together with 5-nm or 20-nm
gold–labeled goat antimouse sera. In the center panel, a rabbit polyclonal antibody to bovine
GFAP was used in conjunction with 10-nm gold-labeled goat antirabbit serum. Note that when
smaller sized gold particles are used, relatively more antigenic sites are apparent.



(which are present in fibrils of uniform assembly of subunits) were immunogold-stained
in three sections from the same tissue block with either 5-nm, 10-nm, or 20-nm gold.
Note that the most epitopes are apparent using 5-nm gold, and slightly less with 10-nm
particles. Significantly fewer 20-nm gold particles are apparent, suggesting that anti-
gen-antibody binding and/or the wash procedure results in retention of reduced quan-
tities of bound 20-nm particles. A quantitative analysis of GFAP epitopes per unit area
of fibril further confirms that binding is relatively reduced, as a function of increasing
particle size. The number of GFAP epitopes binding the one antibody per micron of
fibril was 688 ± 184 for 5-nm gold; 463 ± 107 for 10-nm gold particles; and 64 ± 23
for the 20-nm gold particles. In the illustration used here, a rabbit polyclonal antisera
to bovine GFAP was the primary antibody in the 10-nm gold series, followed by goat
antirabbit 10-nm gold secondary. In the 5-nm and 20-nm gold particle–labeled mater-
ial, a mouse monoclonal human GFAP primary antiserum was used; with goat anti-
mouse, 5-nm gold or goat antimouse 20-nm gold–labeled antisera was used.

3.5.3. Microvascular Morphometry

Comparison of the total numbers of abluminal and luminal capillary membrane gold
particles in two parallel preparations requires analyses of morphometric parameters to
conclude that epitope expression is altered. One cannot assume that capillary endothe-
lial cells from different species, brain regions, or clinical conditions, are inherently mor-
phologically identical (31). For example, retinoic acid and phorbol ester treatments
profoundly affect BBB morphology in converting some, but not all, brain endothelia
into fenestrated microvessels (32,33). Rabbit brain capillaries have greater cytoplas-
mic thickness, and membrane circumferences (29) than rats and mice. In rat models, a
single seizure causes significant size changes in hippocampal capillaries compared to
naive animals; rats which have been kindled (experienced multiple seizures before
examination) are, surprisingly, morphologically intermediate (Table 1). Similarly,
capillary size and thickness is significantly increased in both RG2 and C6 tumor
microvasculature compared to non-implanted or contralateral controls (34).

Probably the most compelling evidence supporting the need for detailed morphom-
etry in conjunction with quantitative EM immunogold comes from the definition of high
GLUT1-expressing type A and low GLUT1-expressing type B capillaries. High expres-
sion of GLUT1 glucose transporter occurred coincidentally with a 30–40% size increase
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Table 1
Alteration in Hippocampal Capillaries in Pentylene Tetrazole-Induced Seizures

Luminal Mean cytoplasmic
Luminal area circumference thickness

Capillary origin µm2 (µm) (nm)

Naive (n = 44) 5.7 ± 2.3 11.4 ± 2.4 213 ± 46
Kindled (n = 28) 7.5 ± 3.6 11.0 ± 2.5 188 ± 47
PTZ-Seizure (n = 29) 9.7 ± 3.4 12.5 ± 2.3 176 ± 43

Animals were either seizure-free (naive), or kindled rats had experienced at least one seizure for 10
consecutive days after injection of subconvulsant doses of pentylene tetrazole (PTZ). Capillaries from con-
vulsant-treated (PTZ) rats were obtained immediately after previously naive animals experienced a single
seizure.



in the type A capillaries. This observation may be related to the reports that glucose
transporters (of the GLUT supergene family) in addition to regulating glucose entry,
co-transport water (35,36) in the absence of an osmotic gradient (37), perhaps via a gated
channel mechanism (38). Thus membrane transporters are multifunctional proteins,
capable of translocating more than one substrate. If the brain microvascular GLUT1
protein also couples water and glucose flux in vivo, then altered GLUT1 expression will
not only affect cerebral glycolysis by substrate limitation, but will have an additionally
important impact on capillary water permeability and resultant CNS edema.

3.6. Application of EM immunogold to Functional-Structural Analysis

3.6.1. Asymmetric Distribution of GLUT-1 in Cerebral Endothelium

The polarity of the BBB is an unusual feature of the cerebral microvasculature. The
concept is that luminal and abluminal membranes of the brain capillaries are not iden-
tical, but instead exhibit asymmetric differences characterized by either qualitative or
quantitative differences in expression of selected membrane components. For example,
from in vivo studies of glucose transport, it was generally accepted that blood-to-brain
influx, and brain-to-blood efflux of glucose were equal (or symmetrical) (39–41).
Elegant studies considered the possibility that BBB glucose transport could be kineti-
cally analyzed in terms of translocation through a single membrane, or alternatively via
individually (asymmetric) luminal and abluminal membranes. From these double-
membrane analyses of rat brain glucose transport, asymmetric distributions of
capillary glucose transporter were predicted (42–44).

Immunogold EM studies, using antisera to the GLUT1 showed an asymmetrical
distribution (wherein three- to fourfold more epitopes were seen on the abluminal
membrane) in rat brain capillaries (16). GLUT1 asymmetry was confirmed in devel-
oping rabbits (29), rats (45), and mice (19). This glucose transporter asymmetry between
luminal and abluminal membranes appears to be a unique feature of BBB endothelia,
characterized by species-specific functional patterns in canines (46), humans and other
non-human primates (30).

3.6.2. GLUT-1 Capillary Subtypes in Human Brain

Two distinct capillary types were noted in the expression of human BBB GLUT1.
In vivo changes in the regional distribution of GLUT1 glucose transporters were evi-
dent in capillaries of resected seizure foci. Two configurations of endothelial cell
GLUT1 distribution were characterized by a bimodal GLUT1 distribution in which the
thinner (type B) endothelial cells displayed low GLUT1 immunoreactivity (on both
luminal and abluminal membranes. Adjacent, larger type A endothelial cells showed a
five- to tenfold greater expression of membrane GLUT1 transporter protein in immuno-
gold epitope analyses (24). Erythrocytes seen in the lumens of both type A and type B
capillaries exhibited identical concentrations of membrane GLUT1, emphasizing that
the phenomenon was not an artifact of processing or immunogold staining technique
(Fig. 3). Furthermore, when GLUT1 percentage was compared within endothelial cell
domains, type A capillaries exhibited relatively more luminal membrane GLUT1,
whereas abluminal membrane GLUT1 was predominant in type B capillaries (Fig. 4).
This analysis indicates that there was not only a marked change in glucose transporter
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expression, but also a concomitant shift in GLUT1 polarity, related to abnormal phys-
iologic conditions (8). The same bimodal pattern was seen in focal human brain injury
(47). Brain regional GLUT1 differences, as well as shifts in GLUT1 polarity, have
also been defined in the diabetic eye (48) and mouse models of disease (19–21). The
conclusion we would emphasize from these studies is that quantitative immunogold
electron microscopy has already substantially enhanced our understanding of brain cap-
illary biology, and has the potential to provide significant contributions in many simi-
lar applications.

3.7. Extravasation of Plasma Protein Indicates Compromised 
Barrier Function

Vorbodt and colleagues (49,50) pioneered the use of quantitative albumin immuno-
cytochemistry to assess pathophysiologic changes in BBB function. In further studies
of human brain injury (47) and complex partial seizures (24) it has been shown that
immunogold-labeled human serum albumin (HSA) can define localized regions where
extravasation of serum proteins has occurred. In seizure patients, intraoperative EEG
monitoring has provided the opportunity to compare tissue from the more actively
spiking and less actively spiking regions. Morphologic examinations suggest these
capillary profiles are intact, without albumin leakage. However, the HSA analyses indi-
cate that in the capillaries from areas of more active epileptiform activity, there is
increased extravasation of HSA into the endothelial cells, to the pericyte/basal lamina,
and neuropil domains (24). The endothelial cells represent the first and primary barrier
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Fig. 3. GLUT1 glucose transporter densities seen with quantitative EM immunogold in
human brain capillary endothelial cell membranes, and in capillary luminal erythrocytes. Note
that two configurations of endothelial GLUT1 expression were observed in tissues resected from
patients undergoing surgical treatment for complex partial seizure disorders. Type B endothe-
lial cells exhibit similar levels of transporter expression as seen in normal animal brains. In con-
trast, type A endothelial cells exhibit approx tenfold higher GLUT1 expression. Red cell
membranes, regardless of whether they are from lumens of type A or type B capillary profiles,
exhibit a common GLUT1 expression density, that is intermediate between the type A and type
B endothelial membrane density.



to extravasation, and the basal lamina (+pericyte) is a second impediment, before albu-
min gains access to brain tissue. Quantitative analyses of serum protein extravasation
identify regions of compromised function even when the anatomic integrity of the cap-
illary unit is apparently normal. Furthermore, the same capillary-basal lamina sequen-
tial restriction pattern is apparent when extravasated serum IgG epitopes are identified
with immunogold methods (Fig. 5).

In our experience, capillary profiles on the same grid sometimes exhibit quite dif-
ferent degrees of extravasation, suggesting that these changes may be highly localized
in pathological situations. In different pathologies, for example, we have observed
increasing degrees of serum albumin extravasation in resections from seizures < grade
II astrocytomas < traumatic injury. However, a preliminary comparison of HSA extrava-
sation in type A capillary profiles with high glucose transporter expression, and type B
low-glucose transporter-expressing capillaries, showed HSA extravasation was essen-
tially identical in the type A and type B capillary profiles (Fig. 6).

4. Notes
1. Some workers report that chemical etching or dissolving resin on sections fixed with higher

(<2%) glutaraldehyde concentrations exposes the antibody binding sites (4), but we have
not been able to successfully expose brain capillary epitopes by etching. Microwave fixa-
tion has also been used to enhance penetration of fixative into the tissue (14). It reportedly
increases immunogold densities and shortens processing times, without compromising
hepatic fine structure or labeling specificity (15). Picric acid fixation is another alternative
to glutaraldehyde, but low glutaraldehyde (0.1–0.2%) levels may be optimal (16), with the
needed concentration depending on the specific epitope studied (17).

2. LR-white resin is generally preferred over epoxy resins (18), but Lowicryl is also popular
(19–21) as the entire process (including ultraviolet polymerization) may be completed at
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Fig. 4. Polarity changes in GLUT1 domain expression seen with quantitative immunogold
EM in comparing (high-GLUT1 density) type A and low GLUT1-density type B endothelial
cells. Note than when GLUT1 is highly expressed in the (type A) endothelial cell, the highest
percentage of GLUT1 proteins (approx 45%) are found in the luminal membrane domain, with
about 30% in the abluminal membranes, and approx 25% within the cytoplasmic domain. In
contrast, within type B endothelial cells the highest percentage (almost 45%) of the GLUT1 pro-
tein are found at the abluminal membrane, with less than 30% at the luminal membrane and 25%
in the cytoplasmic compartment.



low temperatures. The use of LR gold resin has been reviewed elsewhere (22). Resins are
irritants, and adequate ventilation (chemical hood) and gloves are essential. Specialized
4H gloves (Ted Pella) are required if Lowicryl resin is used.

3. For each new antiserum studied, the immunoreactivity is examined by testing the primary
antiserum at concentrations of 1�10, 1�100, and 1�500 on a standard specimen control.
After examining gold particle distribution, another two concentrations might be tested (e.g.,
1�250, 1�1000) and in this manner the optimal concentration is experimentally determined.
Multiple incubations in the primary antibody have also been suggested as a signal ampli-
fication strategy (2).

4. In our experience, antisera to complete proteins or larger peptides seem in general to pro-
vide better immunogold labeling than antisera to short fragments. However, in at least one
study, no differences in labeling patterns were observed when full-length GLUT1 antiserum
was compared with antiserum to the C-terminus of the glucose transporter (16). Many com-
mercial antibodies that are prepared by immunization with an amino acid sequence linked
to keyhole limpet hemocyanin (KLH) protein, bind nonspecifically to brain and red cells.
Pre-absorption of these antisera with KLH, or staining in the presence or absence of excess
KLH protein, may be essential when used in EM immunogold preparations to reduce non-
specific background.

5. It may also be appropriate to optimize the level of immunogold in a series of dilutions, as
there may be commercial lot variation. In our studies, the optimal concentration of gold-
labeled anti-rabbit IgG antibody (with minimal nonspecific localization) was found to be
at concentrations between 1�50 and 1�125. We have seen an inverse relationship between
optimal concentration and gold particle size; higher dilutions are used with the smaller-
sized gold particles.

6. We do not usually counterstain immunogold preparations so that gold particles are easily
contrasted, but routine lead citrate (23) can be applied, if desired.
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Fig. 5. Extravasation of plasma immunoglobulin G in resected brain from a patient with com-
plex partial seizures. Two samples were resected, one the more actively spiking, and the other
from the less actively spiking zones of a temporal lobe resections show a similar pattern to that
seen where human serum albumin epitopes were identified (24). Intraoperative electroen-
cephalograph monitoring identified more active and less actively spiking sites. Note that lumi-
nal IgG density is about tenfold higher than in the capillary endothelial cell. A slightly reduced
density is seen in the pericyte + basal lamina, with even less in the neuropil domain. These stud-
ies suggest that the capillary endothelial cell, and then the pericyte-basal lamina domain, form
a sequential barrier(s) to plasma protein extravasation in the central nervous system.
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Measurement of Blood–Brain and Blood–Tumor Barrier
Permeabilities with [14C]-Labeled Tracers

Kamlesh Asotra, Nagendra Ningaraj, and Keith L. Black

1. Introduction
Quantitative autoradiographic (QAR) method allows precise measurement of the

regional permeabilities of the blood–brain barrier (BBB) and the blood–tumor barrier
(BTB) for evaluation of the efficacy of selective drug delivery strategies. In particular,
this method has been critical for validation of a number of vasoactive agents that
increase the BTB permeability without affecting the BBB permeability to enhance
selective delivery of various sized molecules to the brain tumor (1–11; reviewed in
12–14) and ischemic brain regions (15–17). QAR has been used to measure the unidi-
rectional transfer constant (Ki) for radiotracers such as [14C]-α-aminoisobutyric acid
(AIB; MW 103 Da), [14C]-sucrose (MW 342 Da), [14C]-methotrexate (MW 455 Da),
[14C]-inulin (MW 5 kDa), and [14C]-dextran (MW 70 kDa) following intracarotid or
intravenous infusion of a variety of vasoactive substances in glioma-bearing and
ischemia-reperfusion injury models (1–11, 15–17). This technique has been pivotal to
the development and improvement of noninvasive strategies for transient or sustained
increases in BTB permeability. QAR method has allowed us to identify novel target mol-
ecules and mechanistic steps for controlled biochemical modulation of BTB perme-
ability that would not have been possible by any other technique (18–21).

Future preclinical testing of new candidate targets for BBB and BTB permeability
modulation for enhanced and selective delivery of CNS therapeutic agents noninvasively
will critically depend upon QAR method. This chapter provides a detailed description
of preparation of the RG2 glioma-bearing rat model and application of QAR method
for measurement of BBB and BTB permeabilities following bradykinin infusion and
use of [14C]-labeled AIB in this model.

2. Materials
2.1. Culture and Preparation of Glioma Cells for Tumor Implantation

1. Glioma implantation medium: Dissolve 1.2 g of methylcellulose (Sigma Chemical, St.
Louis, MO) in 100 mL of sterile Ham’s F-12 medium (Gibco BRL Life Technologies, Grand
Island, NY) in a capped, sterile glass bottle by gentle magnetic stirring for approx 3 h on
a hot plate set at 40°C. Stored at 4°C, this medium can be used for several months.
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2. Rat RG2 glioma, C6 glioma, or 9L gliosarcoma cell lines (available from American Type
Culture Collection, Manassas, VA).

3. Ham’s F-12 medium (Gibco-BRL Life Technologies, Grand Island, NY), containing 10%
calf serum.

4. Trypsin (Gibco-BRL Life Technologies, Grand Island, NY), 0.5% with ethylene diamine
tetraacetic acid, 10X. Dilute to 1X with phosphate-buffered saline (PBS), pH 7.4 to
trypsinize confluent cell cultures.

5. Microtubes 1.5 mL.

2.2. Animal Surgery

1. Anesthetic: ketamine-xylazine (Loyd Labs, Sherandough, IA).
2. Bradykinin (Sigma Chemical), 10 µg/kg.
3. Female Wistar or Fisher 344 rats, 160–200 g body weight for intracranial implantation of

glioma cells.
4. Bone wax (Eticone, Somerville, NJ).
5. Hydrogen peroxide, 30% solution (Sigma Chemical).
6. 2-Propanol.
7. Tissue solubilizer (Fisher Scientific, Fair Lawn, NJ).
8. Scintillation fluid
9. Betadine (povidone-iodine, 10%; Purdue Frederick, Norwalk, CT)

10. Microsurgery instruments and supplies: fine scissors, forceps, artery clamps, wound clips,
surgical blades, surgical nylon (Roboz Instruments and Harvard Apparatus).

11. Equipment:
a. Stereotaxy frame for intracranial tumor implantation (Harvard Instruments).
b. Surgical microscope (Seiler Instruments, model MC-M900).
c. Dentist’s drill with 2 mm drill bit (Dremel, model 232-S).
d. Monopolar/Bipolar coagulator (Martin model ME 102 with blue foot switches, Harvard

Apparatus).
e. Novaflex high intensity illuminator (World Precision Instruments).
f. Syringe perfusion pumps (Model 22, Harvard Apparatus).
g. Peristaltic pump (Harvard Apparatus).
h. Blood pH/gas/hematocrit Analyzer (Model 348, Bayor Corporation).
i. Scintillation counter.
j. Coulter particle counter.
k. Sterilizer for surgical instruments (Inotech Biosystems, Lansing, MI).

2.3. Catheterization of External Carotid Artery and Femoral Vessels

1. 1% Evans blue dye (Sigma) in PBS.
2. 1% Heparin, sodium salt (100,000 units, Sigma Chemical)
3. Disposable 1 mL syringes with:

a. 30-gage needles for attachment of PE-10 tubing (Intramedic Clay Adams, Parsippany, NJ).
b. 22-gage needles for attachment of PE-50 tubing.
c. 20-gage needles for attachment of PE-90 tubing.

4. Radiotracers:
a. [14C]-α-aminoisobutyric acid (AIB, NEC 212).
b. [14C]-dextran (NEC 218D), [14C]-iodoantipyrine (NEC 712).
c. [14C]-inulin (NEC 164A).
d. [14C]-sucrose (NEC 100) (NEN Life Science Products, Boston, MA).

5. Homeothermic blankets (Harvard Apparatus).
6. Invasive blood pressure monitor (Digi-Med, Model BPA 4000).
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2.4. Tissue Harvesting and Sectioning
1. Guillotine (Harvard Instruments).
2. M-1 embedding matrix (Lipshaw, Pittsburgh, PA).
3. Glass slides (25 × 75 × 1 mm) and glass cover slips (24 × 50 mm, no.1).
4. Cryostat (Model HM505E, Mikron Instruments).
5. Microscope slide warming table (Model 285, Lipshaw Mfg.).
6. Harris Modified Hematoxylin stain with acetic acid (Fisher Scientific, Fair Lawn, NJ).

2.5. Quantitative Autoradiography and Data Acquisition
1. [14C] Autoradiographic micro-scales, 120-µm multi-level reference strips, 20 × 2 nCi, cat.

RPA 504L (Amersham, Arlington Heights, IL).
2. Kodak XAR-5 photographic film (8 × 10 inch) and intensifying cassettes (Kodak).
3. Apple G3 or G4 computer and film scanner (Epson Scan II) for digital image acquisition

from QAR films with PhotoShop, NIH Image, and Microsoft Excel software.

3. Methods
The QAR method for measurement of BBB and BTB permeabilities in glioma-

bearing rats following intracarotid infusion of saline and bradykinin, using [14C]-α-AIB
is described. This method can also be adapted to study the efficacy of intravenously
infused vasoactive substances on BTB permeability.

The methods described below outline 1) culture and preparation of glioma cells for
tumor implantation, 2) stereotaxic intracranial implantation procedure, 3) catheteriza-
tion of external carotid artery and femoral vessels, 4) intracarotid infusion of vasoac-
tive substances and tracers, 5) tissue harvest and sectioning, 6) quantitative
autoradiography (QAR) and data acquisition from QAR films, 7) calculation of regional
BBB and BTB permeability constant (Ki), and 8) results.

3.1. Culture and Preparation of Glioma Cells for Implantation

1. Culture the RG2, C6 or 9L glioma cells in 75 cm2 flasks for 2–3 d in F12 medium con-
taining 10% calf serum.

2. Trypsinize glioma cells for 5–10 min at 37°C, collect cells in 10 mL of serum-free F12
medium, prepare a single-cell suspension by repeated trituration, and count cells in an
aliquot using a Coulter particle counter.

3. Remove a specific volume to obtain 1.5 × 106 cells in a 1.5-mL Eppendorf microfuge tube,
centrifuge to obtain a cell pellet, remove supernatant, add 75 µL of serum-free glioma
implantation medium. Vortex the tube for approx 1 min, and keep the tube on ice.
Intracranial tumor implantation in each rat will require 100,000 cells in 5 µL volume (see
Note 1).

3.2. Animal Surgeries

Animal protocols involving surgeries and use of vasomodulators and radioisotopes
in animals have been approved by the Institutional Animal Care and Use Committee
and the Radiation Safety Committee of Cedars-Sinai Medical Center. Animal surgeries
are performed by aseptic techniques using gloves, respiratory masks, and aprons
throughout the experiments.

3.2.1. Stereotaxic Intracranial Tumor Implantation

The implantation surgery takes approx 15 min.
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3.2.1.1. ANESTHESIA

1. Check the general level of motor activity, hair condition, and physical features of each rat
before any surgical procedures. Animals showing any abnormalities should be excluded.

2. Anesthetize rats using ketamine (80 mg/kg)/xylazine (10 mg/kg) intraperitoneally (i.p) in
a single dose.

3. Shave hair from the frontal surface of scalp with electric clippers, and apply ophthalmic
ointment to the rat’s eyes.

3.2.1.2. CRANIOTOMY

1. Place the rat in a stereotaxic frame, immobilize the head by inserting the side bits into the
ear canals (Fig. 1A).

2. Apply betadine to the shaved scalp, and make a 5- to 7-mm long incision in the skin on the
right side of the head with a sterile scalpel, to expose the underlying skull bones.

3. A hole is drilled on the right coronal suture using a dentist’s drill with a 2-mm drill bit,
without perforating the dura, at a distance of 3 mm (for 140–150 g rat) or 4–5 mm (for
200 g rats) from the bregma (see Note 2).

3.2.1.3. TUMOR IMPLANTATION

1. To draw glioma cells, pull the plunger to 5 µL mark on the Hamilton syringe with the needle
tip immersed in the viscous cell suspension, and allow the syringe to stand upright for
3–5 min to permit the viscous solution to rise up into the barrel of the syringe.

2. Wipe the outer surface of the needle with tissue paper to remove any adherent cells.
3. The needle of the Hamilton syringe is inserted into the drilled hole to a depth of 5 mm, and

then the needle is pulled back by 0.5 mm (i.e., to sterotaxic depth of 4.5 mm). This gap of
0.5 mm creates sufficient space intracranially in the cerebral cortex to accommodate 5 µL
volume and to allow for the injected cells to settle down.

4. The cells are injected slowly (2–3 min), and the needle is allowed to stay at that position
for approx 5 min (Fig. 1B). Then the needle is slowly removed.

5. Outside surface of the skull surrounding the hole is swiped with alcohol.
6. The skin incision is closed with wound clips. Usually, the procedure is bloodless. If there

is clear evidence of bleeding, seal the craniotomy area with bone wax.

3.3. Animal Care After Tumor Implantation

1. Postoperative care of rats requires maintenance of body temperature to ensure proper
recovery. Keep animals on a thermal blanket immediately after surgery, and monitor body
temperature via a thermometer inserted in the rat’s rectum.

2. To prevent dehydration, administer subcutaneously 1 mL of warm lactated Ringer’s solu-
tion per 100 g body weight. Administer buprenorphine (analgesia) subcutaneously to all
rats postoperatively at a dose of 0.5–1.0 mg/kg body weight before recovery from general
anesthesia.

3. Place the rat back in its cage to recover from anesthesia, and monitor mobility, heart rate, and
respiratory patterns approximately every 10 min. After animals have fully recovered, return
them to the vivarium. Incision sites must be regularly inspected for signs of infection.

4. Allow the tumor to grow for 7–9 d before conducting experiments for measurement of BBB
and BTB permeabilities (see Note 3).

3.4. Catheterization of External Carotid Artery and Femoral Vessels

1. Permeability studies are performed 7–9 d after tumor implantation.
2. These experiments require experience in microsurgical techniques for vessel catheteriza-

tion, as well as exercise of precautions necessary for use of radioactive materials.
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3. It is advisable to gain proficiency in these techniques and in initial experiments, Evans blue
dye (1% in PBS) can be used instead of radiotracers.

3.4.1. Catheters

For every rat, prepare four catheters, each attached to a 1-mL disposable syringe con-
taining 1% heparin (in PBS) as follows:

1. A 22–25 cm length of PE-10 tubing connected to a 30-gage needle for the external carotid
artery.

2. A 22–25 cm length of PE-50 tubing connected to a 22-gage needle for the right femoral
artery catheter. This catheter will later be connected to the blood pressure monitor.

3. A 22–25 cm length of PE-50 tubing connected to a 22-gage needle for the left femoral artery.
After inserting one end of this catheter into the left femoral artery, the distal end of the
tubing will be coupled to 1-m long P-90 tubing connected to the reverse peristaltic pump
for continuous withdrawal and collection of arterial blood upon intravenous bolus injec-
tion of the radiotracer.

4. A 22–25 cm length of PE-50 tubing connected to a 22-gage needle for the right femoral
vein. After catheterization of the femoral vein, the needle end of the tubing is connected
to a 1-mL disposable syringe containing 1 mL of a [14C]-labeled radiotracer (20 µCi/rat)
or 1% Evans blue dye solution.

3.4.2. Preparation of Animal Surgery and Infusion Areas

1. Use fresh, disposable absorbant pads to cover surfaces at the microsurgical station, drug
and radiotracer infusion area, and a bench near a sink where rats will be decapitated at the
end of infusions for harvest of brain. These areas should be properly labeled as “Radioactive
Work Area.”

2. Cover knobs, switches, and door handles of necessary instruments and equipment with plas-
tic wrap material to prevent potential contamination with radioactivity. After each day’s
work, these surfaces should be monitored for and cleaned of radioactivity.

3. Ensure availability of appropriate bags and containers for disposal and storage of liquid
and dry radioactive waste, including sharps (needles, syringes, blades, glass slides, glass
cover slips), animal carcasses, and harvested brain tissue. Radioactive waste is segregated
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Fig. 1. Immobilization of a rat in the stereotactic frame for craniotomy and intracranial
implantation of tumor cells is shown. The head of an anesthetized rat is immobilized by plac-
ing the side bits into the ear canals and clamping the incisors (A). Once a small hole is drilled
at predetermined coordinates on the right side of the bregma, the needle of the Hamilton syringe
is inserted to a depth of 5 mm and retracted by 0.5 mm before injection of glioma cells (B).



by individual nuclides (14C waste separated from 3H waste, for example) in appropriately
labeled containers as dry, liquid, sharps, and animal carcasses (stored at –20°C), and
handed over to the Radiation Safety Office for disposal (see Note 4).

4. Switch on the thermal blankets (set at 35°C) on which rats will be placed for catheteriza-
tion procedures and infusions.

5. In an ice bucket, crush dry ice to fine powder, for rapid freezing of harvested brains.
6. Keep several fresh scintillation vials ready to collect arterial blood samples withdrawn

immediately upon and after 10 min of intravenous bolus injection of [14C]-labeled tracers.
7. Calibrate the blood pressure monitor, and connect with one PE-50 catheter (intended for

the right femoral artery).

3.4.3. Catheterization of Femoral Vessels

1. Anesthetize rats using ketamine (80 mg/kg)/xylazine (10 mg/kg) i.p. at a single dose.
2. Shave hair from the neck and groin regions of the anesthetized rat and apply betadine to

skin surfaces. Place ophthalmic ointment in the rat’s eyes.
3. Make approx 1 cm oblique skin incisions in the left and right groin areas of the rat.
4. Expose the left and right femoral arteries and the right femoral vein.
5. One by one, tightly clamp the distal and proximal points (approx 1 cm apart) of each femoral

vessel, partially cut each (approx one-half to two-third diameter), and insert PE-50 catheter
into each, and tightly ligate the vessels (slightly distal to the point of catheterization) to
hold the catheters in place (Fig. 2A). Remove the distal clamps from the femoral vessels.

6. At this time, collect approx 300 µL of arterial blood for measuring hematocrit.
7. In a typical intracarotid infusion setup (Fig. 2C), the right femoral artery catheter is con-

nected to the blood pressure monitor, the left femoral artery catheter is connected to a
reverse-flow peristaltic pump for continuous withdrawal of arterial blood samples for
10 min after injection of the tracer, and the right femoral vein is connected to 1 mL dis-
posable syringe containing 20 µCi of [14C]-labeled tracer (800 µL; stock diluted in PBS).
Alternatively, if intravenous administration of vasomodulators is desired, the right femoral
vein can be used instead of the external carotid artery (ECA).

3.4.4. Catherization of the ECA for Intracarotid Infusions

Procedural steps are depicted in Fig. 3, and their sequence is described below.

1. Make a 1-cm skin incision on the right side of the ventral aspect of the neck region, and
expose the common carotid artery (CCA) and the ECA.

2. Using fine forceps, carefully remove the connective tissue surrounding the CCA and ECA.
3. Locate, coagulate and cut the occipital artery, which is a small branch of the ECA imme-

diately distal to the emerging ICA (Fig. 3A).
4. Follow the ICA to locate the pterigopalatine artery. Care should be taken not to damage

the vagus nerve situated close to the bifurcation of ICA.
5. Coagulate but do not cut the pterigopalatine artery (Fig. 3A).
6. Expose the ECA as distal as possible and tightly ligate the distal part of the ECA. Then,

clamp the proximal part of the CCA and the distal part of the ICA (Fig. 3B).
7. Using micro-scissors, partially cut the ECA (approx one-half to two-third diameter of the

ECA), blot away blood, and insert retrogradely one end of the PE-10 catheter into the ECA
toward the CCA until just before the bifurcation point of the CCA but not beyond this point
(Fig. 3C). Ligate the ECA tightly to hold the catheter in place.

8. Next, remove the clamp from ICA and ensure that there is backflow of blood into the
PE-10 catheter, which would indicate that cannulation is correct.

9. Now release the CCA clamp and check for arterial pulsation.
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Fig. 2. Diagrammatic representation of the infusion setup and infusion protocol for mea-
surement of blood–brain barrier and blood–tumor barrier permeabilities is shown. The right
femoral vessels (A) and the left femoral artery are cannulated with PE-50 tubing. (B) The
sequential steps of the infusion and collection protocols. (C) A typical infusion setup for
intracarotid infusion of vehicle or test substances coupled with intravenous bolus injection of
radiotracer.
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10. Slowly infuse heparin from the PE-10 catheter syringe, and retrieve some blood to ensure
that the blood flow through the arteries is smooth. Fig. 3D shows the catheterized ECA in
a rat, ready for intracarotid infusion.

3.5. Infusion of Vasoactive Substances and Tracers
1. At time zero, infusion of the vehicle or a test substance (vasomodulator, agonist, or antag-

onist) solution is initiated through the cannula placed in the ECA (IC infusion) or the left
femoral vein (intravenous infusion) and allowed to continue at a rate of 53.3 µL/min for
15 min (Fig. 2B).

2. At 5 min of IC infusion, a bolus of [14C]-labeled tracer is injected through the right femoral
vein in 15 s, and IC infusion of the vehicle or test substance continued for another 10 min.

3. Immediately upon injection of the radiotracer, blood samples are continuously collected
from the left femoral artery at the rate of 0.083 mL/min for 10 min. At the end of 15 min
infusion, both the pumps are stopped.

4. Cut PE-50 tubing connector of the catheter from the left femoral artery, and collect blood
sample at the “Stop Time” in one scintillation vial. The continuously collected blood in
the PE-90 catheter (for 10 min after tracer injection) is flushed into another vial with an
air-filled syringe (“Continuous Sample”).

5. Duplicate aliquots (20 µL) of both the “Stop” and “Continuous” blood samples are added to
vials containing 250 µL of tissue solubilizer solution and 500 µL of 2-propanol, followed by
500 µL of 30% hydrogen peroxide and 5 mL of scintillation fluid. Scintillation counting of
these samples provides initial and final radioactivity concentration in the plasma (dpm/µL).

3.6. Tissue Harvest and Sectioning
1. While still under deep anesthesia, the rat is decapitated using a guillotine, and the brain is

rapidly removed and frozen by covering under finely powdered dry ice.
2. Mount the frozen brains onto pedestals with M-1 embedding matrix and cut 20-µm thick

coronal sections with a cryostat, and thaw-mount the sections onto square cover slips (one
section/cover slip) or glass slides (six sections/slide).

3. Attach the glass cover slips or glass slides, with brain sections on top, on 8 × 11-inch paper
sheet, using rubber cement. Pertinent experimental information, such as the date, tumor
type, vasoactive substance and radiotracer used, can be recorded on this sheet.

4. Stain the serial sections with hematoxylin to correlate histologically verifiable tumor areas
with corresponding autoradiograms.

3.7. Quantitative Autoradiography and Data Acquisition from QAR Films
1. Generate QAR films by co-exposing the sections for two weeks on Kodak XAR-5 film with

tissue-calibrated [14C] autoradiographic microscale strips. Tissue-calibrated [14C] autora-
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Fig. 3. (see opposite page) Diagrammatic representation of sequential microsurgical steps
for cannulation of the external carotid artery. (A) The distal portion of the external carotid artery
(ECA) is ligated (1), the common carotid artery (CCA) is clamped (2), the occipital artery is
coagulated and cut (3), the pterigopalatine artery is coagulated (4), and the internal carotid artery
(ICA) is clamped (5). (B) An oblique incision is made approximately two thirds the diameter
of the ECA (6). (C) The PE-10 tubing connected to a syringe containing heparin solution is
inserted retrogradely to a point immediately before, but not past, the CCA bifurcation and
securely ligated (7), the clamps from the ICA and CCA are removed (8), heparin is infused, and
a small volume of blood aspirated to ensure patent blood flow before infusions (9). The direc-
tion of flow of blood and infused substances along the ICA is indicated by arrows. (D) Ventral
aspect of the neck region of the rat after ECA cannulation.



diographic microscales serve as standards to calculate the concentration of [14C]-AIB
within regions of interest in the brain sections used for QAR. Once QAR films of satis-
factory quality have been obtained, glass slides (or glass cover slips) with [14C]-contain-
ing brain sections can be stored in dedicated containers for 6 mo, and then handed over to
the radiation safety personnel for appropriate disposal.

2. Quantitative analysis of the regional radioactivity is performed using a Macintosh G3
computer and the NIH Image 1.61 software. Several spots within specific regions of the
digitized QAR image of the coronal sections of tumor-bearing brain are sampled and by
comparison with the signal intensities of the [14C]-standards, the corresponding regional
radioactivity is measured in the tumor, BST (areas within 2 mm of the tumor margin), left
(contralateral) and right (ipsilateral) cortex, left and right white matter, left and right basal
ganglia (Fig. 4A).

3. Representative QAR films from a study using intracarotid and intravenous infusion of vehi-
cle and bradykinin are shown (Fig. 4B). Typically, data are acquired from 6 coronal brain
sections of four to seven glioma-bearing rats infused with vehicle and a vasomodulator.

3.8. Calculation of Ki for Regional Permeabilities

Following QAR analysis, the regional permeabilities in the normal brain and tumor
tissues are expressed by the unidirectional transfer constant, Ki (µl/g/min). The initial
rate for blood-to-brain transfer is calculated by using the following equation (22):

Ki = Cbr – V0Cbl
Ki = ——————

Ki = ∫0
TCpl • dt

where Cbr is the brain or tumor concentration (dpm/g) of the tracer at the end of the exper-
iment, Cbl is the blood concentration (dpm/g) of the tracer at the end of experiment,
T (min) is the duration of the experiment, and Cpl the arterial plasma concentration of
radiotracer (dpm/ml). V0 is the regional cerebral blood volume in the tissue (µL/g), and
dt denotes integration over time. Blood volumes (V0) of RG2, C6, and 9L tumors are
derived from previously published studies (2,3,17). Macros for calculating Ki values
using an Apple computer and procedural details are available from authors, on request.

3.9 Results

The effect of bradykinin infusion (both intracarotid and intravenous) on the BBB and
BTB permeabilities, as compared with vehicle infusion is shown in Table 1. Mean Ki
values for the BBB permeability modulation are derived from the sampled contralateral
brain regions, and those for BTB permeability are derived from ipsilateral regions of
the same brain section. The results show that intravascular infusion of bradykinin selec-
tively increases the regional BTB permeability for [14C]-AIB in the tumor center and
tumor periphery but does not affect BBB permeability measured in brain surrounding
tumor and selected brain regions, both ipsilateral and contralateral to the brain tumor.

4. Notes
1. The tumor cell suspension in 1.2% methylcellulose is kept on ice for 2–3 h for the entire

time it takes to work with 10 rats. The cells remain viable and yield reproducible size of
tumors. Although only 50 µL of this cell suspension is needed for 10 rats, allow the other
25 µL for losses when the syringe needle is repeatedly dipped in to the tube containing the
injectable cells. Tap the tube each time to ensure homogeneous distribution of cells before
withdrawing them for injection.
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Fig. 4. Sampling of various regions of the coronal brain section through the tumor area from
a digitized quantitative autoradiographic (QAR) image for measurement of regional blood–brain
barrier (BBB) and blood–tumor barrier (BTB) permeabilities. (A) Several points are selected
in the tumor center (1–6), tumor periphery (7–12), the brain adjacent to the tumor (13–18), the
ipsilateral (19,21,25) and contralateral (20,22,26) cortices, the ipsilateral (23,27) and con-
tralateral (24,28) white matter, and the ipsilateral (29) and contralateral (30) basal ganglia for
calculation of regional mean Ki values. (B) Representative QAR images corresponding to brain
sections of rats receiving intracarotid and intravenous infusion of bradykinin (BK), co-exposed
with [14C] standards. These QAR films show that IC or intravenous infusion of low doses of BK
significantly increases BTB permeability, but not BBB permeability. However when infused IV,
a fourfold higher dose of BK is necessary to achieve a comparable increase in BTB permeabil-
ity. This is confirmed by the calculated regional Ki permeability values (see Table 1).



Table 1
Effects of Intracarotid and Intravenous Infusion of Bradykinin on BBB and BTB Permeabilitites Measured by QAR
in RG2 Glioma–Bearing Rats

Mean Ki values (µL/g/min) ± standard deviation

vehicle Bradykinin Bradykinin Bradykinin
IC IC, 10 µg/kg/min IV, 20 µg/kg/min IV, 40 µg/kg/min

Brain regions (n = 4) (n = 4) (n = 6) (n = 6)

Tumor center .12 ± 61. .32 ± 8.4 17.3 ± 5.7 37.4 ± 5.71
Tumor periphery 3.0 ± 1.3 8.5 ± 4.4 15.9 ± 4.7 36.3 ± 4.31
Brain surrounding tumor 1.4 ± 0.7 1.6 ± 1.8 14.5 ± 1.7 12.8 ± 1.41
Cerebral cortex, ipsilateral 5 ± 4 4 ± 3 12.6 ± 2.1 12.4 ± 1.11
White matter, ipsilateral 3 ± 2 3 ± 1 12.7 ± 1.6 12.5 ± 1.91
Basal ganglion, ipsilateral 3 ± 2 2 ± 1 12.0 ± 1.1 12.2 ± 1.71
Cerebral cortex, contralateral 2 ± 1 2 ± 2 11.8 ± 1.2 11.8 ± 1.61
White matter, contralateral 2 ± 1 3 ± 1 11.7 ± 1.4 12.5 ± 1.71
Basal ganglion, contralateral 2 ± 1 2 ± 1 12.6 ± 1.3 11.8 ± 2.01

Intracarotid (IC) and intravenous (iv) infusion routes require different concentrations of bradykinin to produce comparable increases in Ki values. BBB, blood–brain
barrier; BTB, blood–brain tumor barrier; QAR, quantitative autoradiography.
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2. If cells are implanted at 4–5 mm lateral to the bregma in young rats, or at 3 mm lateral to
the bregma in heavier rats, the site of implantation can be either the ventricle or farther
away, and the tumor may grow at an undesirable location. It is critical that during the cran-
iotomy the dura is not injured or perforated. This takes practice, and can be accomplished
by using a 2-mm drill bit. With the drill switched on, approach the bone with the drill held
vertical, and a mere touch to the skull should create the hole. Accidental perforation of the
dura at this step frequently results in leakage and loss of implanted cells during withdrawal
of the needle following injection of cells.

3. When allowed to grow for 7–9 d, the tumor size from intracranially implanted RG2, C6
and 9L cells attains a size of 7–10 mm in diameter, without appreciable tissue necrosis in
the tumor core.

4. Because of its very long half-life (approx 5,730 yr), the 14C radioactive waste is disposed
off by a special handling process other than that used for shorter-lived radioisotopes.
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A Review of Blood–Brain Barrier Transport Techniques

Quentin R. Smith

1. Introduction
The blood–brain barrier (BBB) is a unique dynamic regulatory interface situated at

the border between the blood stream and the brain extracellular (or interstitial) fluid.
As the “gatekeeper” to the brain, it determines the ability of drugs to gain entrance to
brain extracellular fluid and reach therapeutic concentrations within the central nervous
system (CNS) (1,2). The BBB also protects the brain from circulating neuroactive
solutes, such as glutamate, glycine, norepinephrine, epinephrine, and peptide hor-
mones, which can increase with diet, stress, injury, or disease (3). The BBB has an insu-
lating function restricting brain access of many natural toxins, metals, antibodies, and
biologic complexes and, in many cases, actively removing such from brain by energy-
dependent efflux (4). The BBB has a key regulatory role in facilitating brain uptake of
essential nutrients, vitamins, and hormones to sustain cerebral growth and metabolism,
and in maintaining cerebral ionic and volume balance (3,5,6). In the absence of a BBB,
the CNS would be constantly rocked by simple alterations during the acts of daily living,
such as increased levels of neurotransmitters in the “fight-or-flight” response or expo-
sure to plant toxins (e.g., ivermectin) from novel food stuffs, that would impede higher
mental function. Our view of the BBB has evolved dramatically over the past 20 years
from a simple restrictive interface that impedes the diffusion of polar solutes into brain,
into a dynamic, highly selective, regulatory interface that expresses a wide range of
active and facilitated transport systems and that responds to alterations in environment
to maintain optimal cerebral homeostasis.

The BBB is formed by a series of tissue interfaces, including the brain vasculature,
choroid plexus epithelium, and arachnoid membrane. The barrier at the brain vascula-
ture was shown elegantly by Reese and Karnovsky (7) and Brightman and Reese (8) in
the late 1960s to exist at the capillary endothelium (Fig. 1), the cells of which are joined
together by multiple bands of tight junctions (9). These junctions seal adjacent endothe-
lial membranes, thereby closing off the paracellular diffusion space. This, together with
the absence of brain endothelial fenestra and limited endothelial vesicular transport, cre-
ates a high electrical resistance (2000–8000 Ω.cm2) interface (10,11) that forces most
solutes to transit the brain capillaries either by dissolving and diffusing across the
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lipophilic endothelial membranes or being transported across by various energy-
dependent or facilitated systems. The endothelial membranes are polarized and show
selective distribution of specific transport proteins on their luminal (apical; e.g.,
P-glycoprotein and gamma-glutamyl transpeptidase) and abluminal (basolateral; Na+-
K+adenosine triphosphatase [ATPase], system A) membranes that function to carry out
vectorial transendothelial transport (12). The capillaries also express many enzymes
involved in the degradation of proteins, peptides, neurotransmitters and drugs, form-
ing a significant metabolic barrier for uptake (the “enzymatic” BBB). In recent years,
the contributory roles of astrocyte end feet, pericytes, and perivascular microglial cells
on cerebrovascular function has become more evident, and the microvascular BBB con-
cept has been expanded to include these additional cells. Solute exchange from skull
and surrounding tissues into subarachnoid cerebrospinal fluid (CSF) is limited by tight
junctions and polarized transport proteins at the arachnoid membrane which is part of
the cerebral meninges (13). The choroid plexus epithelium also plays a specialized role
in secreting CSF into the brain ventricles, which acts as a diffusional sink for many polar
brain metabolites and proteins (14). The barrier at the choroid plexus is located not at
the vascular endothelium but at the choroid plexus epithelium, which has its own blend
of specialized transport carriers involved in regulation of solute exchange between
blood and ventricular CSF.

In this review, the kinetics of solute transport across BBB membranes will be described
and summarized, and then brief overviews of the primary methodological approaches
will be presented. The chapter will provide perspective on the specific strengths and
weaknesses of the various BBB transport methods presented in this section.
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Fig. 1. (A) Diagram illustrating the critical cellular components of the blood–brain barrier
and their relation to plasma and brain extracellular fluid. (B) Simplified diagram illustrating
the two compartment model representing plasma and brain as well as influx and efflux. EC, endo-
thelial cell; N, neuron; A, astrocyte; P, pericyte; B, basement membrane.



2. Transport Kinetics
2.1. Flux Rates of Transport In and Out of Brain

Solute transport across isolated BBB membrane vesicles or more complicated in vivo
or in vitro barrier cellular systems is based on kinetic analysis of solute flux or exchange.
The critical parameters in this analysis are the unidirectional flux of solute in one direc-
tion (e.g., from plasma to brain extracellular fluid or A → B), unidirectional flux in the
opposite direction (e.g., from brain extracellular fluid to plasma or B → A), and net
flux (e.g., the difference between the two unidirectional flux rates). Flux can be across
a single cell membrane, such as in cellular uptake from a bathing medium, or transcel-
lular across a polarized cellular system.

Very commonly in the BBB literature, flux from plasma to brain or brain extracel-
lular fluid is referred to as “influx” (Jin; mass/time/weight brain) and flux from brain
or brain extracellular fluid to plasma is referred to as ”efflux” (Jout; mass/time/weight
brain) (see Fig. 1) (15). Flux rates for passive diffusion are directly related to concen-
tration via a transfer coefficient (K, volume/time/weight brain), which is similar to a
clearance constant, such that,

Jin = KinCpl (1)

and

Jout = KoutCbr (2)

where Cbr = solute concentration in brain or brain extracellular fluid and Cpl = solute
concentration in plasma. In both fluids, concentration ideally refers to the unbound or
“free” concentration of solute.

For saturable transport, flux often takes the form of a Michealis-Menten equation

J = VmaxC / (Km + C) (3)

where Vmax = the maximal saturable transport rate (mass/time/weight brain) and Km =
the half-saturation concentration (mass/volume). When C<< Km, flux varies linearly
with concentration as J = Vmax C/Km, whereas when C > Km, flux rate falls off from lin-
earity and eventually reaches an asymptote (Vmax) as C → ∞. The maximal saturable
transport rate occurs at the concentration where there is no remaining “free” transporter
to contribute to solute transport. Equation 3 has readily been applied to analyses of
saturable influx of solutes across the BBB into brain to obtain estimates of Km and Vmax

(3,16). It has been more difficult to provide the same kinetic detail for saturable efflux
due to the problem of controlling solute concentration in brain extracellular fluid.

2.2. Kinetic Modeling of BBB Transport

In most in vivo BBB studies of solute uptake, the time course of net solute appear-
ance in brain is analyzed following solute introduction into plasma using a two-com-
partment model, which incorporates influx and efflux (see Fig. 1) (15),

dQbr / dt = Jin – Jout = KinCpl – KoutCbr (4)

where t = time of exposure. If significant cerebral metabolism of the compound occurs,
a component of metabolic loss can be added (KmetabCbr) to Eq. 4. However, as both efflux
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and metabolic rate depend on Cbr, they often are brought together in an overall loss (Kout)
constant (i.e., Kout = Kmetab + Kefflux).

dQbr / dt = Jin – Jout = KinCpl – (Kmetab + Kefflux)Cbr (5)

As the true solute concentration in brain is difficult to measure, most studies express
their results in terms of the quantity (Q) of solute in brain per gram weight of brain
(mass/weight brain). In this analysis, Cbr = Qbr / Vbr, where Vbr = the effective brain
volume of distribution (volume/weight brain). Given that Qbr is more readily measured
in many brain transport studies than Cbr, Eq. 4 can be revised as

dQbr / dt = KinCpl – koutQbr (6)

where kout is the rate coefficient for brain efflux defined as kout = Kout / Vbr and has units
of inverse time (1/time). If transport at the BBB is symmetrical (Kin = Kout) and there
is essentially no metabolic loss of solute from brain, then Eq. 6 can be simplified as

dQbr / dt = Kin(Cpl – Qbr / Vbr) (7)

which states that the net rate of solute accumulation or loss is directly proportional
to the effective concentration gradient of solute between plasma and brain, i.e.,
(Cpl – Qbr / Vbr). The constant of proportionality is the transfer constant (Kin), which is
determined largely by the properties of the BBB system.

If solute concentration is held constant in plasma (Cpl = constant) and there is no
solute in brain at t = 0, then Eq. 7 can be integrated to give,

Qbr = CplVbr ( 1 – e–KinT/Vbr) (8)

where T = time. If solute transport is asymmetric, then Eq. 6 can be integrated with con-
stant Cpl to give

Qbr = Cpl(Kin / kout)( 1 – e–koutT) (9)

Either Eq. 8 or 9 can be fit by nonlinear least squares to time dependent determinations
of Qbr for constant Cpl data to estimate Kin, kout, and/or Vbr. Kin and kout give direct quan-
titative measures of the ability of a solute to move between plasma and brain as well as
the distribution of the solute within the CNS.

2.3. Initial Uptake and the Patlak Equation

Because of the difficulty of making multiple Qbr determinations over a wide range
of solute exposure times in in vivo experiments, two critical simplifications of the
above analysis were introduced in the late 1970s and early 1980s. First, Bradbury (16)
and Rapoport (17) described the “initial uptake” simplification which stated that if expo-
sure time was limited so that only a small amount of solute accumulated in brain rela-
tive to plasma (Qbr / Vbr << Cpl), backflux could be ignored (koutQbr � 0) and Eqs. 6 and
7 simplified to

dQbr / dt ≈ KinCpl (10)

Integration of Eq. 10 over the solute exposure time yields the following equations
depending on whether plasma solute concentration in the experiment is constant or
varies with time, such as after single dose intravenous injection.
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Qbr ≈ KinCplT (if Cpl = constant) (11)

and

Qbr ≈ Kin∫Cpldt (if Cpl = not constant) (12)

Equations 11 and 12 can be rearranged to provide Kin explicitly in terms that are
readily determined,

Kin ≈ Qbr / CplT (if Cpl = constant) (13)

and

Kin ≈ Qbr / ∫Cpldt (if Cpl = not constant) (14)

In the above analysis, Qbr is the quantity of solute that has left the vascular com-
partment and has entered brain parenchyma (i.e., crossed the BBB). As most analyti-
cal methods measure total brain solute content (Qtot), comprising compound from both
the brain parenchymal and vascular compartments, a vascular correction is generally
required in order to obtain an accurate estimate Qbr.

Qtot = Qbr + Qvas (15)

This adjustment is often made either by a) removing vascular tracer at the termina-
tion of the initial uptake period via brain vascular perfusion in situ with solute-free saline
for 15–60 s (18) or by b) calculating Qvas from the brain vascular volume (Vv) as mea-
sured with a poorly-penetrating BBB reference tracer such as [125I]albumin, [14C]dex-
tran, or [3H]inulin (19,20). Vv is defined as the ratio of the measured content of vascular
reference tracer in brain (Qvas) at the end of the experiment divided by the matching
plasma (Cpl) or blood (Cbl) concentration of vascular reference tracer. If the test solute
under study does not enter blood cells, then one is interested primarily in a brain plasma
correction (Vpl) and Qbr can be estimated as,

Qbr = Qtot – VplCpl (16)

However, most solutes reside both in plasma and blood cells, and therefore it is more
appropriate to make a blood correction (Vbl) in most instances,

Qbr = Qtot – VblCbl (17)

Equations 16 and 17 adjust only for solute trapped within residual blood in the brain
vasculature at the time of measurement, and does not take into account solute that may
be bound to the vascular endothelium or trapped within BBB endothelial cells. This
latter source can be estimated for large, polar solutes that permeate cell membranes
slowly with the “capillary depletion” technique of Triguero (21). With the capillary
depletion method, the brain sample is homogenized in cold buffer and centrifuged in a
12–20% dextran solution that pellets the brain microvessels out of the homogenate. This
method has been extremely valuable in helping to estimate peptide and protein trans-
fer across the BBB in initial uptake experiments.

An alternate approach pioneered by Patlak and colleagues (22,23) is to use the solute
itself as its own vascular marker, to express Eqs. 13 and 14 in terms of Qtot, and to divide
each equation by the plasma solute concentration,

BBB Transport Techniques 197



Qtot ≈ KinCplT + Qvas (if Cpl = constant) (18a)
Qtot / Cpl ≈ KinT + Qvas / Cpl (18b)

Qtot / Cpl ≈ KinT + Vi (18c)

and

Qtot ≈ Kin∫Cpldt + Qvas (if Cpl = not constant) (19a)

Qtot / Cpl ≈ Kin[∫Cpldt/Cpl] + Qvas / Cpl (19b)

Qtot / Cpl ≈ Kin[∫Cpldt / Cpl] + Vi (19c)

where Vi = the effective vascular space (Qvas / Cpl) of the compound including endothe-
lial binding and accumulation as well as intravascular distribution.

Equations 18c and 19c are termed the “Patlak” equations and as they are in the form
of a simple straight line (y = mx + b) provide a useful means to study solute uptake into
brain and obtain estimates of Kin. As noted in the original 1983 publication (22), the
analysis is not dependent on a specific compartmental model. The data (Qtot / Cpl) are
plotted versus time (t) in constant Cpl experiments or “effective” time (∫Cpldt / Cpl) in
variable Cpl experiments, and the results are inspected for the initial linear portion
where backflux is negligible. With this analysis, the slope of the linear regression curve
is Kin and the y-intercept is Qvas / Cpl. In concept, deviations or fall off from linearity
can be readily assessed, and the method is thought to provide the most accurate assess-
ment of vascular correction. Limitations to this approach also exist and will be discussed
in greater detail in Subheading 3.

If experience determines that a simple vascular wash (18) or volume measurement
using an impermeant vascular marker (e.g., [14C]dextran, or [3H]inulin)(15) provides
an accurate correction for brain residual vascular tracer for a test solute, then Kin can
be measured in single animal or assay experiments as,

Kin ≈ (Qtot – VblCbl) / CplT (if Cpl = constant) (20)

and

Kin ≈ (Qtot – VblCbl) / ∫Cpldt (if Cpl = not constant) (21)

Equations 20 and 21 are especially useful in pathological conditions where Kin and Vbl can
vary significantly from animal to animal and within brain, so that the ability to make a single
determination with simultaneous measurement of solute uptake and vascular volume is
critical. In fact, they are the mainstay of many in vivo BBB permeability studies.

2.4. Blood Flow and BBB Permeability Coefficients

The transfer coefficient, Kin, gives an excellent index of the ease with which a solute
can move from plasma into brain, but it is not a permeability coefficient. This is because,
if the solute is sufficiently permeant, the rate by which the solute is presented to brain
can also impact the solute concentration in blood as it transits from the arterial end to
the venous end of the cerebral capillary (Fig. 2). At the far extreme, a compound with
infinite BBB permeability would be rapidly depleted from blood in a single pass through
the brain capillaries. As a result, the measured input concentration (Cpl) at the arterial
end would not be the same as the average capillary concentration (see Fig. 2). The net
result is that brain uptake (or efflux) also depends on cerebral blood or plasma flow (F),
which varies within and between regions of the brain and is altered by mental activity,
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drugs, and disease. Brain uptake is also influenced by the capillary surface area (A),
which differs among brain regions and in rat cortical gray matter equals approximately
97–148 cm2/g brain (24). The value in grey matter exceeds that in white matter by three-
to fourfold.

Renkin (25) and Crone (26) modeled this flow dependence using the Krogh single
capillary model, and derived the following theoretical relationship between flow (F),
capillary permeability (P), and capillary surface area (A),

Kin = F[ 1 – exp–PA/F] (22)

Thus, Kin depends on three parameters: P, A, and F. Two limiting conditions in Eq. 21
are worth noting. When F >> PA, Kin → PA, and when PA >> F, Kin → F. Functionally,
Kin ≈ PA with less than 10% error when F > 5 x PA, and Kin ≈ F with less than 10%
error when PA > 2.3 x F (15). Thus, Kin is an acceptable estimate of BBB PA when F/PA
> 5. When F/PA < 5, Kin is influenced by both PA an F. P is often expressed in the form
of a permeability-surface area product (PA) in in vivo studies due to the difficulty of
measuring regional A.
Kin can be converted to PA using a rearranged form of the Crone Renkin equation as,

PA = –F ln (1 – Kin / F) (23)

F is measured commonly with radioactive iodoantipyrine, microspheres, or diazepam.
Care needs to be placed in the choice of plasma or blood flow for F in Eqs. 22 and 23.
If the compound in blood distributes only in plasma, then plasma F would be the more
appropriate choice. However, if the compound distributes significantly in blood cells
and blood cell exchange is rapid, then blood F may be more appropriate. Anesthetics
can significantly alter F and thus care should be taken in the choice of an appropriate
agent.
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Fig. 2. Diagram illustrating the relation between capillary fluid concentration, arterial input
concentration (CA), venous output concentration (CV), flow (F), and capillary length. The dif-
ference between the capillary fluid concentration and brain fluid concentration (Qbr / Vbr) is the
driving force for solute diffusion across the BBB. The Crone Renkin equation relates Kin to F
and PA.



Finally, the single pass extraction (E) of a solute from blood as it passes from the
arterial end to the venous end of a brain capillary can be calculated as,

E = Kin / F = (CA – CV) / CA (24)

where CA is the solute concentration at the arterial end and CV is the concentration at
the venous end of the brain capillary. In experiments that measure E directly, periph-
eral arterial blood is used for CA and superior saggital sinus blood is used for CV.

3. Example: Brain Uptake of [14C]Iodoacetamide
Kinetic analysis of a typical initial brain uptake experiment is illustrated (Fig. 3).

This data was obtained using the in situ rat brain perfusion technique that delivers solute
to brain at a constant concentration and flow rate (see Chapter 13). [14C]Iodoacetamide,
the test tracer, is a small, moderately lipid soluble substance (octanol/water partition
coefficient � 1) that exhibits minimal plasma protein binding. Brain uptake of
[14C]iodoacetamide from protein-free physiologic saline fluid was determined at sev-
eral times over 10–40 s. At the end of the experiment, total brain [14C]iodoacetamide
content (Qtot) was measured and corrected for residual intravascular tracer using
[3H]inulin. Intravascular-corrected brain data (Qbr) were then expressed as brain/per-
fusate ratios (Qbr / Cpl) and plotted vs time on a graph.
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Fig. 3. Plot of the time course of rat brain uptake of [14C]iodoacetamide during perfusion with
physiologic saline fluid. Data were analyzed and fit using a two compartment model (Eq. 8) (A)
and by simple linear Patlak plot (B) using the initial uptake assumption. The Y axis is the ratio
of Qbr divided by Cpf to obtain the brain uptake “space” or brain/perfusate ratio (mL/g). The slope
of the linear regression line is Kin. The perfusate contained [3H]inulin to correct for intravascu-
lar tracer that is trapped in perfusion fluid within brain capillaries. Qbr was calculated as
(Qtot – VvQpf) where Vv was obtained from the Qtot / Cpf of [3H]inulin. Data are mean ± SD for
n = 3–4. The dotted line in both curves shows expected uptake for unidirectional influx (no
backflux) using the Kin estimated using the two compartment model.



Figure 3A illustrates the fit of the two compartment model to the data using a brain
distribution volume (Vbr) of 0.80 (i.e., brain water content) and allowing for an vascu-
lar component (Vi) in addition to that measured by [3H]inulin,

Qbr = CplVbr ( 1 – e–KinT/Vbr) + Vi (25)

The mean brain [3H]inulin space equaled 0.0108 ± 0.0006 mL/g consistent with previ-
ous reports (16,20). As intravascular tracer was already subtracted from brain, the cal-
culated Vi obtained by fitting the model to the data was expected to approach zero.

[14C]Iodoacetamide was taken up into brain at a fairly significant rate reaching a
brain-perfusion fluid Qbr / Cpf ratio of 0.15–0.20 mL/g in only 40 s. The calculated BBB
Kin value obtained by fitting the complete two-compartment model (Eq. 25) to the data
equaled 5.08 ± 0.14 × 10–3 ml/s/g. The simultaneously derived Vi was very small
(0.0004 ± 0.0028 ml/g) and did not differ significantly from zero, as expected for the
tracer. The best fit r2 was 0.9988. The matching analysis (Fig. 3B) using the linear uptake
equation (Eq. 18c) provided a slightly lower BBB Kin value, 4.39 ± 0.33 × 10–3 mL/s/g,
and a slightly higher Vv estimate of 0.0066 ± 0.0079 ml/g (r2 = 0.9450). Fall off from
unidirectional uptake is shown in both plots and biases the linear analysis to slightly under-
estimate Kin and overestimate Vi. The artifactual increase in Vi makes the reduction in
Kin greater than if a Vi of zero had been assumed. Thus, the simple linear analysis worked
reasonably well, although a bias toward reduced Kin and increased Vi was noted.

However, the assumption that demonstration of linear uptake ensures unidirectional
influx and protects one from significantly underestimating Kin was questioned in fur-
ther modeling of the data. As shown in Fig. 4, predicted uptake data, obtained using
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Fig. 4. A,B, Patlak plots of predicted data obtained using the two compartment model and
the best-fit Kin, 5.08 × 10–3 mL/s/g and assuming ± 10% random error. Data are mean ± SD for
n = 3–4. Data were analyzed by least-squares linear analysis to obtain best fit values for Kin

and Vv.



the two-compartment model and the best fit Kin and Vi values, over two extended time
ranges (30–120 s and 60–240 s) also were quite “linear” with r2 values of 0.97–0.99
when a sampling of four uptake times were used that were evenly spaced across the
graph. Kin decreased to approx 30% of the original value and Vi increased to 0.15 mL/g
as the uptake time was extended to longer intervals. Therefore, demonstration of “linear
uptake” does not guarantee an accurate Kin determination and appropriate care should
be employed to further analyze the unidirectional influx assumption, especially in
experiments that give significantly positive Vi intercepts after vascular correction. In
the case of [14C]iodoacetamide, with a Vbr of 0.80 and measured Qbr / Cpl ratios of
0.15–0.20 at 40 s, one would expect that the effective concentration of tracer in brain
at 40 s would be 19–25% of that in perfusion fluid, and thus backflux during those
40-s experiments may lead to an underestimation in the unidirectional uptake value by
100 × (0.19–0.25) / 2 = 9.5–12.5%. These values are within a reasonable range. In the
extended time plots (see Fig. 4B), Qbr / Cpl ratios for many of the later time data points
fell in 0.3–0.6 mL/g range, in which case backflux would be much greater. Detection
of nonlinearity, in this instance, would depend on whether one or more time points was
chosen in the 8–20 s range. Clearly, more evidence than simple linear uptake, as in the
Patlak plot, is needed in order to document unidirectional BBB transport. This often
can be obtained by supplemental measurements of Vbr or brain efflux.

4. BBB Transport Methods
A range of experimental techniques exist to examine solute transport across the BBB

in vivo or in vitro. Each has particular strengths, as well as limitations that need to be
watched. Seven methods will be discussed briefly below in a presentation that is meant
to complement the specific techniques outlined later in this section.

4.1. Intravenous Injection Method

The “gold standard” for all BBB work is the intravenous (iv) injection method where
a solute is administered intravenously to an animal and solute concentration is deter-
mined at different times in brain, plasma, and CSF (27–29). The data can be utilized to
provide estimates of BBB Kin, kout, Vbr, F, and PA and lend themselves to model test-
ing. The method has the advantage that the system is intact, all transporters, junctional
proteins, and enzymes are present at their physiologic concentrations, the unique archi-
tecture of the blood vessels and perivascular cells is present and undisturbed, cerebral
metabolic pathways are not compromised, and regulatory pathways, neuronal input, and
second messenger systems have not been damaged or altered. Further, the iv injection
method also allows accurate incorporation of exchange and contributions with CSF and
choroid plexus pathways. In effect, in vivo is the real thing that is extremely difficult
to reconstitute in vitro. It lends itself well to correlative studies with cerebral blood flow
and metabolism, and can readily be used with quantitative autoradiography, magnetic
resonance imaging, and positron emission tomography for analysis at the regional
level. It is essentially the approach used by Ehrlich to demonstrate originally the pres-
ence of a BBB more than 100 years ago and was used again most recently to help estab-
lish the critical importance of efflux at the BBB in the studies of drug distribution in
P-glycoprotein (P-gp) knockout mice (4,30).

Limitations of the approach are also related to its strength. Because the in vivo BBB
system is so complex, it is often difficult to dissect out roles of individual components.
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Control of circulating plasma levels of hormones, ions, nutrients, and proteins is lim-
ited and time consuming, which impedes studies that characterize the roles of individ-
ual transport proteins and carriers. The method often requires multiple samples, the
analysis of which can be costly in time and resources. Solute metabolism in liver and
other organs can complicate data acquisition and analysis, particularly when radiotracers
are used. And finally, the method provides no ready means to modulate brain solute con-
centrations in brain extracellular fluid for studies of BBB efflux.

4.2. In Situ Perfusion

The in situ perfusion method (see Chapter 13), complements the iv injection method
with which it holds a number of factors in common (20,31–33). The perfusion method
utilizes the in vivo structure of the BBB and cerebral tissues, and simply superimposes
its own vascular perfusion fluid in replacement to the animal’s circulating blood. The
particular advantage of this method is the ready control of perfusate solute concentra-
tion that can be altered at will over a much larger range than generally tolerated in vivo.
Concentration can be changed virtually instantaneously and maintained constant, which
simplifies kinetic analysis. Other constituents of perfusion fluid can also be varied allow-
ing ready characterization of saturable transport systems, plasma protein binding and the
effects of regulatory modifiers, hormones, and neurotransmitters that can be presented
to the brain at defined concentrations. Furthermore, because solute goes directly from
perfusate to brain, without transit to other organs, artifacts that arise due tracer metab-
olism are minimized. The perfusion approach, originally developed for rats (32–33), has
been expanded for mice (34), guinea pigs (35), and rabbits (36). The method readily lends
itself for use with genetically modified animals, such as the P-gp knockout mice (37)
and can also be used for efflux studies (18). The relation between BBB PA and octanol
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Fig. 5. Relation between measured blood–brain barrier capillary permeability and surface area
(BBB PA) and the octanol/water distribution coefficient for reference tracers, drugs, and nutri-
ents. BBB PA data are all from in situ brain perfusion in the absence of plasma protein binding.
Each point represents a mean for n = 3–8 perfusions.



water distribution coefficient (pH 7.4) is shown for PA data obtained via perfusion mea-
surement for reference tracers, drugs, and nutrients in Fig. 5.

Drawbacks of the perfusion technique include a number of those listed for iv injec-
tion where the complexity of the system can be limiting. Whereas permeant solutes can
be readily loaded into brain for efflux studies, the method does not lend itself to efflux
studies of poorly penetrating solutes and provides no ready means to control brain extra-
cellular solute concentrations for characterization studies of efflux transport systems.
Furthermore, similar to iv injection, complete kinetic analysis can involve a number of
animals and require significant analytical time and commitment. The time investment
is considerably reduced once the kinetics of a given solute is known and the method
can be simplified to the single time point approach.

4.3. Brain Efflux Index

Mechanisms of brain-to-blood efflux can also be investigated with the brain efflux
index technique of Kakee et al. (38), which is described in Chapter 14. This method
involves direct microinjection of test solute and impermeant reference tracers into brain
(38,39). At various times thereafter, the ratio of test tracer to impermeant reference
marker (R) is determined in brain and expressed as a brain efflux index (BEI) value,
defined as

BEI = 100 × (1 – [( R)brain / (R)injectate]. (26)

From this data a rate coefficient for efflux (kout) from brain is calculated and is con-
verted to a transfer coefficient (i.e., clearance) for efflux, as Kout = kout × Vbr where Vbr

as determined from the steady-sate distribution of test solute in brain slices in vitro.
Caution must be exercised with the technique as BBB damage from needle tract injec-
tions may alter BBB transport or blood flow. Similarly, the necessity in some experi-
ments to use very high levels (e.g., 50–100 mM) of competitor or transport inhibitor in
the injection solution may also have adverse effects. Finally, the calculated Kout is
dependent on accurate determination of Vbr which may change with in vitro tissue slice
incubation or due to the effects of transport inhibitors.

The brain efflux index method has produced some very valuable insight on the role
and characterization of a number of efflux transport systems at the BBB (39–41).

4.4. Isolated Membrane Vesicles

The introduction of brain microvessel membrane vesicles for separate analysis of the
transport properties of isolated luminal and abluminal membranes of the BBB by
Sanchez del Piño (12) opened an extremely important door to verify the presence of
specific transport systems at the BBB and study their polarized function under controlled
conditions (see Chapter 15). The method allows determination of the activity of trans-
porters from separate luminal and abluminal membranes. It has verified the selective
distribution of several key active transporters to the abluminal membrane, including Na+-
K+-ATPase, the system A and system Bo+ sodium-dependent amino acid transporters,
and the sodium-dependent glutamate transporters, EAAT1, EAAT2, and EAAT3
(42,43). It has also been used to examine the distribution and function of critical BBB-
facilitated exchange carriers, such as the BBB glucose transporter (GLUT-1) and the
sodium-independent large neutral amino acid transporter (LAT-1) (44,45). Limitations
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to this approach include the fact that the membranes fractions are not completely pure
with regard to luminal vs abluminal membrane origin, so that corrections must be made
for contamination, and the fact that the membrane protein characteristics and regula-
tion may be altered by the isolation procedure.

4.5. Intracerebral Microdialysis

Intracerebral microdialysis (see Chapter 16) offers the distinct advantage of an inter-
nal portal to the extracellular fluid of the brain. Thus, although most in vivo methods
lump the brain parenchyma, including extracellular and intracellular spaces, into a
single unit, brain microdialysis samples selectively, using a semipermeable membrane,
from the brain interstitial compartment and at steady state allows determination of the
brain interstitial fluid concentration (46,47). The method has been used extensively to
document the kinetics of solute exchange between plasma and brain interstitial fluid and
offers the advantage of protein-free sample fluids for ready determination of solute con-
centration by LC-MS or HPLC. Limitations to the method include the damage to BBB
and brain cell membranes that accompany microdialysis probe insertion in the CNS and
can cause overestimation of transport rates for polar compounds (48–50). In addition,
dialysis probe efficiency can vary under different conditions (51) and, because only one
or two small probes are generally used per animal, the method does not lend itself to
efficient regional comparison of brain uptake or efflux. However, its time resolution is
excellent and a significant amount of data can be obtained from each animal experiment.

4.6. Choroid Plexus and CSF

Lastly, the transport roles of choroid plexus and CSF in solute uptake and distribu-
tion in brain remain unresolved with many important questions. The choroid plexuses
contribute significantly through the CSF to brain uptake of certain ions (e.g., Na, Ca)
and metals. Their quantitative role may differ between species based upon differences
in brain size and diffusion distance between brain core and ventricle. Chapter 19 pre-
sents methods for characterizing choroid plexus transport in vivo and in vitro.
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In Situ Brain Perfusion Technique

Quentin R. Smith and David D. Allen

1. Introduction
Many techniques have been developed to study transport across the blood–brain bar-

rier (BBB). One that offers particular advantage is the in situ brain perfusion technique.
The primary objective of the in situ brain perfusion technique is to take over the circu-
lation to the brain via direct infusion of artificial blood, plasma, or saline into the heart
or major vessels leading to the brain, such as the carotid arteries (1–4). The solute of
interest is mixed into the perfusion medium at a known concentration and delivered to
the brain via the perfusion fluid for a defined interval. At preselected times, the perfu-
sion is stopped and the amount of solute in brain is determined. From these measure-
ments, the kinetics of brain uptake are analyzed and appropriate transport or
permeability constants calculated (5).

There are a number of advantages of this approach for studies of BBB transport. First,
the kinetics of brain uptake via perfusion are quite simple because the compound of
interest is delivered to the brain at a set, known concentration that does not vary with
time. Second, because of the investigator’s control of perfusion uptake time, transport
can be measured over a broad range of intervals (anywhere from 5 s to >30 min),
allowing accurate determination of permeability over a 105 range (2). Third, because
solute is not delivered first to peripheral metabolizing organs (e.g., liver, lung or kidney),
the investigator can generally be confident that the compound is presented to brain
in the intact form and thus minimizes chances for error due to brain uptake of perme-
able metabolites, especially 3H-H2O and 14C-CO2 (6,7). Fourth, because the concen-
tration of solute as well as potential competitors, blockers, ions (e.g., Na+), and plasma
proteins can be readily manipulated in the perfusion medium, the method is ideal for
in vivo characterization of the kinetics of saturable transport across the BBB and
the effects of plasma protein binding (4,8–10). And finally, the method can be used to
study solute efflux from brain after preloading by switching the perfusate to solute-free
saline (3,10).

A number of perfusion systems have been published over the past 20 yr for study of
drug transport into brain. This chapter will present the most widely used method—the
in situ rat brain perfusion technique (or “Takasato” method).
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2. Materials
2.1. Surgical Preparation

1. Sodium pentobarbital, or a suitable animal anesthetic (Sigma Chemical, St. Louis, MO).
2. Surgical shaver (e.g., electric clippers) (Stoelting, Wood Dale, IL or Fisher Scientific,

Pittsburgh, PA).
3. Heating blanket or light—to maintain rat body temperature during surgery (Stoelting or

Harvard Apparatus, Holliston, MA).
4. Indicating Controller (Yellow Springs Instruments, Yellow Springs, OH).
5. Temperature probe (Harvard Apparatus, Stoelting or Yellow Springs Instruments).

2.2. Surgery

1. Rodent surgical board (Harvard Apparatus or Stoelting).
2. Binocular dissecting microscope (up to power 40x) (Carl Zeiss Surgical, Thornwood, NY).
3. Fiber optic light illuminator—for dissecting microscope (Carl Zeiss Surgical).
4. Surgical instruments (e.g., microdissecting tweezers and forceps, retractors, microvascu-

lar clamps and applicator, spring scissors, microdissecting scissors, operating scissors,
retractors, hemostatic forceps, and scalpel blades and handles) (Roboz Surgical Instruments,
Rockville, MD; Daigger, Vernon Hills, IL).

5. Surgical silk (4-0, 6-0) (Ethicon, Johnson & Johnson Health Care Systems, Piscataway, NJ).
6. Polyethylene tubing (PE- 60 or PE-50)—for catheters (Becton Dickinson, Sparks, MD).
7. Plastic syringes (1 mL and 5 mL) (Becton Dickinson).
8. Syringe needles—20-gage for PE-60 tubing and 23-gage for PE-50 (Becton Dickinson).
9. Plastic ultra three-way stopcocks (Medex, Hilliard, OH) or four-way stopcock (Hamilton,

Reno, NV).
10. Heparin (Sigma, St. Louis, MO).
11. Bacteriostatic 0.9% sodium chloride solution (Abbott Laboratories, North Chicago, IL).
12. Malis Bipolar coagulator (Codman, Raynham, MA).
13. Cotton-tipped applicators (Allegiance, MacGraw Park, IL).
14. Absorbent paper (Fisher Scientific).

2.3. Perfusion Fluid

1. Perfusion buffer or fluid: If physiologic saline fluid is used, excellent results are obtained
with a perfusion buffer of the following composition: 128 mM NaCl, 24 mM NaHCO3,
4.2 mM KCl, 2.4 mM NaH2PO4, 1.5 mM CaCl2, and 0.9 mM MgCl2 (Sigma or Fisher
Scientific).

2. D-Glucose: added to perfusion fluid on day or experiment (Sigma).
3. Bovine serum albumin or 70 k dextran if oncotic agent is used; added to perfusion fluid on

day or experiment (Sigma).
4. Red cells: collected fresh on the day of the experiment in physiologic blood perfusions.
5. 95% oxygen/5% carbon dioxide gas.
6. Glass infusion syringe; 5–50 mL, depending on required infusion rate for infusion pump

(Becton Dickinson).
7. Circulating water bath: capable on holding temperature of perfusion fluid and syringes at

37–39° C (Lauda, Daigger or Fisher Scientific).

2.4. Perfusion Procedure

1. Constant or variable rate infusion pump (Harvard Apparatus, Holliston, MA).
2. Physiologic pressure transducer (Gould, Valleyview, OH).
3. Amplifier and chart recorder for pressure transducer (Gould).
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4. Microcentrifuge: for centrifuging blood samples (Fisher Scientific).
5. Analytical balance: for weighing samples (Sartorius, Daigger).
6. Kimwipes (Kimberly-Clark, Roswell, GA).
7. Ice bucket with ice (Fisher Scientific).
8. Glass petri dish (12–20 cm): to dissect brain on (Fisher Scientific).
9. Filter paper (Whatman, Fisher Scientific).

10. Vials (plastic or glass): for sample collection and holding (Fisher Scientific).
11. Stop watch or timer (Fisher Scientific or Daigger).

3. Methods
The specific steps required to carry out a brain perfusion experiment are described

from the point of anesthesia and surgical preparation of the animal through sample col-
lection and data analysis

3.1. Surgical Preparation

1. Anesthetize an adult rat (body weight 220–380 g) with sodium pentobarbital (40–50 mg/kg,
50–60 mg/mL, intraperitoneally [i.p.]) or other suitable anesthetic agent.

2. Once surgical anesthesia is obtained, the neck of the animal is shaved using electric clip-
pers and the area is cleaned in preparation for surgery.

3. Attach the animal to the surgical board taking care not to inhibit respiration or blood flow
to the head, limbs or thoracic cavity.

4. The animal’s body temperature is maintained at 37°C during surgery and perfusion through
the use of a heating pad or lamp that is linked to a feedback device (Indicating Controller)
with a temperature probe placed in the rectum.

3.2. Surgery

1. A surgical incision is made on the ventral surface of the neck and the subcutaneous tissue
and muscles are moved laterally to expose either the right or left carotid artery system
(Fig. 1, see Note 1). Choice or right or left carotid artery depends on preference of the
surgeon.

2. The common carotid artery is encircled and ligated with surgical silk (4-0) and then a can-
nula (15 cm of PE-60 containing 100 IU/mL heparin in 0.9% NaCl) is placed in the
common carotid artery (see Fig. 1) distal to the ligature for delivery of perfusion fluid to
brain (see Notes 2 and 3).

3. The corresponding external carotid artery is also ligated with surgical silk (6-0) to reduce
the volume of perfusion fluid that goes to extracerebral tissues.

4. At the end of the surgical procedure, the wound site is cleaned and body rectal tempera-
ture is checked to ensure that it is approx 37°C. Rat rectal temperature is maintained fol-
lowing surgery through the use of a heating pad or heat lamp connected to a feedback device
and a rectal probe.

3.3. Perfusion Fluid

1. The most frequently used perfusion fluid is a bicarbonate-buffered physiologic saline (8)
(see Subheading 2.3. and Note 4).

2. Five to 10 mM D-glucose is usually added to the perfusate on the day of the experiment to
maintain cerebral glucose metabolism and adenosine triphosphate (ATP) production.

3. Plasma oncotic agents and oxygen-carrying agents are also added as required (see Note 5).
4. Care should be taken to filter the perfusion medium (0.2 µm) and heat it to 37°C.
5. Filtered erythrocytes (if used) are added to a hematocrit of 10–40% (2,3)(see Note 6).
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6. The solution is bubbled gently with humidified 95% O2/5% CO2 to pH 7.4 (1–3 min) to
attain steady state gas levels within the solution.

7. The test compound of interest is added to the perfusate at known concentration.
8. The solution is drawn up within a heated (37°C) glass syringe and maintained at 37°C

throughout the experiment through the use of a circulating water bath and copper syringe
jackets (see Note 7).

9. The perfusion syringe is placed within the perfusion pump and the pump is set for an infu-
sion rate of 5–20 mL/min (see Note 8).

10. The perfusion catheter is attached to the perfusion syringe through a 20-gage needle and
a three-way stopcock. The three-way stopcock can be used to attach a pressure transducer
in line to monitor perfusion pressure during perfusion (2). In addition, a four-way valve
can be put in line with a dual syringe infusion pump if “pre-perfusion” or “post-perfusion”
with a different fluid is to be used as part of the uptake measurement.

3.4. Perfusion Procedure

1. The thoracic cavity is opened and the cardiac ventricles severed to stop blood flow from
the systemic circulation.

2. Then, perfusion fluid is infused up the common carotid artery at a rate (5–20 mL/min)
sufficient to perfuse the ipsilateral cerebral hemispheres at a normal pressure (approx
80–120 mm Hg) and the time of perfusion is monitored with a stopwatch. Figure 2
illustrates a typical set up for a perfusion experiment.
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Fig. 1. Diagram of the modified Takasato method with catheter placement in the common
carotid artery and ligation of the external carotid artery. The pterygopalatine artery can be either
ligated or left open (6,10,12). The heart is stopped just before the start of perfusion to minimize
mixing.



3. Perfusion fluid that has passed through the brain vasculature bed and exited to the venous
system accumulates in the thoracic cavity.

4. A prewash of the brain vasculature with drug or test-solute free fluid may be performed
via perfusion for 10–45 s to clear the cerebral vessels of red cells and plasma constituents
before onset with fluid containing test solute.

5. Because only one carotid artery is perfused, flow in the ipsilateral cerebral hemisphere
exceeds that in the contralateral cerebral hemisphere by five- to tenfold. Bilateral perfu-
sion can be achieved by cannulating and infusing fluid into both common carotid arteries
(right and left).

6. Because the heart is stopped, there is no contribution to flow from the systemic circulation
and the brain flow rate can be set at will for studies of the flow-dependent transport or
metabolism.

7. At the end of the perfusion period, the pump is turned off and the animal is decapitated.
8. The brain is removed from the skull and placed on a filter paper (Whatman no. 1) moist-

ened with 0.9% NaCl and sitting on a Petri dish cooled on ice (within an ice bucket).
9. Surface blood vessels are removed from the brain using cotton swabs.

10. The ipsilateral hemisphere is dissected into regions using surgical scalpel blades. Tissue
sections are placed in sample tared vials and reweighed to obtain tissue weight.

11. Corresponding samples of perfusion fluid are also collected, placed in vials, and analyzed
to obtain sample weight.

12. The total concentration of solute of interest in brain is then determined by scintillation
counting, LC-MS, HPLC, GC or other suitable analytical means. When metabolism is a
factor, it is often necessary to perform chromatography to carefully measure intact com-
pound. Passage of solute across the blood-brain barrier can be demonstrated by separating
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ature pad and regulator, and circulating water bath. Perfusion pressure can be measured with an
in line pressure transducer linked to a recorder (Gould). The electroencephalograph can also be
monitored with the same recorder used for the perfusion pressure.



the cerebral microvessels from brain parenchyma using the capillary depletion technique
(11,12).

13. At the end of perfusion, the amount of compound trapped in perfusion fluid in the brain
blood vessels (Qvas) is either removed from the brain by a short washout (10–15 s) with
perfusion fluid that does not contain the compound of interest or it is measured indirectly
using a vascular marker, such as [3H]-sucrose or [14C]-inulin which is included in the per-
fusion fluid (2,8).

3.5. Calculations

1. The BBB transfer coefficient for unidirectional uptake of solute into brain from perfusion
fluid (Kin) is calculated as,

Kin = (Qtot – VvQpf) / CpfT (1)

where Cpf = the concentration of solute in the perfusion fluid (mass drug/volume fluid),
Qtot = total amount of solute in brain (mass/weight brain), Vv = brain vascular volume
(mL/g), and T= perfusion time.

2. The perfusion uptake time is calculated as the total time the solute was infused into the
carotid artery minus the delay time it takes the perfusion fluid to reach the brain once the
perfusion pump is started (2) (see Note 9).

3. The total quantity of solute in brain (Qtot) is the sum of what has left the perfusate and
crossed into brain (Qbr) and what remains in perfusate in the brain blood vessels (Qvas) (2,5)
(see Notes 10 and 11),

Qtot = Qbr + Qvas (2)

4. Kin can be converted into a cerebrovascular permeability-surface area product (PA) if the
flow (F) of perfusion fluid in brain is known (see Note 12). PA is calculated from Kin using
the Crone Renkin equation as (2,3,5):

PA = –F ln (1 – Kin / F) (3)

5. F can be measured in brain perfusion experiments with radioactive diazepam or iodoan-
tipyrine (2,3). [3H]- or [14C]Diazepam are most commonly used for such measurements
and have the advantage that uptake is linear for 60 s (2,3,6). However, uptake with diazepam
can become flow limited at high flow rates in the presence of plasma protein, as diazepam
shows significant plasma protein binding.

6. The rate of drug uptake into brain (Jin) is given by the following equation,

Jin = KinCpf (4)

7. If the interval over which brain uptake is unidirectional is unknown, this can be checked
by measuring uptake over several different time periods and then plotting the data as
Qtot/Cpf vs T and looking for the initial, linear portion of uptake curve (8,10–12). Kin can
be obtained by fitting the following equation to the linear portion of the uptake curve using
least-squares regression:

Qtot / Cpf = KinT + Qvas / Cpf (5)

8. The brain perfusion technique can also be used to measure the rate of drug removal from
brain by preloading the drug or solute of interest into the brain by vascular perfusion and
then switching the perfusion fluid to drug-free fluid (10).

3.6. Applications

1. Figure 3 illustrates the application of the in situ rat brain perfusion method to measure the
rates of brain uptake and vascular intercepts of L-[14C]alanine and [14C]thiourea.
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2. Data in Fig. 3 are plotted as Qbr/Cpf values to obtain effective “brain uptake spaces” with
units of mL/g. Measured brain L-[14C]alanine and [14C]thiourea contents were corrected
for residual intravascular radioactivity (i.e., tracer sitting within the brain blood vessels)
using [3H]inulin (1–2 µCi/mL) which was included in the perfusion fluid along with either
[14C]thiourea or L-[14C]alanine (0.25–0.50 µCi/mL). The mean brain [3H]inulin space
equaled 0.0126 ± 0.0005 ml/g in the [14C]thiourea and L-[14C]alanine experiments and was
comparable to previous reports (2). [3H]Inulin has a very low BBB Kin and is frequently
used to measure brain vascular volume because it essentially does not cross the BBB in
short experiments.

3. Brain uptake data were analyzed by linear regression to obtain slope and y-intercept values
for the initial “linear” portion of the brain uptake graphs. Over the initial “linear” portion
of the uptake plots, the slope is equivalent to the Kin and the y-intercept is equivalent to the
residual vascular space (Qvas/Cpf), separate from that measured by [3H]inulin.

4. The brain uptake of L-[14C]alanine showed evidence of significant brain vascular accu-
mulation (Fig. 3A), as noted by a positive y-intercept (Qvas/Cpf). Rat brain was perfused
with saline containing L-[14C]alanine at tracer concentration in the absence of added
unlabeled L-alanine or other amino acid competitors. Under these conditions, brain
L-[14C]alanine uptake slightly exceeded that of [14C]thiourea, reaching brain/perfusion
Qbr/Cpf ratio values of approx 0.03 mL/g with a 60 s perfusion exposure. Brain
L-[14C]alanine uptake was linear and showed a best-fit regression Kin of 3.9 ± 0.3 × 10–4 mL/s/g
which decreased by 67% to 1.3 ± 0.3 × 10–4 mL/s/g upon addition of 10-mM unlabeled
L-alanine to the perfusion fluid ( p < 0.05). Such concentration-dependent reduction in
Kin is suggestive of brain L-[14C]alanine uptake by a saturable transport carrier.
However, unlike [14C] thiourea, the calculated y-intercept Qvas/Cpf value for L-[14C]alanine
(0.0082 ± 0.0012 mL/g), significantly exceeded zero, suggesting rapid and selective accu-
mulation of L-[14C]alanine in the brain endothelium. This putative brain vascular compo-
nent was concentration-dependent, as addition of 10-mM unlabeled L-alanine to the
perfusate reduced the L-[14C]alanine y-intercept to essentially zero (0.0006 ± 0.0016 mL/g)
(see Fig. 3A).

5. [14C]Thiourea, as a fairly polar nonelectrolyte, crossed the BBB slowly reaching a brain-
perfusion fluid Qbr/Cpf ratio of only 0.02 mL/g in 60 s of perfusion (Fig. 3B). The
calculated BBB Kin value obtained by least squares linear regression equaled
2.9 ± 0.3 × 10–4 mL/s/g. The calculated y-axis intercept value of Qvas/Cpf using Eq. 5 equaled
0.0016 ± 0.0011 mL/g and did not differ significantly from zero ( p > 0.05), suggesting that
for [14C]thiourea there is no additional binding or association with the vascular endothe-
lium above that measured by [3H]inulin. Thus, for [14C]thiourea, [3H]inulin appears to serve
as a suitable marker of the vascular intercept space (Qvas/Cpf – Vv ≈ 0).

6. Given that the measured cerebral perfusion fluid flow rate (F = 0.1 mL/s/g) in the experi-
ment greatly exceeded Kin for both [14C]thiourea and L-[14C]alanine, no correction is
required for flow-limited uptake and Kin essentially equals PA for both tracers (see Eq. 3).
In general, flow limitations only become important when Kin/F ≥ 0.2 (see Note 12).

7. The results demonstrate the use of the in situ brain perfusion technique to quantitate and
characterize solute transport across the BBB. This same method can be used in genetically
modified rats and mice to study the effects of specific gene modifications on BBB func-
tion, such as knockout of the P-glycoprotein drug efflux transporter.

4. Notes
1. All surgery is performed using clean surgical technique. Deep anesthesia is required for

surgery on the carotid circulation. Care should be taken to maintain anesthesia throughout
the experiment and to insure that air bubbles and particulate matter is not introduced into
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the blood leading to the brain. The saline in the perfusion catheter should contain 100 IU/mL
heparin sodium to minimize the formation of blood clots.

2. If only one of the two carotid arteries is ligated and cannulated, adequate blood flow to
brain can be maintained prior to perfusion in normal animals via cross over of blood from
the contralateral carotid artery at the Circle of Willis, which joins the vessels that feed the
brain (2,3). This prevents hypoxic brain damage in the intervening minutes as the perfu-
sion cannula is connected to the pump and the perfusion is begun.

3. Some groups have found that it possible to perfuse via the left cardiac ventricle or aorta
(13–15). Such systems provide equal perfusion to both hemispheres of the brain, but
require higher infusion rates.

4. A number of perfusion fluids have been developed for use with the in situ brain perfusion
technique. The optimum fluid depends upon the experimental goal. The BBB will accept
considerable variation in perfusate composition for short intervals (<5 min) as long as the
pH (7.0–7.5) and osmolarity (280–320 mOsm/kg) are maintained within normal limits.

5. Serum proteins are not required in the perfusate for oncotic pressure, as the brain capil-
laries have a low permeability to both large and small solutes. However, serum proteins
often serve critical roles with regard to drug binding and transport, and may be added for
that purpose, as well as to maintain oncotic balance in the “nonbarrier” regions or tissues.
Albumin is frequently used for this purpose (2.7–4%). High molecular weight, nonprotein
polymers, including dextran, can also be used.

6. For long perfusions (>60 s), an oxygen-carrying agent should be added to the perfusate to
sustain normal cerebral metabolic and electrical activity. Most use washed erythrocytes to
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Fig. 3. Plot of the time course of brain uptake of L-[14C]alanine (left) and [14C]thiourea (right)
during perfusion with physiologic saline fluid. The Y axis is the ratio of Qbr divided by Cpf

to obtain the brain uptake “space” or brain/perfusate ratio (mL/g). The slope of the linear
regression line is Kin, which is reduced for L-[14C]alanine during perfusion with fluid containing
10-mM unlabeled L-alanine due to saturation of a transport carrier. The perfusate in both exper-
iments contained [3H]inulin to correct for intravascular tracer that is trapped in perfusion fluid
within brain capillaries. Qbr for L-[14C]alanine and [14C]thiourea was cal-culated as (Qtot – VvQpf)
where Vv was obtained from the Qtot/Cpf of [3H]inulin. Data are mean ± SD for n = 3–4.



a hematocrit of 20–40% or whole rat blood. With good oxygenation, cerebral oxygen
metabolism and EEG can be maintained for more than 1 h.

7. In-line filters are valuable for removal of particulate matter and clots from the perfusion
fluid (2). But, care should be taken because they also can bind drugs (e.g., diazepam) and
lead to lower concentration of test drug in the infusion solution coming out of the filter.

8. The recommended infusion rates for the modified Takasato method (cannulated common
carotid artery—ligated external carotid artery) with saline perfusion fluid is 5–20 mL/min.
In general, saline has a lower viscosity than blood and requires a higher infusion rate to
obtain the same pressure. Pressures in excess of 200 mm Hg should be avoided because
they may damage the BBB.

9. Often 1–5 s are required after start of the perfusion pump for the perfusion fluid to reach
the brain. This delay time should be subtracted from the total perfusion time to obtain the
net perfusion time (i.e., the time that perfusion fluid was actually passing through the brain).
The delay time will differ depending on the size and length of the perfusion catheter and
the infusion rate. The delay time can be measured by creating a cranial window in the skull
of an animal immediately before perfusion and then determining how long it takes for the
blood to clear from the cerebrovascular surface vessels after start of the perfusion pump.

10. Investigators should conduct all perfusion experiments so that more than half of the drug
in brain has crossed the BBB (Qtot/Cpf ≥ 2 × Qvas/Cpf). Otherwise, small errors in intravas-
cular drug distribution can appreciably affect the brain permeability calculations (3,5).
Further, it may be appropriate in some instances to confirm that the test solute does not
modify BBB permeability. The latter has been shown to occur for some vasoactive pep-
tides and drugs.

11. Some solutes bind significantly to the luminal surface of the cerebral blood vessels and
can lead to overestimation of brain uptake if an appropriate vascular correction is not made.
Drugs that exhibit this behavior tend to be either cationic (e.g., choline) (10,16) or highly
hydrophobic. The loosely bound vascular drug can be removed by a brief wash (10–15 s)
with drug-free saline (10). Bovine serum albumin (2.7 g/dL) can be added to the perfusion
wash solution to enhance the efficiency of vascular drug removal.

12. If the drug or test solute binds minimally to plasma proteins (f � 1.0) and the transfer con-
stant (Kin) is small relative to the flow rate (F)(i.e., Kin < 0.2 F), then Kin essentially equals
the PA product (within <10% error) and is essentially flow independent (5). On the other
hand, if the Kin is large relative to flow (Kin ≥ 0.2 F), then uptake will depend both on flow
and permeability and flow measurements will be required in order to obtain accurate esti-
mates of BBB PA.
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Brain Efflux Index Method

Characterization of Efflux Transport Across the Blood–Brain Barrier

Hiroyuki Kusuhara, Tetsuya Terasaki, and Yuichi Sugiyama

1. Introduction
Efflux transport systems act as one of the detoxification systems at the blood–brain

barrier (BBB) by eliminating xenobiotics and endogenous wastes from the brain into
the blood (1–6). P-glycoprotein is a well-known example (1,2,5,6). It is a primary
active transporter for hydrophobic neutral and cationic compounds and mediates uni-
directional transport from the inside to the outside of cells. The distribution of its sub-
strates in the brain after its intravenous administration is significantly increased, by
twofold to approx 20-fold, depending on the substrates in P-glycoprotein knockout
mouse (1,2,5,6). Although the molecular mechanism has not been fully elucidated, the
presence of an efflux transport system for organic anions on the brain capillary endothe-
lial cells has been suggested (1–5). It is necessary to reveal the efflux transport mech-
anisms at the BBB to understand the disposition of nutrients and neurotransmitters and
their metabolites in the central nervous system, and to deliver central acting drugs to
the central nervous system efficiently. A method to determine in vivo efflux clearance
across the BBB is required for that purpose.

Leininger et al. (7) and Banks et al. (8) have characterized the efflux transport of
1-naphtyl 17β-glucuronide and a cyclic peptide, RC-160 (a somatostatin analogue) by
microinjection into the cerebral cortex and measuring the remaining radioactivity in the
brain following injection. We have improved this microinjection technique by exam-
ining the injection site and injection volume, and reported this technique as brain efflux
index (BEI) method (9). The principle underlying this method is shown in Fig. 1. This
technique has been used to characterize the efflux of 3-O-methylglucose (3-OMG) (9);
organic anions, such as taurocholate (TCA; a bile acid) (10); p-aminohippurate (PAH)
(11); estrone sulfate; dehydroepiandrosterone sulfate; estradiol 17β-glucuronide
(E217βG) (steroid conjugates) (12–14) and valproic acid (15); amino acids, such as
asparatate, glutamate, and γ-aminobutyrate (16,17); purine nucleobases and nucleosides
(18); nucleoside analogs, such as azidodeoxythymidine and dideoxyinosine (19); quini-
dine (antiarrhythmic agent) (20); and BQ-123 (a small peptide that acts as an endothe-
lin receptor antagonist) (10).
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1.1. Principle

The BEI value is defined by the following equation, the percentage of the effluxed
amount being compared with the injected dose.

BEI = Amount of drug effluxed across the BBB/Injected dose (1)

Due to the difficulty in measuring the effluxed amount, the amount associated with the
brain is measured. The injected dose is corrected by the recovery of a simultaneously
injected reference compound of which elimination from the brain is negligible. Then,
the BEI value is obtained by the following equation:

BEI (%) = [1 – (Xb, drug / Xb, ref) / (Xinj, drug / Xinj, ref)] × 100 (2)

where Xb and Xinj represent the amount associated with the brain and injectate, and drug
and ref represent the test and reference compounds respectively. The elimination rate
constant of the test compound from the cerebrum can be obtained from the time-pro-
file of the remaining fraction [100-BEI (%)] values versus time (Figs. 2, 3) (see Notes
1, 2). In the case of compounds with extensive permeability through the BBB, the efflux
from the cerebrum to the systemic circulation is considered to be cerebral blood flow
rate–limited because compounds excreted into the lumen of brain capillaries are cleared
from the cerebrum via the blood flow (see Fig. 1).

This chapter will describe details of the BEI method. Readers are also referred to
another review of this method (21).

2. Materials
1. Reference compounds : [3H]inulin or [3H]dextran is used for 14C-labeled test compounds

and [14C]carboxylinulin for 3H-labeled test compounds.
2. 5ul-microsyringe (Hamilton, Reno, NV) fitted with a needle (i.d. 100 um, o.d. 350 um, 27G).
3. Stereotaxic frame (Narishige, Tokyo, Japan).
4. Electric drill.

220 Kusuhara, Terasaki, and Sugiyama

Fig. 1. Schematic diagram of the brain efflux index method.



5. Decapitating instruments.
6. Anesthesia: ketamine (Sankyo, Tokyo, Japan) and xylazine (Aldrich Chemicals,

Milwaukee, WI).
7. Animals: Adult male SPF Sprague-Dawley rats (Charles River, Yokohama, Japan), weigh-

ing 200 to 250 g were used. The animals had free access to food and water.
8. Buffer: 122 mM NaCl, 25 mM NaHCO3, 10 mM D-glucose, 3 mM KCl, 1.4 mM CaCl2,

1.2 mM MgSO4, 0.4 mM K2HPO4, and 10 mM HEPES (pH 7.4).

3. Methods
3.1. Experimental Protocol

1. Rats were anesthetized with an intramuscular injection of 25 mg/rat ketamine and
1.22 mg/rat xylazine and placed in a stereotaxic frame.

2. After removing part of the scalp, a midline incision was made to expose the bregma.
3. A small hole was drilled at 0.2-mm anterior and 5.5-mm lateral to the bregma to allow entry

of an injection needle (see Note 3).
4. The test and reference compounds ([14C]carboxylinulin 0.5 nCi/rat) were dissolved in the

buffer.
5. The needle was placed at a depth of 4.5 mm (Par2 region), and the solution injected

(0.5 µL/rat).
6. Cerebrospinal fluid (CSF) was sampled from the cisterna magna just before decapitation

and the left and right cerebrum and cerebellum were removed.
7. After measuring the wet weight of each excised cerebrum or cerebellum, they were dis-

solved in 2.5 mL of 2 N NaOH at 55°C for 3 h.
8. The radioactivity in the left and right cerebrum, cerebellum, and CSF was measured.
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Fig. 2. Time profiles of 100-BEI(%) of L-glucose and 3-OMG after intracerebral microinjection
in rats. [3H]3-OMG and [3H]L-glucose was microinjected into the cerebrum. At a designated time,
rats were decapitated, and the radioactivity associated with the ipsilateral cerebrum was measured.
The recovery of [3H]3-OMG and [3H]L-glucose in the ipsilateral cerebrum was corrected by that of
[14C]carboxylinulin used as reference compound. Closed and open symbols represent
3-OMG and L-glucose respectively. The elimination rate constant of 3-OMG was 0.129 ± 0.014 min–1.
No significant radioactivity of [3H]3-OMG was detected in the contralateral cerebrum, cerebellum
and CSF. Each points represent mean ± S.E. (n = 4). Cited from Kakee et al. (9).



3.2. Injection Site/ Injection Volume

The recovery of [14C]carboxylinulin in the ipsilateral cerebrum is an important crite-
rion for the reliability of the data. Detection of radioactivity of test and reference com-
pounds associated with CSF specimens suggests that the test compound diffuses to the
CSF and subsequently undergoes elimination by CSF turnover and/or efflux through the
choroid plexus. It is necessary to find the injection point, which gives the maximum and
minimum recovery in the cerebrum and CSF, respectively. The recovery of [14C]car-
boxylinulin in the ipsilateral and contralateral cerebrum and CSF was compared at the
different injection sites (Par2, CA2, Ent, HiF, and Fr1) as shown (Table 1) (9). The total
recovery of [14C]carboxylinulin 20 min after microinjection to the Fr1 site is relatively
lower (approx 50%) than that at other sites. The recovery of [14C]carboxylinulin in the
CSF was 34%, 57%, and 12% at 20 min after microinjection into the regions referred to
as CA2, Ent, and HiF, whereas 2 to approx 3% of the injected dose was recovered in the
CSF following microinjection into the Par2 region. Therefore, the Par2 region has been
used as the site of injection in the subsequent studies. Heterogeneity of the transport sys-
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Fig. 3. Time profiles of 100-BEI(%) of PAH after intracerebral microinjection in rats (A)
and the concentration dependence (B). (A), [3H]PAH was microinjected into the cerebrum. At
designated time, rats were decapitated, and the radioactivity associated with the ipsilateral
cerebrum was measured. The recovery of [3H]PAH in the ipsilateral cerebrum was corrected by
that of [14C]carboxylinulin used as reference compound. Closed and open symbols represent
100-BEI(%) in the presence and absence of unlabeled PAH (100 mM in the injectate). The elim-
ination rate constant of PAH was 0.0587 ± 0.0065 min–1. No significant radioactivity of
[3H]3-PAH was detected in the contralateral cerebrum, cerebellum and CSF. Each points rep-
resent mean ± S.E. (n = 4). (B), The concentration dependence was shown as Eadie-Hofstee plot.
The 100-BEI(%) was determined at 2 and 20 min after microinjection. Unlabeled PAH was sim-
ulataneously determined, and the effective concentration was obtained by the concentration in
the injectate divided by dilution factor (30.3). The Km and Vmax values were determined to be
396 ± 73 µM and 23.4 ± 2.7 nmol/min/g brain, respectively. Solid line and each points repre-
sent fitted line and mean ± S.E. (n = 6). Cited from Kakee et al. (11).



Table 1
Effect of Injection Site on the Recovered Percentage of [14C]Carboxylinulin 
in the Ipsilateral, Contralateral Cerebrum, Cerebellum, and CSF

Recovery

Time Ipsilateral Contralateral Cerebellum CSF Total
Injection (min) (%) (%) (%) (%) (%)

Par2 12 66.5 ± 10.1 0.6 ± 0.3 0.6 ± 0.4 12.8 ± 2.11 186.2 ± 8.31
15 71.5 ± 12.0 0.1 ± 01 0.2 ± 0.1 10.7 ± 0.21 172.5 ± 11.0
20 69.9 ± 7.91 0.2 ± 01 0.2 ± 0.0 11.9 ± 1.31 172.1 ± 8.01

CA2 12 66.7 ± 5.41 0.3 ± 1.4 2.3 ± 0.9 15.7 ± 4.71 177.8 ± 6.31
15 55.5 ± 19.4 2.5 ± 1.8 1.3 ± 0.1 19.0 ± 7.71 168.3 ± 12.9
20 47.9 ± 3.81 1.8 ± 01 2.2 ± 0.2 33.5 ± 4.61 185.5 ± 6.11

Ent 12 63.4 ± 3.01 9.1 ± 2.9 3.6 ± 0.2 12.0 ± 0.81 178.1 ± 5.91
15 55.5 ± 14.7 5.2 ± 2.2 5.7 ± 2.7 29.0 ± 23.3 195.5 ± 13.2
10 48.9 ± 11.8 4.4 ± 3.2 2.7 ± 1.4 46.6 ± 21. 102.6 ± 12.3
20 53.5 ± 18.5 2.4 ± 0.9 3.7 ± 1.7 57.1 ± 26.1 116.8 ± 13.3

HiF 12 77.4 ± 0.61 2.4 ± 1.6 1.4 ± 0.8 10.3 ± 0.11 181.4 ± 1.91
15 38.5 ± 12.4 4.4 ± 11 6.5 ± 2.4 45.7 ± 15.7 195.1 ± 9.71
20 64.7 ± 9.51 2.3 ± 1.6 1.0 ± 0.6 11.6 ± 7.91 179.7 ± 12.6

Frl 12 32.1 ± 1.31 4.4 ± 3.5 3.3 ± 3.1 11.7 ± 1.41 141.5 ± 8.91
15 43.1 ± 4.21 0.6 ± 2.7 6.7 ± 3.4 16.6 ± 5.21 162.3 ± 10.7
20 40.2 ± 9.01 0.5 ± 0.4 0.6 ± 0.5 12.0 ± 11.7 153.3 ± 8.71

Intracerebral microinjection of 0.2 µL injectate containing 0.01 µCi[14C]carboxylinulin was injected for 1 s in the rat left cerebrum with a microsyringe with a needle
of inner diameter 100 µm. Rats were decapitated at a designated time after microinjection. Each value represents the mean ± S.E. (n = 3 to approx 5).

Par2, parietal cortex area; HiF, hippocampal fissure; Ent, entorhinal cortex; CA2, fild CA2 of Ammon’s horn; Frl, frontal cortex area l; CSF, cerebrospinal fluid.
From ref. 9.
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tems along the BBB has not been reported. Further studies are required to confirm the
uniformity and/or heterogeneity of the expression of efflux transporters along the BBB.

The effect of the injected volume was also examined over the range 0.2 to approx
2 µL/rat (9). A larger injected volume tends to result in a lower recovery of
[14C]carboxylinulin in the ipsilateral cerebrum (9). Approximately 80% was recovered
when the volume of the injectate was 0.2 µL/rat. However, the recovery was 50% when
the volume ranged from 0.5 to 2 µl/rat (Fig. 1).

3.3. Transport Systems at the BBB Characterized by the BEI Method

3.3.1. The Efflux Transport of Small Molecules Across the BBB

Stereoselective elimination was observed in 3-OMG and L-glucose (see Fig. 2) (9).
3-OMG rapidly disappeared from the cerebrum (elimination half-life, 5 min) whereas
the remaining percentage of L-glucose was constant, approx 100%, throughout the
experiment (see Fig. 2) (9). A significant reduction after preadministration of
unlabeled 3-OMG and phloridizin was observed for the elimination of 3-OMG from
the cerebrum (9). Stereoselective elimination was also observed for L- and D-aspartate
(16). L-aspartate disappeared from the cerebrum with a rate constant of 0.207 min–1 after
microinjection whereas no significant elimination of D-aspartate was observed in the
cerebrum after microinjection (16).

Using the BEI method, a transport system for PAH has been investigated (11).
PAH disappeared from the cerebrum after microinjection with a rate constant of
0.0587 ± 0.0065 min–1 (see Fig. 3A) (11). The elimination was saturable, and Eadie-
Hofstee plot indicates that the elimination of PAH from the cerebrum is accounted for
by one-saturable component (see Fig. 3B) (11). The Km and Vmax values were deter-
mined to be 396 ± 73 µM and 23.4 ± 2.7 nmol/min/g brain, respectively (11). This Km

value was obtained using concentration in the injectate divided by the dilution factor
(see Note 4). Briefly, because drugs microinjected into the cerebrum diffuse in the brain
and undergo the uptake by brain parenchymal cells, the effective concentration becomes
lower than their concentrations in the injectate. The effective concentration in the brain
is roughly estimated to be the concentration divided by the dilution factor (30 to
approx 40) (see Note 4).

The efflux transport of amphipathic organic anions such as TCA, estrone sulfate dehy-
droepiandrosterone sulfate and E217βG across the BBB has been investigated by the
BEI method (10,12–14). TCA, estrone sulfate, dehydroepiandrosterone sulfate, and
E217βG disappeared from the cerebrum with a rate constant of 0.0233 ± 0.0025, 0.0663
± 0.0077, 0.0268 and 0.037 ± 0.001 min–1, respectively, after microinjection (10,12–14).
As a typical example, time profile of the elimination of E217βG from the cerebrum is
shown (Fig. 4). A significant reduction was observed in the presence of excess unla-
beled compound, except E217βG due to its low solubility in the buffer, and simulta-
neously administered probenecid, suggesting an involvement of transporter (10,12–14).
The effect of PAH on their elimination was minimal or none, suggesting that the trans-
port system for amphipathic organic anions is different from that for PAH (10,12–14).

A multispecific organic anion transporter, organic anion transporting polypeptide 2
(Oatp2; gene symbol, Slc21a5), has been considered to be involved in their elimination
across the BBB. Oatp2 consists of 661 amino acids with 12 putative transmembrane
domains, and is expressed on both the luminal and abluminal membrane of rat brain
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capillary endothelial cells (22). The substrates of Oatp2 include amphipathic organic
anions such as bile acids and steroid conjugates as well as cardiac glycosides such as
digoxin and ouabain, and type II organic cations (23–26). The contribution of rOatp2
to the total elimination of E217βG after intracerebral microinjection was examined using
BEI method and an inhibitor selective for Oatp2, digoxin (14). Digoxin, a cardiotonic
glycoside, is a high-affinity substrate of Oatp2 (23). Simultaneous injection of digoxin
reduced the elimination of E217βG to approx 60% of the control value, indicating that
the contribution of Oatp2 accounts for approx 40% of the total elimination of E217βG
from the cerebrum (Fig. 5) (14). Significant inhibition by PAH at a concentration suf-
ficient to saturate the elimination of PAH from the cerebrum was also observed (approx
20% inhibition) (see Fig. 5), suggesting that the transporter for PAH plays some role
in the elimination of E217βG (14). Because simultaneously administered probenecid
and TCA inhibited the elimination completely (see Fig. 5), another unidentified trans-
porter is also involved in the elimination and makes a relatively similar contribution
(approx 40%) (14). OATP-A (SLC21A3) is human isoform corresponding to rat Oatp2
and is also expressed at human brain capillary endothelial cells (27). But the localiza-
tion of OATP-A at the human brain capillary endothelial cells is unclear.

The presence of efflux mechanisms for small peptides across the BBB has been sug-
gested by investigations using the BEI method (8,10). BQ-123 is a cyclo-octapeptide,
which antagonizes the endothelin receptor. Although the elimination of BQ-123 from
the cerebrum is saturable and inhibited by TCA, mutual inhibition between BQ-123 and
TCA suggests that they are eliminated from the cerebrum by different mechanisms (10).

3.3.2. The Efflux Transport of Macromolecules Across the BBB

In addition to small molecules described in a previous section, the BEI technique was
used to characterize the elimination of macromolecules such as IgG and transferrin
(28,29). The elimination of monoclonal antibody against rat transferrin receptor
(OX-26) and mouse IgG2a from the brain was examined (28). Both antibodies disappeared
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Fig. 4. Time profiles of 100-BEI(%) of E217βG after intracerebral microinjection in rats.
[3H]E217βG was microinjected into the cerebrum. At designated time, rats were decapitated, and
the radioactivity of [3H]E217βG and [14C]carboxylinulin associated with the ipsilateral cerebrum
was measured. The recovery of [3H]E217βG in the ipsilateral cerebrum was corrected by that of
[14C]carboxylinulin used as reference compound. The elimination rate constant of E217βG was
0.037 ± 0.001 min–1. Each points represent mean ± S.E. (n = 4). Cited from Sugiyama et al. (14).



Fig. 5. Effect of probenecid, taurocholate, digoxin, and p-aminohippurate on the elimination of E217βG after intracerebral microinjection. Probenecid
(A), taurocholate (B), p-aminohippurate (C), and digoxin (D) were simultaneously microinjected into the cerebrum, and their effect on the elimina-
tion of E217βG from the cerebrum after microinjection was examined at 20 min after microinjection. Each value of expected concentration is esti-
mated by the concentration in the injectate divided by the dilution factor. Results are given as a ratio with respect to the elimination rate constant
determined in the absence of unlabeled inhibitors. Each points represent mean ± S.E. (n = 3). *Significant difference from the control (p < 0.05). Cited
from Sugiyama et al. (14).
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from the cerebrum with similar elimination half-lives (48 min), faster than dextran used
as reference compound. There was minimal reduction of dextran during
90 min after microinjection. This elimination of mouse IgG2a from the cerebrum was sat-
urable and the elimination rate constant was completely reduced to that of dextran by
unlabeled mouse IgG2a (5 mg/mL in the injectate). The elimination was completely
inhibited by OX-26, mouse IgG3 and human Fc fragment, but not by mouse F(ab’)2, sug-
gesting that Fc region is important for the elimination of the antibody from the cerebrum.
Although the molecular weight of transferrin and dextran is similar (Mt 76,000 for tran-
ferrin and Mt 70,000 for dextran), apo- and holo-transferrin (apo-transferrin+iron com-
plex) disappeared from the cerebrum 20- and sixfold more rapidly than dextran (29). Their
elimination half-lives were 49 ± 4 and 170 ± 15 min, respectively. The elimination of
apo-transferrin was saturable, and was completely abolished at the highest concentration
examined (2400 µg/mL in the injectate). Transferrin receptor is a candidate mechanism
for this elimination of apo-transferrin from the brain. These studies indicate usefulness
of the BEI method for characterization of the elimination pathway of macromolecules.

4. Notes
1. Distribution volume: The efflux transport activity should be compared in terms of the efflux

clearance, an intrinsic kinetic parameter describing the ability of efflux transport. Since
compounds in the interstitial space undergo elimination across the BBB, the efflux clear-
ance (CLeff) is obtained by the following equation.

CLeff = InjectedDose
CLeff = –————— (3)

CLeff = ∫0

∞
Cbr,idt

Where injected dose and Cbr, i represent the amount injected into the cerebrum and the con-
centration of test compound in the brain interstitial space. Amount associated with the brain
(Xbr), not the concentration in the brain interstitial space, is measured in BEI method. The
elimination rate constant is obtained as follows.

kel = Injected Dose CLeffkel = —————— = —— (4)
kel =∫0

∞
Xbr dt Vbr

Where Vbr represent the fraction of ∫0

∞
Xbr dt/∫0

∞
Cbr,i dt, and, so-called, distribution volume

of test compound in the brain. Therefore, the elimination rate constant includes two para-
meters, the efflux clearance and the distribution volume (Vbr) of test compound. According
to Eq. 4, compounds with larger distribution volume exhibits slower elimination rate con-
stant even although the efflux clearance is the same, and the BEI method is limited by its
ability to detect a significant reduction in the amount associated with cerebrum after
microinjection for compounds with large distribution volume in the brain and sticky com-
pounds. Nipecotate increased the elimination rate constant of γ-aminobutyrate 1.7-fold
compared with that in the absence of nipecotate (17). Because nipecotate is a potent
inhibitor for neuronal and glial GABA reuptake, the effect of nipecotate can be ascribed
to the inhibition of the uptake by neuron and glial cells, and to the reduction of distribu-
tion volume of γ-aminobutyrate in the brain.

The distribution volume can be estimated in a separate experiment such as an uptake
study using brain slices, assuming that the distribution of test compound is rapid enough
compared with the efflux across the BBB. The efflux clearance is obtained by multiplying
the elimination rate constant by the distribution volume. Kakee et al. (9) compared the
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efflux clearance of 3-OMG with its uptake clearance obtained by the brain uptake
index method. The efflux clearance of 3-OMG was estimated to be 102 µL/min/g brain
(kel 0.129 ± 0.014 min–1, distribution volume in the brain at steady-state 788 ± 8 µL/g brain)
which is comparable with the uptake clearance of 92.6 µL/min/g brain (9). This observa-
tion is consistent with the previous report by Oldendorf (1982) (30).

2. Rate limiting process: As described previously, the elimination from the cerebrum after
intracerebral microinjection includes the uptake through the abluminal membrane from
the interstitial space and subsequent excretion into the blood. Under certain conditions
where either process may be rate-limiting for overall elimination, saturation and inhibition
of the transport through the opposite membrane hardly affects the net elimination time-
profile. The apparent elimination rate constant from the cerebrum (kel) is described by the
following equation, assuming that re-uptake from the blood is negligible, i.e., k4 = 0. The
meanings of the parameters are described in Fig. 6.

kel = k1 • k3
kel = —–———— (5)
kel = k1 + k2 + k3

If k3 (the excretion process) is much larger than k1 + k2, the equation can be approximated
to k1. Under this condition, the uptake through the abluminal membrane is the rate-limit-
ing step for overall elimination from the cerebrum. The results obtained by the BEI method
reflect mainly the transport across the abluminal membrane. Inhibition of the luminal
transport and disruption of the gene involved in the excretion hardly affect the elimination
time-profile after intracerebral injection. Vice versa, if k1 is much larger than k2 + k3, excre-
tion is the rate-limiting process.

The procedures to obtain Eq. 5 are as follows:
The differential equation of the amount of test compound in the brain (Xb) and brain cap-
illary endothelial cells (XBBB) is described in Eq. 6.

dXb = –klXb + k2XBBB
—— = –klXb + k2XBBB
dt————————

(6)
dXBBB = k1Xb – (k2 + k3)XBBB
——— = k1Xb – (k2 + k3)XBBB

dt——————————
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Fig. 6. Schematic diagram of mathematical model for the brain efflux index method.



where k represents the rate constant for the membrane transport across the luminal and
abluminal membrane of the brain capillary endothelial cells (see Fig. 6). Laplace-trans-
formed differential equations (Eq. 6) are described by the following equation:

(s + kl)X
~

b – k2XBBB = Injected Dose
(7)

–klX
~

b + (k2 + k3)X
~

BBB = 0

The sum of Xb+XBBB is described by the following Laplace transformed equation.

Xˆb + XˆBBB = Injected Dose(s + k1 + k2 + k3)
X
~

b + X
~

BBB = ———–—————————
(s + α)(s + β) (8)

α + β = k1 + k2 + k3, α · β = k1 • k3

area under curve of the amount associated with the brain and BBB and the elimination rate
constant (kel) are obtained from Eq. 8

AUC(Xb + XBBB) = lim
s→0

(X
~

b + X
~

BBB) = Injected Dose(k1 + k2 + k3)/αβ

kel = InjectedDose/AUC(Xb + XBBB) = k1 • k3 (9)
kel = Injected Dose/AUC(Xb + XBBB) = —————
kel = InjectedDose/AUC(Xb + XBBB) = k1 + k2 + k3

3. Gene knockout mouse such as Mdr1a, Mdr1a/Mdr1b, Mrp1, and Mrp1/Mdr1a/Mdr1b have
recently been established (31–34). Therefore, BEI technique for mice is useful to investi-
gate the effect of gene knockout on the elimination of test compounds from the cerebrum.
Banks et al. (8) have previously performed intracerebral microinjection in mice to
characterize the efflux transport of RC-160 (a somatostatin analog) and Tyr-MIF-1 [Tyr-
Pro-Leu-Gly-NH(2)] from the cerebrum, and they demonstrated carrier-mediated efflux
of RC-160 from the cerebrum after microinjection. Their experimental conditions were as
follows:
Injection site: 1.0-mm lateral, 1.0-mm posterior to the bregma, and 1.5-mm deep.
Injection volume: 0.1 µL/mice lactated Ringer’s solution with 1% bovine serum albumin.
Animals: ICR mice (from Charles River Laboratories, Wilmington, MA) weighing approx
25 g, anesthetized with intraperitoneal urethane (4g/kg).

4. The kinetic parameters (Km and Ki values) obtained by the BEI method are apparent para-
meters because the net elimination from the cerebrum, which includes two processes,
uptake from the cerebrum side and subsequent excretion from inside the cells into the blood
(see Fig. 6), are measured in BEI method. In addition, as compounds diffuse in the cere-
brum after microinjection, the effective concentration in the cerebrum becomes lower than
that in the injection solution. Kakee et al. (9) estimated this to be approx 30- to 40-fold by
examining the spread of trypan blue in the cerebrum after microinjection (39.9 ± 2.2 and
42.4 ± 5.7 at 2 and 20 min for 0.2 µL of microinjection, and 30.3 ± 4.4 and 46.2 ± 1.1 at
2 and 20 min for 0.5 µL of microinjection). Therefore, the effective concentration in the
cerebrum is approx 30- to 40-fold smaller in the cerebrum than in the injection solution,
assuming the dilution is the same as that of trypan blue. The uptake and adsorption by brain
parenchymal cells are also factors reducing the effective concentration of substrate and
inhibitors in the cerebrum. Introduction of dilution factor enables us to estimate the
effective concentration of test compounds and inhibitors in the brain. But this is rough esti-
mation, we have to carefully compare the Km values obtained in vivo using BEI method
with those obtained in vitro using isolated cells and/or complementary deoxyribonucleic
acid transfectants. In the case of test compounds and inhibitors with low solubility in the
buffer and/or low affinity to the efflux systems, a saturation or inhibitory effect may not
be observed due to their insufficient concentration in the cerebrum. In order to overcome
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the problem, pre-administration of 50 µL of the buffer containing excess unlabeled
substrate or inhibitors was carried out prior to the injection of radiolabeled ligand (9,20).
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Transport Studies Using Membrane Vesicles

Darryl R. Peterson and Richard A. Hawkins

1. Introduction
The blood–brain barrier (BBB) serves to regulate passage of solutes and water

between circulating blood and brain extracellular fluid (1,2). It is composed of endothe-
lial cells that line brain capillaries and exhibit selective transport properties. Cerebral
endothelial cells are unusual in that they possess true tight junctions (zonula occludens),
which provide a relatively high electrical resistance, and impart polarity to the plasma
membrane (3,4). The presence of tight junctions limits the movement of solutes through
the intercellular space, and separates the plasmalemma into luminal (blood-facing) and
abluminal (brain-facing) plasma membrane domains. Thus, penetration of the BBB
is for the most part transcellular, and requires transport across the respective plasma
membrane domains (5,6).

The polar distribution of plasmalemmal transport proteins allows for net unidirec-
tional movement of specific solutes across the BBB, and provides a basis for regula-
tion of brain extracellular fluid (3,7). Because the two plasma membrane domains
are different, it is imperative to study their individual properties, as a means of
better understanding their respective contributions to barrier functions. Thus, we have
developed a method to isolate the luminal and abluminal plasma membranes of brain
capillary endothelial cells as vesicles, and use them directly to characterize transport
processes.

The first step in this procedure is to harvest brain capillaries (8), from which the
endothelial membranes are derived. For this purpose, bovine brains are used, since larger
brains are required to provide enough tissue for membrane isolation. It takes approx
100 cow brains to produce enough plasma membrane for a typical series of transport
experiments! As described in detail below, cerebral tissue is homogenized in the pres-
ence of dextran, followed by differential centrifugation of the homogenate, and isola-
tion of capillaries on a column of glass beads. The column is then washed with buffer,
and the capillaries are collected and frozen. Ten brains are processed at one time, and
the capillaries from 10 separate isolations (ca. 100 g total) are pooled for preparation
of the membranes. Approximately 10 mg of luminal and abluminal membrane each are
derived from 100 g of capillaries.

To isolate the endothelial plasma membranes (9–11), harvested brain capillaries are
first treated with collagenase to dissolve the basement membrane and remove contam-
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inating tissue such as astrocytic end-feet and pericytes. The endothelial cells are then
homogenized, and the released plasma membranes are separated on a discontinuous
Ficoll gradient. Membrane markers are used to identify the location of each membrane
domain in the gradient.

Isolated membrane fragments produced by this method spontaneously vesiculate, and
may be used for uptake studies employing a rapid filtration technique (9). Following
incubation with a radiolabeled substrate, the membranes are quickly filtered and counted
in a liquid scintillation spectrometer, or similar device. Transport of radiolabeled mate-
rial can be distinguished from binding by quantifying uptake under prescribed condi-
tions. Furthermore, intravesicular substrate may be analyzed to determine if it has been
altered during the transport process (12). Thus, reasonably accurate measurements of
transport kinetics may be determined under highly controlled conditions. By compar-
ing kinetic measurements in both membrane domains, the polar distribution of trans-
port proteins may be quantified.

2. Materials
2.1. Isolation of Brain Capillaries

1. Isolation buffer: 101 mM NaCl, 4.6 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 7 mM NaOH, and 14.5 mM HEPES, pH 7.4.

2. Dextran; m.w. 60,000–90,000 (Sigma Chemical, St. Louis, MO).
3. Waring commercial blender (Dynamics, New Hartford, CT).
4. Wide-mouth plastic bottles; 62 × 102 mm, 250 mL.
5. Centrifuge and rotors; Beckman J2-21M, JA-14, JA-17 (Beckman-Coulter, Fullerton, CA).
6. Glass-Teflon homogenizers; models C-286, smooth and C-308, scored (Thomas Scientific,

Swedesboro, NJ).
7. 45 and 70 µm nylon mesh (Tetko, Briarcliff Manor, NY).
8. Glass beads; 0.45 mm diameter.
9. Plastic bottles; 5.5 cm diameter, 12 cm length, 3.5 cm diameter at neck.

10. Apparatus to separate capillaries from glass beads (see text).
11. Syringe and needle; 12 gage × 2 inch length.
12. Centrifuge tubes; 29 mm × 102 mm, 50 mL.
13. TSE buffer: 10 mM Tris-HCl, pH 7.4, 250 mM sucrose, 0.1 mM EGTA.
14. Freezing buffer: 10 mM Tris-HCl, pH 7.4, 250 mM sucrose, 0.1 mM EGTA, 0.5 mM MgCl2,

2 mM dithiothreitol.

2.2. Isolation of BBB Plasma Membrane Vesicles

1. TSEM buffer: 10 mM Tris-HCl, pH 7.4, 250 mM sucrose, 0.1 mM EGTA, 0.5 mM MgCl2.
2. TSEM buffer with protease inhibitors. Same as above, with the following protease

inhibitors: 10 µg/mL AEBSF [4-2(2-aminoethyl)-benzenesulfonylfluoride], 10 µg/mL
Aprotinin, 5 µg/mL Leupeptin, 5 µg/mL Pepstatin A (ICN Biomedicals, Inc., Aurora, OH).

3. Collagenase type 1A (Sigma Chemical).
4. Centrifuge tubes; 40 mL.
5. Centrifuge and rotor; Sorvall RC-5B, SS-34 (DuPont, Newton, CT).
6. Ultracentrifuge and rotors; Beckman L-60, 70 Ti, type 35 (Beckman-Coulter).
7. Polytron Tissuemizer (Tekmar, Cincinnati, OH).
8. MgSO4.
9. Polycarbonate ultracentrifuge tubes; 25 × 89 mm, 26.3 mL and 38 × 102 mm, 70 mL

(Nalgene Nunc Products, Rochester, NY).
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10. Disposable syringe needles; 20, 26, 27 gage.
11. Ficoll (Sigma Chemical).
12. Quick-Seal centrifuge tubes; 25 × 89 mm (Beckman-Coulter).
13. Syringe (10 mL) and stainless steel syringe needles; 15 gage × 10 cm length; 18 gage ×

6.5 cm length.
14. Storage buffer: 290 mM mannitol, 10 mM HEPES-Tris, pH 7.4.

2.3. Transport Studies with BBB Membrane Vesicles
1. Intravesicular medium: 290 mM mannitol, 10 mM HEPES-Tris, pH 7.4.
2. Incubation medium: 290 mM mannitol, 10 mM HEPES-Tris, pH 7.4, 100 mM NaCl or KCl.
3. Stopping solution: 145 mM NaCl, 10 mM HEPES-Tris, pH 7.4.
4. 0.45 µm filter; Gelman Metricel (VWR Scientific Products, S. Plainfield, NJ).

3. Methods
3.1. Isolation of Brain Capillaries

This technique is based on methods originally reported by Pardridge et al. (8), with
modifications by Sanchéz del Pino (10,11).

1. The cerebral cortices of ten fresh bovine brains are immersed in ice-cold isolation buffer
and cut into quarters. The meninges and surface blood vessels are removed in a cold room
at 4°C, after which white matter is trimmed from the cortices (see Note 1).

2. The tissue is mixed with an equal volume of 26% dextran in buffer, and homogenized using
a Waring blender. Homogenation involves three 5-s bursts, separated by 10-s intervals. The
first burst is done at a low-speed setting, followed by two additional bursts at high speed.

3. The homogenate is centrifuged in 250-mL wide-mouth plastic bottles (62 × 102 mm) at
17,600g for 10 min (4°C) in a Beckman model J2-21M centrifuge (JA-14 rotor). A pellet
with white (top) and red (bottom) layers is formed.

4. The supernatant is decanted with as much white material as possible, by vigorously tap-
ping the bottle while pouring out the freed material. The remaining red pellet is transferred
to approximately 150 mL ice-cold buffer using a spatula.

5. After pooling all of the red pellets, the tissue is further homogenized using several strokes
of a smooth glass-Teflon tissue grinder.

6. The mixture is next divided equally into 250-mL wide-mouth plastic bottles, diluted 1�1
with the 26% dextran solution, shaken, and centrifuged again at 17,600g for 10 min (4°C).

7. The resulting red pellet has a thin white top layer that is removed by a gentle spray of the
isolation buffer from a wash bottle.

8. Following removal of the white layer, the pellets are each covered with buffer, shaken, and
centrifuged once more at 4100g for 10 min (4°C).

9. The pellets resulting from this final spin are resuspended in 150 mL of ice-cold isolation
buffer and homogenized in a scored glass-Teflon homogenizer, approx 50 mL at a time.

10. The homogenate is next passed through a 70-µm nylon mesh, using a bent glass stirring
rod to expedite the process (see Note 2). Cerebral capillaries are filtered, leaving the larger
blood vessels retained on the mesh. To ensure that capillaries also trapped on the filter are
released, the unfiltered residue is rinsed with an additional liter of buffer until it becomes
gel-like. This filtration step is done in a cold-room (4°C), and takes approx 30 min.

11. To remove red blood cells and miscellaneous small debris from the brain capillaries, the
filtrate above is passed through a column containing glass beads (0.45 mm in diameter).
a. Approximately 120–150 mL of beads are used for each of two columns.
b. The beads are prepared by rinsing them three times in a beaker with water, followed by

two additional rinses with the isolation buffer.
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c. They are then loaded into two columns consisting of inverted plastic bottles measuring
5.5 cm in diameter by 12 cm in length (the neck is 3.5 cm in diameter).

d. The bottom of each column is covered with 45-µm nylon mesh, which is temporarily
sealed with Parafilm during the loading procedure. The beads are now added so that they
fill about one-half of the column, and buffer is added immediately to prevent them from
drying.

e. Next the Parafilm seals are removed, and the above filtrate containing isolated cerebral
capillaries from 10 cow brains is evenly and continuously added to the columns at a rate
sufficient to maintain a continuous flow.

f. After the capillaries have been layered upon both columns, each is rinsed with 500 mL
of isolation buffer. This step may require gentle stirring of the beads with a glass rod to
maintain flow. During this procedure, most of the capillaries adhere to the glass beads,
and the others are retained by the nylon screen at the bottom of the columns.

g. Red blood cells and small debris pass through the nylon filter and are removed from the
capillary preparation. This filtration step is done entirely in a cold room (4°C), and takes
approx 30 min.

h. To recover the capillaries, the contents of the columns are poured into a beaker, and each
column is rinsed (into the beaker) with isolation buffer. This rinsing procedure should
include a careful washing of the filter, since capillaries have been retained there.

i. Additional buffer is now added to the beads, and the mixture is stirred with a glass rod
to free the capillaries.

j. The freed microvessels are decanted and saved, and this washing procedure is repeated,
until the decanted fluid is no longer cloudy.

k. Finally, residual capillaries adhering to the glass beads are removed by using the appa-
ratus illustrated in Fig. 1 (13). In this procedure, the beads roll through a convoluted
plastic tube filled with buffer to loosen the adherent capillaries. At a juncture in the tube
(Y-shaped), the beads are separated from the released capillaries, which are collected
in a beaker.

l. The procedure is initiated by filling the flask with buffer, closing the valve, and pour-
ing isolation buffer into the funnel at the top of the apparatus until the coiled tube is also
filled.

m. After loading the system with buffer, air bubbles are removed by vigorously drawing
them out with a syringe and long (2-inch) 12-gage needle, that is positioned through the
neck of the funnel into the lumen of the tubing.

n. Next the beads are spooned into the funnel, and the rate at which they flow through the
system is regulated by opening and adjusting the valve. It is also important to make sure
that buffer is always present in the funnel, to prevent air from entering the system and
to ensure an even flow of material. If the flow rate is appropriate, the beads follow a
pathway to the flask, and buffer containing the released capillaries will pass through the
valve and enter the beaker (see Note 3). Fluid in the flask should be clear. If it is cloudy,
this implies that separation of capillaries and beads was incomplete, and the procedure
should be repeated.

o. The suspension in the beaker is now poured through a 210-µm nylon screen to filter any
residual glass beads.

12. The filtrate containing the isolated brain capillaries is next divided equally into 250 ml wide-
mouth plastic bottles and centrifuged at 2000g for 5 min (4°C).

13. The resulting pellets are divided into two pre-weighed small (29 × 102 mm) centrifuge tubes
(50 mL), filled with the isolation buffer, vortexed, and centrifuged again at 2000g for
5 min (4°C) in a Beckman JA-17 rotor.

14. Step 13 is repeated, and the pellets are resuspended in TSE buffer.
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15. A final centrifugation is performed at 2000g for 5 min, after which the supernatants are
decanted, and the tubes are weighed to determine the amount of tissue recovered.

16. The tubes are partially filled with freezing buffer, vortexed, labeled, and the microvessels
are frozen at –80°C. The yield from 10 brains is approximately 10 g of isolated capillar-
ies. Thus each tube will contain approx 5g of capillaries in 30–40 mL of solution.

3.2. Isolation of BBB Plasma Membrane Vesicles

To prepare plasma membranes from brain capillary endothelial cells, isolated
microvessels are homogenized, and the released membrane fragments are separated in
a discontinuous Ficoll gradient (9–11). During fractionation, specific markers are used
to identify and distinguish the luminal and abluminal membrane domains. The isolated
membranes seal spontaneously to form vesicles, which may be used to measure trans-
port processes. Each of the steps is described in Fig. 2. It is first necessary to remove
contaminating tissue that adheres to the isolated capillaries.

1. Thus, approx 20 g of frozen capillaries are thawed at room temperature and centrifuged at
2000g for 5 min (4°C), after which the pellet is resuspended in cold TSEM buffer and
re-centrifuged.

2. To remove astrocytic end-feet and pericytes, the capillary basement membrane is
digested with collagenase (11). For this purpose, the pellet is suspended in isolation buffer
(1 g/10 mL) containing 180 units of collagenase type 1A, and the mixture is incubated
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Fig. 1. This equipment is used to separate brain capillary fragments from the glass beads to
which they have adhered during the isolation process. The beads with adherent capillaries are
loaded into the funnel at the top of the apparatus, and the capillaries are dislodged as the beads
flow through the coil. After leaving the coil, the beads fall into the flask, and the separated cap-
illaries continue into the beaker (13).



Fig. 2. Illustration of the steps necessary to isolate plasma membrane vesicles from brain cap-
illaries. The figure is reprinted with the permission of Cambridge University Press (9).



in a shaking water bath for 25 min at 37°C. To recover the cleaned microvessels, the
solution is centrifuged (Sorvall RC-5B centrifuge/SS-34 rotor) at 5700g for 10 min at 4°C
(6–8 40-mL tubes), and each pellet is resuspended in 15 mL ice-cold TSEM buffer with
protease inhibitors.

3. All subsequent steps are conducted at 4°C, unless otherwise indicated.
4. The next step is to break open the endothelial cells and release the plasma membranes. For

this, aliquots of the processed microvessels are disrupted using a Polytron Tissuemizer, at
a setting of 60 for 1 min.

5. The resulting suspensions are centrifuged at 5700g for 10 min, and the supernatants con-
taining the freed membranes are pooled.

6. To retrieve membranes not extracted during the homogenization procedure, the pellets are
resuspended in cold TSEM buffer with protease inhibitors (10 mL/pellet) and rehomoge-
nized for 1 min at a setting of 80.

7. The mixture is again centrifuged at 5700g for 10 min, and the supernatants are combined
with the previously freed membranes.

8. To remove additional debris, solid MgSO4 is added to the pooled supernatant at a concen-
tration of 10 mM. The solution is stirred for 30 min, centrifuged at 4300g for 15 min, and
the pellet is discarded.

9. To harvest the membranes, the supernatant is placed in polycarbonate ultracentrifuge tubes
(Nalgene, size 25 × 89 mm, 26.3 mL) and centrifuged at 90,000g for 1 h in a Beckman
L-60 Ultracentrifuge (70Ti rotor).

10. The pelleted membranes are resuspended in 20–25 mL of TSE buffer, and disassociated
by passage through a 20-gage needle, followed by a 26- or 27-gage needle. The membranes
are now ready to be separated by fractionation.

11. Luminal and abluminal plasma membrane vesicles are separated in a discontinuous Ficoll
(Sigma) gradient. To process the amount of tissue generated by the above procedure, six
gradients are prepared (see Note 4).
a. Each gradient consists of four concentrations of Ficoll in TSE buffer (20%, 15%, 10%,

5%), prepared by carefully layering the following volumes in each of six Beckman
Quick-Seal centrifuge tubes (25 × 89 mm): 7 mL of 20%, 9 mL of 15%, 8 mL of 10%,
and 10 mL of 5% (see Note 5).

b. The dissociated membranes are distributed equally to the top of each gradient, after
which the tubes are filled with TSE buffer, sealed, and centrifuged at 163,000g (70Ti
rotor) for 2.5 h (see Note 6).

c. Following separation of the membranes within the gradient, the top of each tube is
opened with a razor blade, and the interfaces are collected in descending order. This is
accomplished by positioning the tip of a 15-gage stainless steel needle at each interface,
and drawing the suspension (4–9 mL) into a 10-mL syringe (see Note 7).

d. Each fraction is labeled as follows: F1 is the 0/5% interface, F2 is the 5/10% interface,
F3 is the 10/15% interface, F4 is the 15/20% interface, and F5 is the pellet (very small)
plus the remaining gradient (i.e., pooled media between the interfaces).

e. These fractions are diluted with storage buffer, chilled on ice overnight, and finally cen-
trifuged in polycarbonate ultracentrifuge tubes (Nalgene, size 38 × 102 mm, 70 mL) at
90,000g (4°C) for 30 min in the ultracentrifuge (Beckman type 35 rotor).

f. The pellets are resuspended in 1.5 mL of storage buffer and stored at –80°C.
g. Twenty grams of isolated capillaries yield approx 10 mg of separated total

protein.
12. After each batch of isolated capillaries (20 g) has been fractionated, the membranes from

the same fractions for all of the batches are pooled, assayed for protein concentration (14),
divided into aliquots of 900 µg, and stored at –80°C (see Note 8).
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13. Luminal and abluminal plasma membranes are identified by specific markers. Gamma-
glutamyl transpeptidase (GGT) serves as a marker for the luminal membrane (biochemical
assay), and the system-A amino acid transporter is indicative of the abluminal plasmalemma
(11). The latter is measured by quantifying the initial rate of sodium-dependent 14C-labeled
N-(methylamino)-isobutyric acid (MeAIB) uptake (15) (see Note 9). Within the Ficoll gra-
dient (Fig. 3), these markers localize primarily to fractions F1 and F3, respectively
(9,11,16).

3.3. Transport Studies with BBB Membrane Vesicles

As indicated above, fractions F1 and F3 are enriched in markers for the luminal and
abluminal plasma membranes, respectively. The membranes from these fractions form
sealed vesicles with characteristics that make them useful to measure transport activi-
ties. Thus, they orient primarily right-side-out (10), are reasonably free of contamina-
tion by subcellular membranes (10,11), and behave as osmometers, remaining relatively
impermeable to the passive diffusion of sucrose (11). We have used the vesicles suc-
cessfully in transport studies, and in assigning the distribution of various membrane-
associated enzymes (9–13,15–19).

3.3.1. Measuring Transport

Transport is measured by a rapid filtration technique (10,20).

1. First, frozen membranes are thawed, diluted to 0.75 mg/mL in an intravesicular medium
(usually storage buffer), and equilibrated for 2–24 h on ice (4°C) (see Note 10).
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Fig. 3. The markers for luminal and abluminal plasma membranes derived from brain capil-
lary endothelial cells are plotted as a function of fraction number, following separation in a dis-
continuous Ficoll gradient. GGT activity, which identifies the luminal membrane, is enriched
in fraction number F1. System A amino acid transport activity is a marker for the abluminal mem-
brane, and is observed primarily in fraction F3. This figure is reprinted with permission from
Cambridge University Press (9).



2. Next, the membranes are centrifuged at 37,500g for 30 min (4°C), after which the
pellet is resuspended in the intravesicular medium at a membrane protein concentration of
2.5–5.0 mg/mL.

3. To begin the transport process, 10 µL of uptake solution is added to 10 µL of the mem-
brane preparation and incubated at 37°C. The basic uptake solution is storage buffer, plus
radiolabeled substrate and additional co-factors that may be necessary. This medium is made
hyperosmotic to the intravesicular solution, to counteract osmotic effects associated with
uptake that would expand the vesicles and contribute to an over-estimation of transport rate
(15,21). Thus, 50–100 mM (final concentration) NaCl, KCl, or choline chloride is added
to the incubation medium.

4. Transport is terminated by adding 1 mL of ice-cold stopping-solution, and rapidly filter-
ing the mixture through a 0.45 µm Gelman Metricel filter. This is followed immediately
by four 1-mL washes with cold stopping solution, after which radioactive material asso-
ciated with the retained membrane vesicles is measured.

3.3.2. Determining Initial Rate

The initial rate of transport can be determined by measuring uptake of a radiolabeled
substrate as a function of incubation time.

1. When uptake is plotted vs time, an equilibrium is eventually reached (Fig. 4), represent-
ing conditions in which net influx no longer occurs.

2. The uptake for a given substrate may exceed this equilibrium value if its transport is driven
by another solute (i.e., secondary active co-transport). This is illustrated in Fig. 4, which
compares uptake of MeAIB by abluminal membrane vesicles, in the presence and absence
of an inwardly directed sodium gradient. MeAIB is co-transported with sodium by this
membrane, and the initial rate of uptake is greater in the presence of sodium. Furthermore,
sodium causes MeAIB uptake to “overshoot” its equilibrium value, until the sodium gra-
dient itself is dissipated. The overshoot is not observed without sodium.

3. To quantify the initial rates of transport, a double exponential fit is used when an overshoot
is present, and a single exponential curve is used without one.

3.3.3. Distinguishing Binding and Transport

Binding of substrate can be distinguished from its transport into vesicles by mea-
suring uptake, under equilibrium conditions, as a function of 1/osmolarity of the incu-
bation medium (10).

1. As the medium osmolarity is increased from 300 to 600 mOsmol/L, vesicular volume will
decrease, and uptake measured at equilibrium will be proportionately reduced.

2. By plotting uptake at equilibrium as a function of 1/osmolarity and fitting the points with
a straight line (Fig. 5), the y-intercept represents only binding at infinite osmolarity because
intravesicular space would have been eliminated. Thus, comparing the value for binding
measured at the y-intercept, to that for total uptake measured at equilibrium under normal
incubation conditions, the percentage of uptake due to surface binding may be estimated.

3. Treating the membranes with pronase (5 µg/mL) can also be used to remove bound mate-
rial (see Fig. 5) (see Note 11).

3.3.4. Measuring Kinetic Constants

Kinetic constants of transport may be measured by plotting the velocity of uptake (ini-
tial rates) as a function of substrate concentration, using non-linear regression analysis.
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1. Transport of L-phenylalanine (10) is shown (Fig. 6), along with the raw data, as well as
calculated saturable and nonsaturable components (dotted lines).

2. The apparent affinity (Km), maximum velocity (Vmax), and diffusion constant (Kd) may
be determined by using the Michaelis-Menten equation:

V = [(Vmax × S)/(Km + S)] + (Kd × S)

In this equation, S is the substrate concentration, and the term Kd x S represents the non-
saturable component.

3. To save radiolabel when doing kinetic measurements of carrier-mediated transport, uptake
of a tracer amount of labeled substrate may be quantified as a function of unlabeled mate-
rial. The latter competes for transport, and the rate of uptake for radiolabeled material is
reduced as the concentration of unlabeled substrate is increased in the incubation medium.
This is illustrated in Fig. 7, which compares sodium dependent and independent glucose
transport into abluminal membrane vesicles derived from the BBB (18).
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Fig. 4. Uptake of radiolabeled MeAIB by abluminal membrane vesicles is plotted in the pres-
ence and absence of an inwardly directed sodium gradient, as a function of incubation time. The
presence of sodium increases the initial rate of transport and causes MeAIB uptake to overshoot
the equilibrium value, indicative of a sodium co-transport mechanism. This figure is reprinted
with permission from Cambridge University Press (9).



4. A modified Michaelis-Menten equation (22) is used to fit these data:

Vtracer = [Vmax × (T)]/ [Km + (T) + (S)]

If the fitted curve is not inhibited to a value of 0, indicative of a nonsaturable component,
the value representing uninhibited transport must be subtracted from each point prior to
determining the kinetic constants, using the above equation.

3.3.5. Determining the Distribution of Transport Activities

After the transport properties of a given substrate have been characterized for both
luminal and abluminal membranes, the distribution of functional transporters between
these two membrane domains may be determined by calculating an f-value (11).

1. To make this calculation, one must know the percentage of luminal and abluminal mem-
brane in fractions F1 and F3, as well as the total units of transport activity there.

2. The following equation is used:

f = 1 / 1+R, where R = (UiLj – UjLi) / (UjAi – UiAj)

where U is total units of activity, L and A are the percentages of luminal and abluminal
membrane, and i and j represent the two fractions.

3. L and A may be calculated by measuring GGT and system-A marker activities throughout
the gradient, and expressing total activity (specific activity × mg of protein) for fraction
F1 and F3 as a percentage of total activity for the entire gradient.
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Fig. 5. Uptake of radiolabeled phenylalanine by luminal membrane vesicles is plotted as a
function of the reciprocal of incubation medium osmolarity, under equilibrium conditions. The
y-intercept represents surface binding, since intravesicular volume would be eliminated at infi-
nite osmolarity. The results indicate that binding accounts for a small percentage of uptake mea-
sured under normal conditions, at an osmolarity of 300 mOsmol/L. Repeating the measurements
in the presence of pronase (5 µg/mL) eliminates the binding component. This figure is reprinted
with permission from The American Society for Biochemistry and Molecular Biology (10).



4. An f-value of 1.0 means that measured transport activity is present only in the luminal mem-
brane. A value of 0 implies only abluminal activity, and numbers in between describe the
relative distribution of functional transporters in both membrane domains. This analysis is
derived from a mathematical model described in detail elsewhere (11), and is pertinent to
transporters in the plasma membrane.

We have found this technique to be useful in describing specific transport properties
for each plasma membrane domain of the blood-brain barrier (9). Substrates studied
have included amino acids (10,11,15–17), glucose (18), the peptide glutathione (12),
and electrolytes (19).

4. Notes
1. Peeling the meninges away from the brain can be very difficult and time-consuming, espe-

cially if blood has clotted. It helps to begin peeling immediately after the brains have been
immersed in cold buffer (4°C), which serves both to preserve the tissue and reduce clot-
ting of blood.

2. When passing capillaries through the 70-µm mesh, stir them with a rapid side-to-side
motion to prevent material from settling on and clogging the mesh. For this purpose, we
use a glass rod that has been formed into the shape of a miniature hockey stick.

3. The speed at which buffer flows through the spiral apparatus is very important. If it runs
too fast, glass beads will back up into the Y-fork in the tube. Then it must be stopped com-
pletely until the beads have settled. If it flows too slowly, capillaries will fall into the flask,
with the glass beads.
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Fig. 6. Uptake of radiolabeled phenylalanine by luminal membrane vesicles is plotted as a
function of substrate concentration. The dotted lines represent the saturable and non-saturable
components of transport, as determined by the Michaelis-Menten equation. The data indicate
that the apparent affinity for phenylalanine transport is 11.8 µM. This figure is reprinted with
permission from The American Society for Biochemistry and Molecular Biology (10).



4. To save time, the Ficoll gradients should be prepared in the cold room during collagen treat-
ment of the capillaries and the subsequent centrifugations, because this procedure requires
great care and is time-consuming.

5. Layers of the Ficoll gradient are applied using a 10-mL syringe and a 10-cm-long 15-gage
needle, bent at 30° approx 2 cm above the tip. Between layers, the needle and syringe should
be rinsed with 1 mL of the Ficoll solution to be added next. Each layer is added by plac-
ing the tip of the needle against the inside of the tube wall just at the surface of the previ-
ous layer.

6. The membrane suspension is added on top of the 5% Ficoll layer, using a 10-mL syringe
and a 6.5-cm-long 18-gage needle, bent at 30° 2 cm above the tip. The end of the needle
is placed against the inside wall of the tube just above the surface of the gradient, and mem-
brane is ejected slowly and smoothly, avoiding mixing into the Ficoll solution. The top 0%
layer is prepared by adding TSE buffer to the tissue, drawing the tip of the needle upward
as the neck of the tube is filled. During this procedure, the membrane solution will mix
with the TSE buffer. All air bubbles must be removed before sealing the tube, or it will col-
lapse during centrifugation.

7. Following centrifugation, a straight 10-cm long 15-gage needle is used to withdraw each
fraction. When removing tissue accumulated at the interface between two layers of the gra-
dient, it is imperative not to contaminate it with adjacent material from the layers above
and below.
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Fig. 7. Uptake of a tracer amount of radiolabeled glucose by abluminal membrane vesicles
is plotted as a function of unlabeled substrate, in the presence and absence of an inwardly
directed sodium gradient. With this protocol, uptake of radiolabeled material is reduced in the
presence of competing unlabeled substrate, and a modified Michaelis-Menten equation may be
used to analyze kinetics. The data indicate that both sodium-dependent and independent glu-
cose transporters are present in the abluminal membrane of the blood–brain barrier. This figure
is reprinted with permission from The American Physiological Society (18).



8. The corresponding fractions from all isolations are eventually pooled and assayed for pro-
tein concentration, using the Bradford technique (14). Each pooled fraction is then divided
into 900-µg aliquots in 1.5 mL siliconized microcentrifuge tubes, and stored at –80°C. The
rationale for using 900-µg aliquots stems from the fact that transport studies usually require
about 900 µg of tissue.

9. Caution should be exercised when using radiolabeled materials. In general, a lab coat and
rubber gloves should be warn, as well as a badge to detect potential exposure to radioac-
tivity. Depending on the isotope and nature of its radioactive emission, lead shielding may
be required. Care should be taken to protect against spillage, or dispersion into the air. All
radioactive waste must be properly disposed of, in accordance with existing regulations.

10. When an aliquot of frozen tissue is thawed for use in an experiment, the membranes should
be allowed to reseal in ice-cold storage buffer for at least 2 h.

11. If it becomes necessary to measure specific binding sites or enzyme activities on the inner
surface of the membrane vesicles, detergents may be used to open them. We have found
that Triton X-100 (0.1%, v/v) and deoxycholate (0.06%, w/v) are useful to permeablize
the luminal and abluminal membranes, respectively (10).
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Drug Transport Studies Using Quantitative Microdialysis

Haiqing Dai and William F. Elmquist

1. Introduction
Cellular barriers in the central nervous system (CNS) present a formidable challenge

in the delivery of drugs to the brain. These barriers include the blood–brain barrier
(BBB) and the blood–cerebrospinal fluid barrier (BCSFB). Of these, given surface area
and diffusional distance considerations, the BBB may be the more important barrier to
drug transport to the bulk of the brain parenchyma. With the development of increas-
ing numbers of new compounds to treat CNS diseases, quantitative methods to exam-
ine the transport of drugs in the CNS are necessary. Several methods in the past have
been used, e.g., whole brain homogenates, quantitative autoradiography, in situ perfu-
sion, noninvasive imaging techniques such as positron emission tomography (PET), and
in vivo microdialysis. Although all these techniques have distinct advantages and dis-
advantages, this chapter will focus on the use of in vivo microdialysis in the rat brain
to examine the mechanisms of drug transport through the barriers of the CNS.

The theory of the microdialysis technique is quite simple. A semi-permeable dialy-
sis hollow fiber membrane (the microdialysis “probe”) is placed in a tissue of interest
(in this case the CNS), and a physiological perfusate is pumped through the probe at
low flow rates. Compounds in the extracellular fluid of the tissue then diffuse into the
perfusate (now termed dialysate), and the concentration of the compound is measured
by some analytical technique, frequently high-performance liquid chromatography
(HPLC). In essence, the microdialysis probe is acting like an artificial blood capillary,
where substances can diffuse into, and out of, the probe (Fig. 1). Consequently, the tissue
concentration of solutes can be measured and, conversely, the solute can be delivered
to the local tissue site (1).

There are several advantages to the use of the microdialysis technique. In the quan-
titative analysis of the transport of compounds across the BBB, there is a need to study
the kinetics of the transport process. Microdialysis sampling allows the measurement
of the extracellular concentration of a compound over time in specific areas of the CNS,
like the cerebrospinal fluid (CSF) in the lateral ventricle or the extracellular fluid (ECF,
i.e., the interstitial fluid) in the frontal cortex. Having continuous measurements over
time allows a kinetic analysis within the same animal, thus avoiding the interanimal
variability that confounds the data from single-time point brain homogenate studies that
use several animals to construct a single CNS concentration-time profile (1). Moreover,
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the microdialysis sampling technique measures the free extracellular concentration of
the compound, which can allow the quantitative determination of the transport processes
across the barrier. Other important considerations include the fact that the microdialy-
sis technique can be performed in awake, freely moving animals and crossover studies
in the same animal can be performed. Furthermore, the ability to simultaneously mea-
sure the concentration of compound in the blood and the brain extracellular fluid yields
data that make the technique particularly attractive to determine the kinetics of influx
and efflux from the brain (2).

One important aspect of the use of microdialysis in BBB studies is the accurate deter-
mination of the recovery of the microdialysis probe. The recovery is defined as the ratio
of the concentration measured in the dialysate to the actual concentration in the extra-
cellular fluid at the site of measurement. For in vivo microdialysis sampling to be truly
useful in the estimation of BBB permeability, an in vivo recovery determination is nec-
essary (1,3,4). This aspect of the technique separates this use of microdialysis sampling
from previous uses in the CNS to measure the relative change in neurotransmitter con-
centrations, which is still an important application (5).
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Fig. 1. The principle of microdialysis sampling. The microenvironment within and sur-
rounding the microdialysis probe in vivo (not drawn to scale). The solid and dashed line seg-
ments schematically represent the nonpermeable probe wall and semipermeable membrane,
respectively. Open and closed circles represent the molecules of the solute of interest and a retro-
dialysis calibrator, respectively. Squares and triangles represent proteins that may bind the
solute and/or calibrator, but are not recovered by the dialysis process. Arrows indicate the direc-
tion of mass transport. Q is the perfusate flow, Cic is the concentration of calibrator in, Cos is
the concentration of the solute on the outside of the probe in the tissue, Ces and Cec are the con-
centrations of the solute of interest and the calibrator, respectively, in the outflow dialysate.
(Adapted from ref. 1.)



Over the past decade, quantitative microdialysis has been used to examine the brain
penetration of drugs in numerous studies (6–9). Several differences in the method can
be seen in each study, such as different probe design and manufacture, different perfu-
sion rates, different probe placement techniques, and different means of determining
probe recovery. In many cases, each difference in the general application of the micro-
dialysis method can be attributed to the special needs of the experiment, the solute to be
measured, and the experimental goal. In this chapter we will describe the method as used
in our hands to determine drug distribution to the CNS, but there may be other special
considerations that will necessarily be applied to specific research questions and solutes.

2. Materials
2.1 Microdialysis Probe Materials

There are several commercially available probes from various manufacturers.
Materials listed below are those currently used in the described method, however, other
probes can be used that are self-made or purchased.

2.1.1. Intracerebral Probes

1. CMA-12 microdialysis probe, 3-mm membrane length for the cortex, 1-mm membrane
length for the lateral ventricle (part no. 012-8309563, CMA/ Microdialysis, North
Chelmsford, MA).

2. CMA-12 guide cannula (part no.  012-8309025, CMA/Microdialysis).
3. Teflon inlet and outlet microdialysis tubing (part no. 030-8409501, CMA/Microdialysis).
4. Tubing adapter (part no. 030-3409500, CMA/Microdialysis).
5. Anchor screws (part no. 7431021, CMA/Microdialysis).

2.1.2. Intravascular Probes

1. Hollow dialysis fiber, Hospal AN69 HF polyacrylonitirile/sodium methyl sulfonate copoly-
mer (Multiflow 60 hemodialyzer, Gambro Renal Care Products, Lakewood, CO). These
fibers are stored dry at 4°C.

2. Inlet fused silica tubing, OD-165 µm, ID-98 µm (Polymicro Technologies, Phoenix, AZ).
3. Outlet fused silica tubing, OD-210 µm, ID-145 µm (Polymicro Technologies).
4. PE-10 and PE-50 tubing, (Intramedic polyethylene tubing, Clay Adams Brand, Becton-

Dickinson, Sparks, MD).

2.2. Surgical Materials

1. Stereotaxic apparatus, Kopf 900 standard small animal stereotaxis (part no. 900, David Kopf
Instruments, Tujunga, CA).

2. Rat adapter for small animal stereotaxis (part no. 1220, David Kopf Instruments).
2. Stereotaxic adapter for probe holder (part no. 130-8309005, CMA/Microdialysis, North

Chelmsford, MA).
3. Dremel rotary drill with flexible shaft, model 732 part no. 58650, with carbide dental drill

bit (HP-2), 1.00 mm in diameter, part no. 51455-4 (Stoelting, Wood Dale, IL).
4. Standard scapel (Harvard Apparatus, Holliston, MA).
5. Vascular scissors (Roboz Surgical Instruments, Harvard apparatus no. 60-3921).
6. Dental cement (part no. 51456, Stoelting).
7. Nylon bolts with nuts, size no. 2-56 × 1 inch (part no. MN-256-16B, Small Parts, Miami

Lakes, FL).
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8. Stainless steel spring tethers (Harvard Apparatus, Holliston, MA).
9. Betadine solution, and 70% ethanol.

10. Oster small animal clipper, size 40 blade.
11. Pentobarbital sodium (Nembutal, Abbott Labs., North Chicago, IL).
12. Buprenorphine HCl (Buprenex Injectable, Reckitt and Colman Pharmaceuticals,

Richmond, VA).
13. Penicillin G procaine suspension (Wycillin, Wyeth-Ayerst, Philadelphia, PA).
14. PE-10 and PE-50 polyethylene tubing (Intramedic polyethylene tubing, Clay Adams brand,

Becton-Dickinson).

2.3. Experimental Materials

1. Artificial cerebrospinal fluid for perfusion: 119.5 mM NaCl, 4.75 mM KCl, 1.27 mM
CaCl2, 1.19 mM KH2PO4, 1.19 mM MgSO4, and 1.6 mM Na2HPO4, pH 7.4 (see Note 1).

2. Microprocessor-controlled syringe pump, Harvard 22 (Harvard Apparatus).
3. Precision Exmire glass microsyringe, 2.5 mL, 7.24 mm diameter, (part no. 100-8309021,

CMA/Microdialysis, North Chelmsford, MA).
4. Square plexiglass cage, 30 × 30 × 30 cm, with cover (constructed in house) (see Note 2).

2.4. Materials for On-Line Analysis of Microdialysates (see Note 3)

1. Multiport two-position injection valve, with electric actuator model E-36 (Valco
Instruments C, Houston, TX).

2. Digital valve sequence programmer, model DVSP 2 (Valco Instruments C., Houston, TX).
3. Solvent delivery pump for the HPLC analysis, Shimadzu LC-10AD (Shimadzu Scientific

Instruments, Columbia, MD) (see Note 4).
4. Detector for HPLC analysis, depending on the analyte one can use UV-VIS, fluorescence,

electrochemical, or mass spectrometry.
5. Data integrator for response from detector, Shimadzu CR501 (Shimadzu Scientific

Instruments).

3. Methods
The methods described here outline 1) the stereotaxic placement of the intracerebral

guide cannula for the microdialysis probe, 2) the placement of microdialysis probe in
guide cannula and vascular access for blood sampling and drug dosing, 3) the place-
ment of the intravascular microdialysis probe (alternative to vascular blood draw for
sampling), 4) the construction of the intravascular microdialysis probe, and 5) general
comments on experimental design and data analysis. A specific application of the tech-
nique, the role of p-glycoprotein on the distribution of quinidine in the rat brain, is also
presented.

3.1. Placement of the Intracerebral Guide Cannula

1. Wistar male rats weighing 280–320 g are used.
2. Administer 50 mg/kg pentobarbital anesthesia by an i.p. injection. Wait for 20–30 min and

check the eye blink and paw squeeze reflex to determine the depth of anesthesia.
3. Use Oster clippers (size 40 blade) to clip hair on rat head.
4. Place the rat on a Kopf 900 Standard stereotaxic frame placing ear bars and assuring the

“skull flat” position before inserting the incisor bar. Move the incisor bar to keep head level.
5. Scrub scalp with betadine solution and then 70% ethanol.
6. Make a 2–3 cm incision to expose the skull.
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7. Separate the soft tissues using the blunt edge of the scalpel. The incision should accom-
modate the plastic ring (circa 2 cm diameter) used to retain the dental cement that will sta-
bilize the probe guide cannula.

8. To assure “skull flat” position, place guide cannula in probe holder in the stereotaxic appa-
ratus, measure depth to the bregma (front suture intersection) and the lambda (rear suture
intersection) to get each within 0.5 mm of one another. If not, adjust incisor bar to move
rat head up or down (10).

9. To place the probe in the left frontal cortex, put the guide cannula tip at the bregma, record
the posterior-anterior, medial-lateral, and depth value for the bregma using the vernier
scales on the stereotaxic apparatus. Then raise the tip from the skull, move using anterior-
posterior screw adjustment to +3 mm (anterior), move medial-lateral screw adjustment to
+1.5 mm (lateral) and mark the tip with ink. Carefully lower the guide cannula to just touch
the skull. The guide cannula must not be moved in the probe holder, or coordinates will be
inaccurate (see Fig. 2).

10. Once the mark is placed on the skull, remove the stereotaxic holder and drill a hole through
the skull at the mark.

11. Drill using carbide drill bit until just through the skull without disturbing the meninges.
12. Then use a 23-gage beveled needle to cut through the meninges.
13. Drill three guide holes in skull which do not penetrate the skull for placement of anchor

screws in the skull (see Fig. 2).
14. Place the stereotaxic probe holder back to the original depth. We use routinely 1mm depth

for the distance from skull surface to the brain surface. So a depth of -1 mm into the cortex
would be the same as -2 mm from the original coordinates.

15. For lateral ventricle, the coordinates are 0.8 mm posterior, 1.5 mm lateral from the bregma
and 3 mm from the brain surface (see Fig. 2).

16. Mix dental cement and carefully place some cement to surround probe cannula shaft.
17. Allow the cement to dry for about 10 min and then remove the stereotaxic holder from the

probe guide cannula being careful not to move the guide cannula.
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Fig. 2. Schematic diagram of the rat skull with positioning of: 1) the bore holes for the
intracerebral guide cannula (●), 2) the anchor screws (×), and 3) the nylon screws to attach to
the tethers ( ).



18. Then place a 2-cm plastic ring with a small predrilled hole at the posterior end for the tub-
ings from vascular access. Then fill the ring with dental cement. Cover the anchor screws
by placing a cotton swab into the hole from the rear, and place another cotton swab on the
inside of the plastic ring at the site of the hole to maintain their patency when the dental
cement is placed within the ring (see Fig. 2).

19. Before the cement solidifies, place two 1-inch nylon screws in the cement on each side of
the cement ring to hold the tethers (see Fig. 2).

20. Leave animal in the stereotaxic device for another 20 min until cement has hardened (it
will become more transparent).

21. Place one suture stitch at the posterior side of the ring so that the skin is closed snugly
around the ring.

22. Administer 22,000 U/kg of procaine penicillin G I.M. in the flank.
23. Remove the animal from the stereotaxic frame and allow it to regain consciousness on a

heating pad (37°C).
24. The animal is then placed in a rat cage (single housing) to recover for a minimum of 3 d

before probe insertion and vascular cannulation.

3.2. Placement of Microdialysis Probe in Guide Cannula 
and Vascular Access

1. After 3 d of recovery after guide cannula placement, re-anesthetize the rat using 50 mg/kg
sodium pentobarbital by an i.p. injection.

2. Shave hair in the left groin area and in the scapular region using the Oster 40 clipper. Apply
povidone-iodine solution and then 70% ethanol to the shaved area.

3. Make approximately a 0.5 cm incision in the scapular region for later passage of the vas-
cular cannula or intravenous microdialysis probe tubing.

4. Then make a 1.5 cm incision along the inguinal crease.
5. Use blunt dissection to separate the femoral artery, vein, and nerve bundle taking care not

to injure the nerve.
6. Using 4-0 silk 9 (see Note 5), place suture material under the vessel of interest (artery or

vein), ligate the distal portion and make a small cut with vascular scissors. Insert a PE-10
tip secured in PE-50 tubing that is filled with 20 U/mL heparin in saline for injection.
Advance the PE-10 tip into the vessel for approx 4 cm (see Note 6).

7. Using a hollow stainless steel trochar, insert the cannula subcutaneously in the scapular
region and feed cannula through the hole previously drilled in the dental cement ring. Close
the inguinal incision using 4-0 silk, suturing the muscle first, then closing the skin with an
additional suture line. Use dental cement to secure cannula to the dental cement crown.
Place a stitch of 4-0 silk to secure cannula to the skin at the point of cannula emergence.

8. Prepare the brain microdialysis probe using the manufacturer’s recommendations (CMA-
12, 3 mm probe). This includes soaking the probe in 70% ethanol for 5 min to remove the
glycerin, flushing the probe with the perfusate to be used, and checking the probe integrity
using a stereomicroscope.

9. Upon removing the guide cannula stylet, very slowly place probe into the guide cannula
until a snug fit is achieved (see Note 7).

10. Attach the spring tethers (see Note 8) to the nylon screws and feed the probe inlet and outlet
Teflon tubing through one tether and the vascular access cannula (vein and artery) through
the other tether.

11. Treat the animal again with IM procaine penicillin G (22,000 U/kg) and 0.05 mg/kg
buprenorphine SC for analgesia.

12. Place rat in the plexiglass cage and allow it to recover for at least 16 h after probe inser-
tion (see Note 7) before beginning the experimental protocol (i.e., administration of the
drug substance under study).
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3.3. Placement of Intravascular Microdialysis Probe 
(Alternative to Vascular Blood Draw for Sampling)

The simultaneous sampling of both blood and brain by microdialysis is particularly
attractive to obtain concentration-time profiles that will allow a complete characteri-
zation of the time course for distribution of a drug to, and from, the brain. Therefore,
it is sometimes useful to use intravascular microdialysis sampling in conjunction with
intracerebral microdialysis sampling (11,12). The following describes the placement
of the blood probe into the inferior vena cava or the dorsal aorta.

1. Locate the artery and vein in the left inguinal region of the rat and cannulate these vessels
as described in Subheading 3.2., steps 5 and 6.

2. Using the self-made intravascular microdialysis probe the same as a PE-10/PE-50 cannula,
insert the probe tip (PE-10, see Subheading 3.4) into the vessel of interest and advance
approximately 4 cm (see Note 9).

3. Using a hollow stainless steel trochar, route the probe inlet and outlet fused silica tubings
(both in protective PE-50 sheath) subcutaneously to the scapular region to emerge and then
route through the hole in the rear of the dental cement crown on the skull of the animal.

4. Secure the probe to the flank muscle with one stitch of 4-0 silk before closing the incision.
5. If an intravascular probe is placed and the experimental protocol calls for intravenous infu-

sion, then the artery or vein will be cannulated for direct vascular access for dosing.

3.4. Construction of the Intravascular Probe

There are commercially available blood probes e.g., CMA/Microdialysis,
Bioanalytical Systems, however, we and others have developed probes that are made
in-house for blood microdialysis sampling (13,14). The schematic diagram of our cur-
rent probe can be seen in Fig. 3.

1. PE-10 tubing is used for the probe tip, and plugged with cyanoacrylate glue 24 h before
probe construction (see Note 10).
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Fig. 3. Schematic drawing of the intravascular microdialysis probe. To aid in a clear
representation of the different probe components, the various parts of the probe are not drawn
to exact scale.



2. Inlet and outlet fused silica tubings of approx 90 cm lengths are placed in PE-50 cannu-
las. This length can be modified depending on use, e.g., online vs. offline collection, in
vivo vs in vitro, etc.

3. Optional: 2 cm segments of intracath tubing (22 gage) are cut with a sharp scalpel so that
the ends are straight. This tubing can be placed on the inlet and outlet fused silica distal to
the active probe membrane. It adds some stability to the probe, especially when placing
the probe in vessels or spaces that offer some resistance to advancing the probe.

4. Place Intracath tubing on the fused silica, inflow fused silica will extend 15 mm from the
Intracath, and the outflow fused silica (larger internal bore) will extend approx 3 mm cm
from Intracath.

5. Hollow dialysis fibers are cut with a sharp (fresh) scalpel on a plastic surface to avoid crimp-
ing and so that a straight cut can be made. The total length of the membrane is 0.9 cm.

6. Cut the previously prepared PE10 tips into segments 0.8 cm in length with a scalpel so the
ends are straight.

7. Using the stylet from a 19-gage Intracath, carefully expand the open end of the PE-10 tip
to allow the fused silica inlet tubing to fit for approximately a 0.2 cm distance. This is the
distance that the inlet tubing will be inserted into the PE-10 tip of the probe.

8. Check the ends of the fused silica inlet and outlet tubings, to make sure that the ends are
cut straight and that there are no burrs or sharp jagged edges.

9. Carefully insert the two inlet fused silica tubing into the PE-10 tip (approx 0.2 cm). Be
careful that the tubing does not touch the glue plug. The short “inlet” tubing, i.e., the one
that leaves the PE-10 tip to enter the dialysis membrane, has an initial working length of
approx 4–5 cm which will be trimmed later. The final length of this inlet fused silica will
be approx 0.3 cm long.

10. Probes can be made in batches of at least three probes at a time.
11. The next step is to place the dialysis hollow fiber membrane on the inlet and outlet fused

silica tubing. Wear powder free gloves when handling the dialysis membrane. Do not use
forceps to avoid damage to the membrane.

12. First place the hollow fiber on the outlet tubing (larger bore), carefully advancing the mem-
brane fiber to approx 0.2 cm on the fused silica tubing.

13. Then place the other end of the hollow fiber dialysis membrane onto the inflow fused silica
tubing (coming from the PE-10 tip), advancing the hollow fiber approx 0.2 cm, leaving an
effective length for dialysis of approx 0.4 to 0.5 cm. These lengths can be modified depend-
ing on the analyte and the desired in vivo recovery.

14. Now use the colored cyanoacrylate glue at the various points of connection. These include
the distal and caudal ends of the dialysis fiber to the outlet and inlet fused silica, respec-
tively, and the two “inlet” fused silica tubings to the PE-10 tip, and each end of the 22 gauge
Intracath stabilizer, that contains the long inlet and outlet tubings. Using a stereomicro-
scope (Nikon SMZ-2T), check the probe to examine exactly where the glue has been
applied (see Note 11).

15. If glue placement passes inspection, tape the probes to a box or a counter edge with the
constructed ends protruding level into the air to cure the glue for at least 24 h without the
glue flowing up or down from the spot of application.

16. Once glue is completely dry, probe tips can be protected using a PE-190 sheath, and stored
dry until use (see Fig. 3).

3.5. Experimental Design and Data Analysis

The design of experimental protocols will depend on the goal of the experiment.
General considerations are addressed in the following sections emphasizing dosing pro-
tocols, dialysate analysis, and data analysis. No specific step-by-step detail is given in
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this section due to the variability in protocol that will come from the differences in the
chemical and biological properties of the compound and the purpose of the experiment.
However, an overall guide in preparing and executing a quantitative microdialysis
experiment in the CNS will be illustrated by an example of using quantitative micro-
dialysis in the transport studies of quinidine in rats (see Subheading 3.5.4.).

3.5.1. Dosing Protocols

If the equilibrium distribution ratio (tissue partitioning or distribution) of a drug or
test compound between the blood and the brain is the focus, then frequently a
steady-state experiment is most appropriate. This would involve using a dosing proto-
col where the drug is infused to steady state; where the time to reach the steady-state
concentration in blood and tissue would be dependent on the elimination half-life of
the drug (15). In this type of design, the free concentration of the drug in the blood and
in the extracellular fluid of the cortex or cerebrospinal fluid of the lateral ventricle can
be compared at steady state and the true partitioning that is due to processes directly at
the BBB or the BCSFB can be obtained. In some cases the use of a loading dose and
an infusion, or an exponentially changing infusion rate, has been used to achieve a
pseudo-steady state condition faster than would be achieved giving a constant rate
infusion (16). The sampling of the extracellular fluid concentration does not represent
the total concentration in the tissue because there may be selective partitioning into the
intracellular space (2).

Many studies have reported the use of a single intravenous injection of the test sub-
stance, followed by frequent sampling in the blood and brain. To obtain the equilibrium
distribution ratio from this type of design would require a complete and accurate char-
acterization of the areas under the curve (AUCs) for both the blood and brain. This can
be difficult if the concentrations in the blood are more rapidly changing with respect
to time than those in the brain. Moreover, if the concentration in the blood or tissue is
changing rapidly, the fact that microdialysis sampling is an integral collection, not a
discrete sample at a time point, can lead to problems in the estimation of the average
concentration of the sample over the interval for collection. Therefore, if a single injec-
tion dosing protocol is employed and the concentration at the site of the probe is chang-
ing rapidly (either due to elimination or a distribution process), it is necessary to ensure
that the assay is sensitive enough to tolerate low collection volumes that are collected
over short collection periods. It is also necessary to be aware that the determination of
the relative recovery of the probe may be compromised by transient conditions, depend-
ing on the diffusion of the solute through the tissue (4).

3.5.2. Collection and Chemical Analysis of the Microdialysate

The collection of microdialysis samples can be done “on-line,” i.e., collecting the
dialysate flow directly into an injection loop for HPLC analysis, or it can be done “off-
line,” where the microdialysate is collected in a small sample vial or tube for further
analysis either immediately or after storage. Depending on the analyte, the experimental
goals, and the analytical sensitivity, one or the other of these collection methods will
be better suited to apply to the experiment. There are excellent reviews discussing the
various aspects of sample collection and analytical processing (17,18). In our experi-
ments to determine the CNS distributional kinetics of a variety of solutes, we have rou-

Drug Transport Studies 257



tine used the “on-line” collection system, where the dialysate is collected at 20–30 min
into the HPLC loop (50–200 µL, Valco), and the injection is made automatically using
the Valco multiport valve with electric actuation (Valco E-36) and an automatic sequence
programmer (Valco DVSP-2). Solutes are then separated by reverse-phase HPLC and
detected by either UV or fluorescence detectors.

The perfusate flow rates also are an important experimental consideration. Typical
flow rates in our hands are 0.2–1.0 µL/min. While increasing the flow rate will increase
the sample volume over a given time, doing so will also decrease the relative recovery
of the probe, and may lead to changes in net water flux across the probe membrane (the
desirable condition is no net water flux into or out of the probe perfusate). Flow rates
should be as low as possible, while still allowing for adequate sample volume, and short
enough intervals to have resolution and precision in experiments that have tissue con-
centrations that are rapidly changing.

3.5.3. Data Analysis

The analysis of the concentration-time data obtained from either on-line or off line
microdialysis experiments is generally straightforward, however there are a few caveats
that must be kept in mind. One important aspect of the analysis of concentration-time
profiles is that data collected from a microdialysis experiment is collected over indi-
vidual time intervals, and as such represent the time-average concentration over that
interval (integral sampling). This is different than traditional single-time point sampling,
where the concentration measured is a reflection of the concentration in the tissue at
that discrete point (discrete sampling). This difference can have important ramifications
on the handling of the data to determine important parameters such as the AUCs and
the lag time for an absorption or distribution process to occur (19,20).

Determining the relative recovery of the microdialysis probe is critical for use of
quantitative microdialysis to study drug distribution to the CNS. As mentioned previ-
ously, the recovery is defined as the ratio of drug concentration measured in the micro-
dialysate to the drug concentration in the extracellular fluid at the sampling site. This
ratio is best measured under steady-state conditions (4) and it is critical to measure the
recovery at the site of interest, because it has been frequently shown that recovery deter-
minations in vitro overestimate the true recovery in vivo (3). Several methods exist to
measure the in vivo recovery of the probe at the sampling site; two methods we have
employed include the zero-net flux method and the use of a calibrator to measure the
loss of a structurally similar analog, retrodialysis (21). Once the tissue concentration-
time profile has been corrected for the in vivo recovery of the probe, then a pharmaco-
kinetic analysis of the distributional kinetics of the compound of interest can be
performed. The pharmacokinetic analysis can include something as simple, but impor-
tant, as a tissue-to-plasma steady state concentration ratio (the distributional equilib-
rium constant or tissue partition coefficient) or it can include a detailed analysis of the
kinetics and mechanism of distribution using standard compartmental models or phys-
iologically based pharmacokinetic models (22–25).

3.5.4. An Example of the Use of Quantitative Microdialysis 
in Drug Transport Studies

To illustrate the technique, the following describes an in vivo rat microdialysis study
of quinidine distribution in the CNS. This experiment examines the effect of a specific
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p-glycoprotein inhibitor (26), LY335979, on the distribution of quinidine in the CNS.
It is well known that p-glycoprotein, a drug efflux transporter at the BBB, can influ-
ence the CNS distribution of several drugs (27). In this study, six rats received quini-
dine alone (control phase) and quinidine plus LY335979 (treatment phase) in a balanced
crossover fashion, which means the first phase is control phase and the second phase
is treatment phase in one group of rats (n = 3) and vice versa in the other group (n = 3).

1. The microdialysis probe in an instrumented rat (see Subheadings 3.1.–3.3.) is perfused
with artificial cerebrospinal fluid, containing 50 ng/mL of hydroquinine as the retrodialy-
sis calibrator, at a flow rate of 0.4 µL/min using a syringe pump.

2. Prior to collection online for HPLC analysis, the dialysate outflow from the microdialysis
is collected in small vials and carefully weighted to ensure the integrity of the microdial-
ysis probe and that there was no net water flux either into or out of the probe (see Note 9).

3. The dialysate is collected every 15 minutes and the concentrations of calibrator are mea-
sured by on-line HPLC analysis to determine the loss of the calibrator (for future probe
recovery calculation, see Subheading 3.5.4., step 9).

4. While the microdialysis probe is being perfused, rats receive quinidine with or without
LY335979 by intravenous infusion. For the control phase, 25 mg/kg of quinidine is admin-
istered by intravenous infusion through femoral vein over a 150-min dosing interval.

5. The dialysates are collected every 15 min from the brain probe and measured for the con-
centrations of quinidine and calibrator by the on-line HPLC assay.

6. 0.25 mL of blood was sampled from the vascular access every 30 min during and after quini-
dine infusion. Plasma was collected and stored at –20°C until analysis by off-line HPLC.

7. For the treatment phase, rats received an intravenous bolus (10 mg/kg) and then intravenous
infusion of the p-glycoprotein inhibitor, LY335979-3HCl (1.25 mg/kg/h) for 16–18 h
before quinidine dosing (the same dose of quinidine by intravenous infusion over the same
time period as described above).

8. The infusion of LY335979 is maintained until the brain quinidine peak is no longer detected
by HPLC assay (approx 10–12 h after quinidine dose). Similarly, the dialysate and blood
samples are collected for on-line or off-line HPLC assay. The interval between these two
phases (control and treatment phases) is approx 48 h to ensure adequate washout between
the treatment arms.

9. The loss of the calibrator is calculated according to the following equation:

Loss = (Cin – Cout) / Cin (1)

where Cin and Cout are the concentrations of calibrator (hydroquinine) in the artificial CSF
and dialysate, respectively.

10. The concentration of quinidine in the brain ECF is calculated using the following
equation:

Cecf = Cdialysate / Recovery (2)

where Cecf and Cdialysate are the concentrations of quinidine in brain ECF and collected
dialysate, respectively. Recovery is the gain of the quinidine from the extracellular fluid
to the probe dialysate and this gain has been shown to be equal to the loss of the hydro-
quinine from the probe in both in vitro and in vivo experiments.

11. The brain and plasma quinidine concentration-time curves were obtained and are shown
in Fig. 4. The AUC from 0 to the last concentration time point (AUCbrain, and AUCplasma,)
for both brain and plasma were calculated using linear trapezoidal method (15).

12. The effect of LY335979 on the distributional kinetics of quinidine across the BBB was quan-
tified as a brain distribution enhancement parameter (DE) using the following equation:
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DE = (AUCbrain,treated / AUCplasma,treated)
DE = ——————–——————, (3)
DE = (AUCbrain,control, / AUCplasma,control)

where AUCbrain,control and AUCbrain,treated are AUC of quinidine in brain ECF for control phase
and treated phase, respectively. AUCplasma,control and AUCplasma,treated are AUC of quinidine in
plasma for control phase and treated phase, respectively.

4. Notes
1. Perfusion media used in microdialysis experiments can vary widely in their composition

and pH. The ideal perfusate would have the pH, ionic strength, composition, and osmotic
pressure the same as that of the external medium, i.e., the extracellular fluid at the sam-
pling site. Several “recipes” for different perfusate have been presented by Benveniste and
Huttemeier (28).

2. The cage size and geometry will depend on the purpose of the experiment. For some exper-
iments where activity and/or behavior is being monitored at the same time as drug con-
centration, larger cages, or computerized activity monitors may be used. For simple drug
CNS partitioning experiments, we have found this size adequate to give the rat enough room
to move freely without causing problems with the tethers (see Note 8).

3. Several options exist for the analysis of the microdialysates. The analysis can be done “off-
line” where the dialysate is collected in microvials for later processing, e.g., by HPLC,
radioimmunoassay, enzyme-linked immunosorbent assay, and liquid scintillation counting.
Frequently, the microdialysates can be collected directly into an injection loop for HPLC
analysis. This method is useful in obtaining real time data; for instance, to examine whether
or not the concentration at the sampling site has reached a steady-state value.
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cellular fluid (circles) after a short intravenous infusion of quinidine in the rat. The solid sym-
bols indicate the control phase (without P-glycoprotein inhibition) and the open symbols indicate
the treatment phase (P-glycoprotein inhibition with LY335979).



4. For many of the HPLC analyses of microdialysis samples, sensitivity becomes an impor-
tant issue. Therefore narrow bore or micro bore chromatography is frequently used. The
smaller diameter columns require a lower flow rate that is not pulsatile, and the solvent
delivery pumps used allow very low flow rates.

5. The choice of surgical silk as the suture material is sometimes questionable. For long-term
placements, it may be better to use monofilament suture material to avoid infection at the
incision site.

6. Advancing the vascular cannula 4 cm in a 280–300 g rat should result in the cannula tip
being placed in the vena cava or the dorsal aorta approximately at the level of the diaphragm.
It is useful to have these cannula in a large vessel to avoid problems with placement that
lead to difficulty in drawing blood. The tips of these cannula should be cut off perpendic-
ular to the longitudinal axis to further reduce the chance that the cannula tip will be drawn
up against the vessel wall, again making blood sampling difficult.

7. Placing the microdialysis probe into the guide cannula slowly can help reduce the damage
caused by pushing the probe through the dense capillary bed in the parencyhma of the
frontal cortex. The dimensions of the probe (typically 500 µm in diameter) are such that
placing the probe in the brain parenchyma will cause damage to the capillaries that com-
prise the BBB. It has been suggested that the damage caused by the probe insertion is long
lasting (29) and in one study, it was shown that the chemical selectivity in the rate of trans-
fer across the barrier between urea and sucrose was lost, and the suggestion was that this
was indicative of the loss of BBB integrity (30). Other reports indicate that the barrier will
reanneal after the insertion trauma (31). Using the procedures outlined in this chapter, we
have examined the chemical selectivity of tritiated water and 14C-mannitol regarding the
permeability of the BBB following probe implantation in the frontal cortex. The simulta-
neous plasma and cortical extracellular fluid concentration-time profiles from a represen-
tative experiment are shown in Fig. 5. As would be expected for the distribution of water,
a rapid and complete equilibrium was achieved between plasma and cortical extracellular
fluid. However, throughout the 6-h experiment the cortical mannitol concentrations remain-
ing significantly lower than the plasma levels.

8. The spring tethers will be directly attached to the nylon screws that protrude from the dental
cement cap. We use two tethers to allow for more room to run vascular cannula and the
probe tubing, and very importantly, the two tethers give a mild rotational torque, which
prevents the animal from tangling the lines.

9. Although the vascular microdialysis probe can be placed in either the artery or the vein, in
recent experiments we have routinely placed the probe in the artery (dorsal aorta) for two
reasons. The first is that the arterial concentration of drug is the actual concentration that
is perfusing the tissue (brain), and the second is that the intravascular hydrostatic pressure
in the artery is higher than in the vein, thus diminishing the pressure gradient across the
probe membrane and reducing the possibility of water flux out of the probe at higher per-
fusate flow rates. This is particularly valuable when using the retrodialysis technique to
determine probe relative recovery.

10. It is important that the glue be completely dry before fused silica tubings are placed in the
tip. It is helpful to add color to the glue with a colored marker by mixing glue on colored
marker spot on glass. This helps to decide how much glue to use, and where the glue is in
the probe.

11. It is critical at this stage not to use too much glue to avoid the glue reaching an area that
would block flow, or have the glue run up the hollow fiber membrane and block the active
surface area for analyte diffusion across the membrane. Using the colored glue with a fine
stick applicator can avoid these complications. Placement of the glue is the most critical
step in the entire probe construction procedure that will lead to probe failure if not done
properly.
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Single-Pass Dual-Label Indicator Method

Blood-to-Brain Transport of Glucose and Short-Chain 
Monocarboxylic Acids

Michelle A. Puchowicz, Kui Xu, and Joseph C. LaManna

1. Introduction
The brain requires an adequate and constant supply of glucose or alternate energy

substrates to support its metabolic demands. Because of the special conditions imposed
by the presence of the blood–brain barrier (BBB), specific transport mechanisms are
required for the influx of water-soluble substrates. Alterations in energy substrate trans-
port or availability has profound consequences that may result in inadequate energy
supply and possible cell death. To study these transport mechanisms, quantitative meth-
ods of substrate influx and blood flow have been developed. These methods are based
on a model of unidirectional tracer influx at the endothelial cell boundary from the blood
during capillary transit (1).

1.1. Transport-Mediated Substrate Uptake

The dual-label single-pass method (2), a variation of the brain uptake index (BUI)
method, was first used to investigate carrier mediated BBB transport of short-chain
monocarboxylates such as pyruvate and lactate (3). Pellegrino et al. (4), reviewed and
critiqued this method in detail with respect to glucose transport. They compared the
results obtained by this in vivo method with other methods, such as the BUI, and dis-
cussed the physiologic interpretation of the data (see Note 1). The advantage of the dual-
label single-pass method is that it simultaneously measures both substrate influx and
blood flow, which enables the study of glucose, lactate, and other substrates transported
in the brain as well as the blood flow in different pathophysiologic states.

Carrier-mediated facilitative diffusion of glucose was first reported by Crone (5) and
further confirmed by Dick et al. (6) in their studies on glucose transport in isolated
microvessels. This transport is characterized by measuring the transfer of a unidirec-
tional tracer influx of a blood–brain substrate across the BBB from which kinetic trans-
port constants are derived (see Subheading 3.8.4.). The derivation of these constants
is based on Michaelis-Menten kinetics (Fig. 1), but may differ between substrates.
Individual considerations are needed for those substrates that have unique characteris-
tics different from glucose. For example, the transport properties of glucose (7) and lac-
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tate (8) differ in the diffusional component and substrate stereospecificity (e.g.,
both glucose and lactate have D- and L-isomers but the glucose transporter is specific
for D-glucose, whereas the transporter for lactate is nonspecific).

1.2. Dual-Label Single-Pass Indicator Fractionation Method

This method was developed to characterize the transport efficiency and transport
capacity of a substrate across the BBB and is based on the following assumptions:

1. There is efficient mixing of the injected bolus of the tracer with the parent compound
(endogenous substrate being measured) and blood before influx into the brain so that the
prepared tracer bolus does not interfere with blood flow (8).

2. Loss of the radiolabeled tracer from the blood-vascular compartment does not occur during
the time between the bolus injection and decapitation, e.g., tracers should not be taken up
by erythrocytes or leak out of the vascular system (1).

3. Brain–blood capillary volume remains constant and the time between bolus injection
and decapitation occurs within mean circulation time, so that recycling of tracer does not
occur (9).

4. Metabolic steady state tracer transport is unidirectional and the net transport of the parent
compound is constant along the length of the capillary (1).
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Fig 1. Influx of glucose from blood to brain (J) as a function of arterial plasma glucose con-
tent for frontal cortex (●), cerebellum (O), and hippocampus (�). The lines represent computer-
generated nonlinear least-square fits to the Michaelis-Menten equation:, J = ——–, where Tmax

is maximal transport and Kt is the glucose concentration at half-maximal transport. Tmax for the
cerebral cortex and cerebellum were not different but Tmax for the hippocampus was significantly
less than for all other regions at p < 0.05. Kt values for all regions ranged between 4.4 and
5.1 mM and were not significantly different from each other (7). The inset showing lines of
regression of double reciprocal plots is another way of presenting the data where the
x-intercept is equal to –1/Kt and the y-intercept is equal to 1/Tmax. (A, frontal cortex; B, cere-
bellum; C, hippocampus.) Reprinted from ref. 7, with permission from Elsevier Science.

Tmax × G
Kt + G



2. Materials
2.1.Tracers

n-[1-3H]butanol (1.0 mCi/mL; American Radiolabeled Chemicals (ARC), St. Louis,
MO) with one of the following, D- or L-[14C]glucose, D- or L-[14C]lactate (NEN, Boston
MA) or β-[1-14C]hydroxybutyrate (ARC).

2.2. Anesthetics

1. 4% chloral hydrate (Fisher Scientific, Pittsburgh, PA).
2. 2% Lidocaine hydrochloride (Abbot Laboratories, N. Chicago, IL), Marcaine hydrochlo-

ride (Astra Pharmaceutical Products, Westborough, MA).
3. Gas mixture containing 2–5% halothane (Halocarbon Laboratories, River Edge, NJ)

and 70% N2O in O2.

2.3. Surgical Supplies

1. Polyethylene tubing, PE 50, 0.023-inch i.d., 0.038-inch o.d (Becton Dickinson,
Sparks, MD).

2. Silastic catheter, 0.025-inch i.d., 0.047-inch o.d (Fisher Scientific).
3. Heparinized micro-hematocrit capillary tubes (Fisher Scientific).

2.4. Equipment and Radioassay Supplies

1. Rectal thermister probe (Yellow Springs Instrument, Yellow Springs OH).
2. Syringe-pump withdrawal system: pump is plugged into a timer, syringe and tubing.
3. Blood gas analyzer (ABL5, Radiometer Copenhagen, Denmark).
4. Guillotine.
5. 1600 TR Liquid Scintillation Analyzer (Packard Instrument, Meriden, CT).
6. Scintillation vials (20 ml) with cap (Fisher Scientific).
7. Soluene 350 (Packard Instrument).
8. Scintillation cocktail (Ultima Gold, Packard Instrument).

3. Methods
3.1. Animal Preparation

1. All procedures performed on animals are approved by the Case Western Reserve University
Institutional Animal Care and Use Committee.

2. Male Wistar rats are anesthetized with either chloral hydrate (10cc/ kg, i.p) or halothane
gas mixture for the duration of the experiment (see Note 2).

3. The surgical procedure for the placement of catheters is previously described (10). Cannulae
are placed in (a) a femoral artery using polyethylene tubing (PE-50) for the purpose of mon-
itoring systemic arterial blood pressure and obtaining blood samples, and (b) an external
jugular vein as far as the right atrium using a silastic catheter for bolus administration of
tracers.

4. Incision sites are infiltrated with a local anesthetic such as 2% lidocaine HCl or for longer
acting anesthesia marcaine HCl is used and the incision sites are sutured closed.

5. Body temperature is maintained near 37°C by a rectal thermistor probe connected to an
infrared-feedback controlled lamp.

6. The following physiological parameters are measured: blood gases (PCO2 and PO2),
pH, hematocrit, plasma substrate concentrations (mM) for glucose, lactate, and ketones.
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7. Regional blood-to-brain substrate transport and brain blood flow are measured simultane-
ously approx 60 min after the induction of anesthesia or until the mean arterial blood pres-
sure is at least 85 mm Hg (near baseline, 100 mm Hg).

3.2. Preparation of Tracers and Substrates

The dual-label, single-pass, right atrial bolus injection is performed using two radi-
olabeled tracers, [3H] and [14C]. Depending on the commercial availability of the trac-
ers, either labeling can be used as the blood flow indicator or the substrate (see Note
3). For example, the blood flow radiolabeled indicator tracer, n-[3H]butanol is prepared
with [14C]glucose, [14C]lactate, or β-[14C]hydroxybutyrate. Other studies have used
1-[methyl-3H]-4 phenyl-1,2,3,6-tetra-hydropyrdine (MPTP) as the blood flow indica-
tor for uptake studies measuring lactate, using D- or L-[14C]lactate (8). The combina-
tion of n-[14C]butanol with D- or L-[3H]glucose has also been used for simultaneously
measuring blood flow and glucose uptake (7). Either MPTP or n-butanol are equally
efficient for use in studies that are designed where the time between the bolus admin-
istration and decapitation is within the washout time of the blood flow indicator (see
Note 4). [14C]Iodoantipyrine is another blood flow indicator commonly used in com-
bination with autoradiography techniques for measuring blood flow (11) and can also
be used in the dual-label method.

The purpose for using substrate analogues such as L-glucose or D-lactate is to deter-
mine the stereospecificity of the transporter as they are not metabolized to intermedi-
ates or end products in mammals. With regards to ketone body kinetics, there are two
constraints in determining ketone body kinetics in brain. First, the monocarboxylate
transporter (MCT) is apparently not stereospecific, as the glucose transporter (GLUT)
is for D-glucose and not L-glucose. This makes it difficult to account for nonspecific
transport. Also, both β-hydroxybutyric acid isomers, R- and S-, are metabolized in the
liver to end products (12), whereas the metabolism of the S-isomer is yet to be deter-
mined in the brain.

1. Special precautions are observed when handling radioactive materials (see Note 5).
2. The tracer bolus is prepared by first pipetting into a 10 × 75 mm test tube either, D- or

L-[14C]glucose, D- or L-[14C]lactate, or β-[1-14C]hydroxybutyrate, then adding the blood
flow indicator, n-[1-3H]butanol.

3. If the substrate is packaged in ethanol, then the bolus is first prepared by evaporating the
substrate tracer to dryness and then adding the n-[1-3H]butanol (loss of n-butanol may occur
as a result evaporation, because of its volatility).

4. A final volume of 150 mL is achieved by adding normal saline and unlabeled substrate
to match that of the blood (see Note 6). For example, the final bolus volume (150 µL)
contains a mixture of 50 µL (50 µCi) of D- or L-[1- 14C]glucose and 10 µL (10 µCi) of
n-[1-3H]butanol (1.0 mCi/mL) and an amount of nonradioactive D-glucose to match the
concentration of glucose in the blood.

5. Load the bolus into a 1-mL syringe with approx 0.100 mL of air. Be sure that the air is at
the top of the syringe so that it is captured in the catheter tubing following the adminis-
tration of the tracer bolus.

6. The air volume can be determined by first measuring the volume in the atrial catheter before
surgical placement. The purpose is to ensure that all of the tracer bolus is administered to
the animal and that none is left in the tubing.

7. The amount of radioactivity used is dependent on both the sensitivity of the β-scintillation
analyzer and the amount taken up by the tissue. We recommend using 10–50 µCi for each
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of the tracers, the radiolabeled substrate or blood flow indicator, per rat (200–600 g).
The µCi ratio (3H�14C) in tissue should be approx 1�1–5 (see Note 7).

3.3. Substrate Transport Measurements

The measurement of regional blood flow and the transport of glucose, lactate, or ketones
are determined by giving doses of the unlabeled substrate, intravenously or intraperi-
toneally, such that the blood concentrations range from low to high levels (the high level
should exceed maximal transport, see Notes 6, 8). For example, the group receiving the
dose (either by infusion or bolus) of the natural form of the substrate, e.g., D-glucose, L-
lactate, or R-β-hydroxybutyrate, would be given a bolus of the radiolabeled tracer, either
D-[14C]glucose, L-[14C]lactate, or R-[14C]-β-hydroxybutyrate. The diffusional component
and stereospecificity for a substrate can be determined by giving the unnatural form of the
radiolabeled tracer, D-[14C]lactate or L-[14C]glucose to another group of animals.

3.4. Experimental Protocol

1. The arterial cannula is connected to the tubing, which is connected to a syringe fitted to a
pump that is calibrated to withdraw blood at a rate of 1.60 mL/min. The tubing connected
to the cannula should be long enough to contain the volume of blood collected in 10–12 s,
approx 0.020 mL.

2. The pump is plugged into a clock-timer set to automatically stop the withdrawal after
10–12 s. Choosing 10 or 12 s depends on the mean circulation time (from heart to tissue
to heart).

3. For brain, we have found that between 10 and 12 s is the optimal time for the substrate to
be taken up by the tissue.

4. The pump is turned on 3 s before the tracers are given. During this time, verify that blood
is collecting in the tubing before continuing with the experiment. If there is no flow or a
delay in the collection of the blood, then stop the pump (before giving the tracer bolus),
disconnect the line from the pump, and flush the arterial line with saline. Also, check
whether the arterial line is twisted by gently rotating the arterial line and observe if there
is a “pulsing” in the line near the incision. This is a good indicator that there is a good flow
and that you can proceed with the experiment.

5. Inject the bolus containing the tracers into the right atrium.
6. The pump is set to shut off by the timer 10–13 s after the bolus is administered and the rat

is simultaneously decapitated.
7. The femoral line is first disconnected from the rat and then flushed with 10 mL of water

into a pre-weighed 20 mL screw-cap vial. The total contents (blood and tap water) are
re-weighed and the weight recorded.

3.5. Sample Preparation and Analysis of Radioactivity

1. Immediately following decapitation, venous blood oozing from the foramen magnum is
collected in heparinized tubes and an aliquot of the plasma obtained is used to estimate the
radioactive content of the cerebral intravascular compartment. This accounts and corrects
for the residual vascular radioactive content (2).

2. The brains are then rapidly removed and dissected and the regional bilateral tissue sam-
ples (cortex, parietal, hippocampus, cerebellum, striatum, and brainstem) are collected into
pre-weighed vials and a final weight is recorded.

3. The brain tissue is then solubilized by adding 0.600 mL of Soluene 350 to each of the vials.
The vials are tightly closed and shaken overnight or until the tissue is completely dissolved,
(approx 8 h).
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4. Aliquots of the arterial blood mixture, blood and water (0.100 mL) and venous plasma
(0.020 mL) are placed in clean scintillation vials.

5. The amount of radioactive content of both tissue and blood is counted using a 1600 TR
Liquid β-scintillation Analyzer. The amount of radioactivity is determined by adding
15 mL of scintillation cocktail (we recommend Ultima Gold) to each of the vials.

6. The blood mixture and tissue samples are shaken lightly and counted as disintegrations per
minute (dpm). Because n-butanol is volatile, we recommend that the blood mixture be
counted within 8 h of the experiment.

3.6. Determination of Plasma Substrate Concentrations

Plasma substrate concentrations for glucose, lactate, or ketones can be determined
by several methods: enzymatic fluorometry (13), spectrophotometry, commercial kits,
or analyzers.

3.7. Summary of Procedures

1. Prepare vials for the collection of the tissue and blood samples: mark the sample name on
the vial cap and pre-weight of the vial (with cap) for each of the regional tissue samples,
arterial and venous blood samples (weight not needed for venous sample). Record each
pre-weight on a data sheet.

2. Calibrate the withdrawal pump (1.60 mL/min), prime the tubing with tap water, and pre-
pare tracers and set up the guillotine in a tray near a sink.

3. Induce anesthesia and perform the surgical procedure.
4. Just before administering the tracer bolus, collect and record all physiologic parameters

to be measured, e.g., blood gas, hematocrit, and blood sample for measuring substrate
concentration.

5. Place the rat in a supine position on the tray with the guillotine (do not place head on the
blade until a second before decapitation); attach the femoral line to the withdrawal pump
and make sure that the system is closed. This is verified by an absence of blood leaking
into the collecting tubing.

6. Set the timer-clock to countdown from 15 s, start the timer (and the pump), then after 3 s
administer the tracer via the atrial catheter. When the timer-clock reaches zero, the timer
and pump will automatically shut off. Decapitate the rat immediately.

7. Collect the venous drainage from the foramen magnum using heparinized micro-
hematocrit capillary tubes, centrifuge, and save the plasma for the intravascular corrections.

8. Remove the brain by a quick cut along the sagittal suture of the skull, remove the bone and
dura, and then the brain. Roll the brain on a paper towel to remove the meninges before
dissecting. Dissect the brain into regional portions and collect into the pre-weighed vials.

9. At the time of decapitation, collect the arterial sample by first removing the arterial line
from the rat and placing it securely into a pre-weighed scintillation vial and flushing with
10 mL of tap water followed by a bolus of air. Re-weigh the vial and record the weight on
the data sheet.

10. Re-weigh the tissue samples and record the weights on the data sheet before adding the
Soluene. Shake overnight or until the tissue is dissolved (about 8 h). After the tissue is dis-
solved, add 15 mL of liquid scintillation cocktail, shake lightly, and count the beta emis-
sion (dpm) using a liquid scintillation analyzer.

11. The blood samples, arterial-water mixture, and the venous plasma should be counted on
the day of the experiment. This is done by pipetting 0.100 ml of the arterial mixture and
0.020 mL of venous plasma into separate scintillation vials and adding 15 mL of the liquid
scintillation cocktail. Shake lightly and count the beta emission (dpm) using a liquid scin-
tillation analyzer.
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3.8. Calculations

3.8.1. Regional Blood Flow

Regional blood flow is calculated by measuring the dpm content of the blood flow
indicator, n-butanol, in the blood (venous and arterial) and tissue samples and reported
to be in the range of 0.80–1.60 mL/g/min for baseline values (2,7,10). To account for
the residual amount of tracer in the tissue samples, the radioactive dpm content of n-
butanol in each of the tissue samples is corrected for the intravascular tracer by multi-
plying the regional intravascular compartment volumes (Vpl) by the dpmpl/µL of plasma
(venous drainage) collected from the foramen magnum (yielding dpm /g, see Eq.1). The
intravascular compartment volumes, Vpl, were measured previously using radiolabeled
inulin, in both awake and chloral hydrate-anesthetized rats, under similar experimen-
tal conditions (14), (see Note 9). The weight (g) of each of the tissue samples is then
multiplied to give a predicted value (dpm /sample). Subtracting this value from the total
dpm content of each tissue sample yields a corrected value, dpmc tissue:

dpmc tissue = dpmtotal – dpmpl
dpmc tissue = dpmtotal – (––––––––––––––––) (1)

dpmc tissue = dpmtotal – µl × Vpl × tissue wt

Regional blood flow (BF, ml/gtissue /min), is calculated as follows:

BF = Fs × [dpmc tissue]
BF = ——–——————— (2)
BF = [dpmsyringe] × tissue wt

where Fs is the syringe withdrawal rate (ml/min), dpmc tissue is the tissue dpm content of
the blood flow indicator corrected for intravascular space (Eq. 1), and dpmsyringe is the
dpm content in the withdrawn arterial blood (0.100 mL aliquot × 10).

3.8.2. Substrate Transport (Influx)

The unidirectional influx (J) of either D- or L- substrate is calculated as a function of
plasma flow (Fpl), extraction fraction (E) and the plasma concentration (mM) of the sub-
strate ([substrate]pl), as previously described by Gjedde (1):

J = –Fpl × ln(1-E) × [substrate]pl (3)

plasma flow:

Fpl = BF × [1-hematocrit]) (4)

extraction fraction:

E = {[dpmsubstrate] / [dpmc]}tissue
E = ——————————– (5)
E = {[dpmsubstrate] / [dpm]}syringe

where E is a function of the ratios of the radioactive content of both the dual labels in
the tissue [dpm substrate] / [dpmc]tissue (see Eq. 1 for calculation of dpmc tissue) and in the
blood withdrawn by the syringe-pump, [dpmsubstrate] / [dpm]syringe. Note that both denom-
inators, [dpm]tissue and [dpm]syringe, are the radioactive contents of the blood flow indi-
cator (e.g., n-butanol) in tissue and the arterial blood. Whereas in the numerators, the
[dpmsubstrate] is the radioactive content of the substrate tracer in tissue and arterial blood
(Eqs. 1,2).
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3.8.3. Regional Permeability-Surface Area and Substrate Clearance Rates

Regional substrate clearance rates can be estimated from the regional permeability-
surface area product (PS). PS is calculated from the regional plasma flow, Fpl (Eq. 4)
and the extraction fraction, E, (Eq. 5), (5,15):

PS = –Fpl × ln(1-E) (6)

From the PS of the natural substrate (e.g., D-glucose) and unnatural substrate (e.g.,
L-glucose) clearance can be estimated by summing the two values (see Note 10).

3.8.4. Estimation of Substrate Transport Constants

To characterize the stereospecificity for the physiologic enantiomer, estimations of
the substrate transport constants, extraction fraction (Ef ) and diffusion (Kd), are calcu-
lated (8).

The estimation of Ef involves the determination of the diffusional component of the
blood-to-brain substrate influx. This requires the measurement of influx using a non-
physiologic enantiomer (e.g., L-glucose, D-lactate ). Ef is calculated as the ratios of the
dual-labels in the tissue to the withdrawn arterial blood (as described in Eq. 5). This
implies that Ef is independent of the blood substrate concentrations. However, when lac-
tate is the substrate, Ef appears to have an indirect dependence. The effects of substrate
concentrations on Ef are presumed to be a consequence of altered metabolic state that
results in changes in blood flow and thus the amount of radioactive labeled substrate
crossing the BBB (see Notes 6,8,10).

The regional substrate diffusion constant, Kd, is calculated by regression analysis
from the linear slope of the substrate influx plotted as a function of plasma substrate
concentration. From this Kt, Emax, and Tmax are determined (7,8). First, Kt is defined as
the substrate plasma level at half-maximal transport, Emax , and is estimated from the
exponential relationship expressed as a function of extraction fraction (minus the com-
ponent of Ef for the unnatural enantiomer, e.g., Ef L-lactate – Ef D-lactate):

E[substrate]pl = Emax e
–Kt[substrate]pl

The theoretical maximum extraction fraction, Emax , is calculated by letting the [sub-
strate]pl equal zero (this is when Emax is equal to E[substrate]pl). From this, the maximal stereo-
specific transport capacity (Tmax) is estimated by nonlinear regression (see Fig 1.):

J = Tmax × [substrate]pl + (Kd × [substrate]pl)
J = ———————— + (Kd × [substrate]pl) (8)

J = Kt + [substrate]pl + (Kd × [substrate]pl)

The regional maximal transport for glucose (Tmax) is reported to be in the range of
2.0–3.0 µmol/g/min and 4.4 –5.0 mM for the Kt and for the lactate the Tmax ranges from
23–40 µmol/g/min and 6.0–14.0 mM for the Kt (7,8). To correct for the diffusional com-
ponent, the additive component on the right side of Eq. 8 ( Kd × [substrate]pl) is then
subtracted from the influx (J), as calculated in Eq. 3.

3.9. Applications

Information concerning substrate availability and metabolism in the brain is funda-
mental in establishing appropriate treatments during critical events such as
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ischemic/hypoxic insult. The dual-label single-pass method enables one to simultane-
ously measure regional blood flow and substrate influx across the BBB in normal and
pathophysiological conditions in small animals, such as rat. This method is useful for
obtaining a quantitative estimate of the capacity of test substances such as glucose
(7,14), lactate (8), or leucine (14), to cross the BBB. It allows correction for the vas-
cular space, and if an inactive analog is available, calculation of specific transport rates.
We have used this method extensively in studies of substrate influx across the BBB in
rat. Substrate influx has important or significant implications in a number of patho-
physiological conditions such as, acute and chronic states of hyperglycemia (4,7,21),
hypoxic (9), and ischemic insults (10), and epilepsy. We have also modified the dual-
label single-pass method to measure plasma, sucrose, or albumin space (10,22–24). In
addition to metabolic energy substrate transport, the method also lends itself to
studies of drug (16) and hormone BBB influx, as well as experiments using animal
models to test clinically relevant molecules. In particular, the influx rate of glucose in
the brain can be limiting in cases where there are genetic defects in the endothelial
GLUT1 transporter (25). Accurate data on blood flow and metabolism in humans can
only be obtained through expensive and not readily available techniques, such as PET
and MR based approaches. Thus, it is valuable to obtain information from animal stud-
ies using the dual-label single-pass method prior to evaluating human disease states.
Furthermore, with the addition of autoradiographic protocols, this method can be
adapted to provide micro-regional and topographic analyses, depending on the avail-
ability of suitable tracers.

4. Notes
1. An important distinction between the two methods is the difference in the mixing and dilu-

tion of the bolus of radiolabeled tracers in its passage through the brain circulation. Because
of the differences between the two methods the results from studies using the BUI method
may be underestimated (1,2,4). This may be explained by the following: the BUI method
requires the use of an intracarotid bolus site, resulting in a “bolus wave front” upon reach-
ing the brain, leading to an apparent underestimation of maximal transport, as reported for
glucose (14) and lactate (8). It is thought that the intracarotid bolus technique interferes
with capillary bed perfusion, resulting in changes in blood flow. The intra-atrial injection
method is designed to eliminate or minimize the effect of the tracer bolus on blood flow.
This is achieved by i) preparing the bolus to match the concentration of the substrate in the
blood, and ii) intra-atrial administration of the tracer bolus, rather than in the carotid artery.
The bolus then mixes with the circulating blood and as a result the time the bolus wave-
front reaches the brain, the effects of the bolus on blood flow are minimized. Studies using
this technique report data similar to studies using the BUI method.

2. When using alternative anesthetics such as chloral hydrate (4%, 10 cc/kg, i.p), wait at least
60 min after induction and avoid additional doses of anesthetic when possible, as this delays
the experiment. A single dose is effective for approx 1.5–2 h. Large doses of anesthesia
have an effect on regional blood flow and substrate uptake.

3. There are a variety of commercially available tracers for use. Any 3H/14C tracer is accept-
able for use in the single-pass dual-label indicator method; cost and availability are the major
considerations. We have used a variety of tracer mixtures: For the blood flow indicator,
n-[1-14C]butanol, either D- or L-[3H]glucose (7) or D- or L-[3H]lactate can be used. For
n-[1-3H]butanol, D- or L-[14C]glucose, D- or L-[14C]lactate, or β-[1- 14C] -hydroxybutyric
acid. Other studies have used 1-[methyl-3H]-4 phenyl-1,2,3,6-tetrahydropyrdine (MPTP)
as the blood flow indicator with D- or L-[14C]lactate (8). Because n-butanol is volatile, only
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purchase the compound in a normal saline storage solvent and not a solvent that would
require evaporation before administration.

4. Both MPTP and butanol are almost completely extracted by all regions of the brain on the
first pass. They are equally efficient for studies using a single-pass extraction technique
for measuring blood flow. The main difference between the two blood flow indicators is
that butanol rapidly washes out of the brain, whereas MPTP is retained by the brain for a
longer period of time. MPTP may be more appropriate in studies where the bolus-to-
decapitation time needs to be extended. In the case of butanol, such studies should be
designed with a bolus-to-decapitation time of approx 0.21 min (or less), whereas 0.33 min
is maximal for MPTP but could be longer (16).

5. The handling and use of radioactive material during this procedure conform to the guide-
lines set forth by the Nuclear Regulatory Commission:
a. Personal protective equipment (gloves, lab coat, goggles) is worn at all times during

the experiment.
b. To minimize contamination, areas where radioactive materials are placed during the

experiment are designated and covered with bench pads and 14C and 3H doses are taken
from 0.50-µCi aliquots.

c. The NRC only allows 20 µCi of 14C and 3H sewer disposal per day and this limits the
number of procedures that can be performed daily.

d. The carcasses are put into radiation bags and tagged with the date, activity and autho-
rized user name, then taken to our institution’s radioactive animal disposal area. Tubing,
catheters, and pipet tips coming into contact with the radioactive solutions are disposed
of as are dry SHARPS waste in the laboratory’s SHARPS waste container designated
for 14C and 3H waste. The bench pads and other non-SHARP waste are disposed of as
dry waste in our laboratory’s 14C and 3H dry waste container.

e. All areas and equipment are washed clean with No Count Decontaminant Surface
Cleaner (Fisher) and a wipe test for 14C and 3H is performed before and after experi-
mental procedures to make sure the area and equipment are kept uncontaminated.

6. Unlabeled substrates can be administered as a bolus or infusion, either iv or i.p. However,
in some cases perturbations of the physiologic state can occur, leading to changes in PaO2

and PaCO2, resulting in changes in blood flow (2,8). We also recommend that the concen-
tration of the tracer bolus be matched to the plasma concentration of glucose (or substrate
of interest) to avoid changes in blood flow and erroneous extraction fraction values.

7. Measuring a sample containing two radionuclides requires additional considerations than
measuring one radionuclide. When determining the amount of tracer (µCi) administered:
i) the dpm value in the arterial blood and tissue samples should be within the sensitivity
and efficiency of the liquid β-scintillation analyzer (1,000–10,000 dpm is the approximate
range we recommend), and ii) the prepared tracer bolus should contain a 3H14C ratio of
approx 1�1-5 µCi, when the substrate is 14C labeled or 1-5�1 when the substrate is 3H
labeled. The reason for this is to account for the substrate uptake by the brain. The result-
ing ratio in tissue should be 1�1 dpm. These considerations are based on the theory of dual
label dpm measurements (see the Packard manual). Briefly, each of the beta-emitting
radionuclides contributes to one spectrum from zero to beta-maximum. The composite spec-
trum is the sum of the 3H and 14C spectra. The 14C has higher energy than 3H but the spec-
tra are indistinguishable from each other, making it difficult to estimate the contribution
of each radionuclide.

8. In the case of lactate, there is no apparent stereospecificity or saturation kinetics. The influx
kinetics for D- and L-lactate, measured up to a 12 mM plasma concentration, indicate a
linear correlation that is consistent with the lack of stereospecificity and saturation kinet-
ics (8). However, in the case of glucose there is a competition for the natural enantiomer,

274 Puchowicz, Xu, and LaManna



D-glucose. Such that the influx of the nonphysiological radioactive labeled enantiomer
(L-glucose) exhibited Michaelis-Menten saturation kinetics, with increasing blood
concentrations of D-glucose. This is indicative of a stereospecific-saturable transporter for
D-glucose.

9. It has been reported that there are regional differences in brain vascular volumes in
awake vs choral hydrate-anesthetized rats, suggesting that blood-to-brain substrate trans-
port may also depend on local tissue perfusion. Thus, Vpl may differ when physiologic con-
ditions are altered and we recommend that it might be necessary to measure Vpl in the
current conditions when using Vpl corrections.

10. LaManna et al. (8) report a cortical clearance of 0.09 mL/g/min for lactate using the dual-
label fractionation bolus method. These values are similar to previously reported values
using the BUI method in rat (17) and human (18), but 35% lower compared to a study using
an autoradiographic method in rat (19). These variations may be ascribed to differences in
the PS products of the natural substrate from the unnatural enantiomer. For example, the
PS product for L-lactate has been reported to be twice that for D-lactate in all regions of
the brain (8). Also, estimations of PS products can vary if the metabolic state is acutely
altered. It has been previously suggested that the PS may vary in rats infused with lactate
for the purpose of achieving nonphysiologic concentrations (for the purpose of varying the
blood concentrations). Such conditions may alter physiologic state, resulting in changes
in PaCO2 and PaO2 (8).
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Protein Transport in Cerebral Endothelium

In Vitro Transcytosis of Transferrin

Laurence Fenart and Roméo Cecchelli

1. Introduction
Brain capillary endothelial cells forming the blood–brain barrier (BBB) are sealed

by complex tight junctions and possess few pinocytotic vesicles. These characteristics,
added to a metabolic barrier, restrict the passage of most small polar molecules and
macromolecules from cerebrovascular circulation to the brain. Many endothelial func-
tions that include the diffusion or transport barrier of brain microvessels have been
defined by studies in whole animals and in isolated capillaries in vitro. The ability to
grow central nervous system microvascular endothelial cells in culture has opened the
door to many new experimental approaches for studying the transendothelial transport
of substances across the in vitro BBB. However, several lines of evidence suggest that
cultured brain endothelial cells rapidly lose the characteristics of a differentiated BBB
in vitro (1). Furthermore, Risau and Wolburg (2) suggested that long-term cultures of
brain endothelial cells may not provide a good model system for the BBB in vitro.
Nevertheless, we have described subcultures up to the 50th generation of bovine brain
capillary endothelial cells (BBCECs) that maintain both endothelial and some of the
BBB markers (tight junctions, low rate of pinocytosis, and monoamine oxidase activ-
ity but a loss of γ-glutamyl transpeptidase activity) (3).

Debault and Cancilla (4) demonstrated the importance of the coculture of glial cells
with brain capillary endothelial cells in the reinduction of the barrier properties in
endothelial cells. To reconstruct some of the complexity that exists in vivo, we have
developed an in vitro model consisting of a coculture of BBCECs and glial cells
(Fig. 1) (5), to assess drug transport across the BBB. This model, which closely resem-
bles the conditions in vivo and dramatically reduces the paracellular transport pathway
(6–8), allows the study of the cellular and molecular mechanism involved in the intra-
cellular transport of proteins such as transferrin (Tf) (9–13).

2. Materials
2.1 Labeling of Transferrin

1. Bovine holoTf (diferric transferrin) and apoTf (non-iron-loaded tranferrin) (Sigma,
Steinheim, Germany).
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2. Iodogen (1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril) (Perbio Science, Bezons, France)
precoated tube: Dissolve 1mg of Iodogen in 1 mL dichloromethane and pipet 20 µL into
polypropylene tubes. Rotate the tubes in a 37°C water bath until the solvent has evapo-
rated, leaving a film of Iodogen in the bottom. These prepared tubes can be stored dessi-
cated for several weeks before use.

3. Phosphate-buffered saline (PBS): 150 mM NaCl, 2.7 mM KCl, 1.3 mM KH2PO4, 1 mM
Na2HPO4.7H2O, pH 7.4.

4. [125I]Na carrier free (ICN, Costa Mesa, CA) (see Note 1).
5. Sephadex G25 column (PD 10, Amersham, Orsay, France).
6. Fluorescein 5-isothiocyanate, Isomer I (FITC, Sigma, Steinheim, Germany) is first

dissolved in 20 µL DMSO and then 980 µl of PBS are added to obtain a 125 µM FITC
solution.

7. Bicarbonate buffer 0.1 M pH 9.5: Mix a NaHCO3 solution at 0.1 M with a Na2CO3 at
0.1 M to obtain a final solution at pH 9.5.

2.2. Binding Experiments

1. Supplemented Hanks balanced salt solution (HBSS, GIBCO-BRL, Cergy Pontoise, France)
with NaHCO3 (2 g/L), 0.5% saponin (wt/vol), 0.1% bovine serum albumin, cultured tested
(BSA, ICN, Costa Mesa, CA), 1 mM PMSF, and 1 µg/mL leupeptin. The pH is set at 6.8
with diluted HCl.

2. Supplemented Dulbecco’s modified Eagle’s medium (DMEM, GIBCO-BRL, Cergy
Pontoise, France) with 25 mM sodium acetate (pH 5.4), 1 mM phenylmethyl sulfonyl flu-
oride (PMSF, Acros Organics, Noisy le grand, France), and 1 µg/mL leupeptin (Acros
Organics, Noisy le grand, France).

3. Medium A: HBSS containing 5 mM HEPES (pH 7.2), 0.1% BSA, 1 mM PMSF, and
1 µg/mL leupeptin.

4. Gamma Counter (Cobra, Packard).
5. Enzfitter nonlinear regression data analysis program (Elsevier BIOSOFT, Cam-

bridge, UK).
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Fig. 1. In vitro model of the blood–brain barrier. Brain capillary endothelial cells are cul-
tured in the upper compartment on a collagen-coated filter and glial cells in the lower com-
partment on a plastic Petri dish (5–13).



2.3. Endocytosis Experiments

1. Ringer HEPES: 150 mM NaCl, 5.2 mM KCl, 2.2 mM CaCl2, 0.2 mM MgCl2, 6 mM
NaHCO3, 2.8 mM glucose, 5 mM HEPES, pH 7.4.

2. Fixatives: 4% Paraformaldehyde (Sigma, Steinheim, Germany) in PBS or 4% paraformalde-
hyde and 0.1% glutaraldehyde (Sigma) in PBS.

3. Mowiol mountant (Hoescht, Frankfurt, Germany) containing 0.1% P-phenylenediamine
(Sigma) anti-quenching agent.

4. Fluorescence microscope (DMRB; Leica Mikroskopie ans Systeme GmbH, Wtzlar,
Germany).

5. Monoclonal anti-rat Tf receptor antibody (clone MRC OX-26, Serotec, Oxford, UK),
1/100 dilution in PBS.

6. PBS/FCS: PBS containing 10% of fetal calf serum (FCS, Hyclone laboratories, Logan, UT).
7. Phosphate buffer 0.2 M Stock solution: Prepare separately a solution of 0.2M Na2HPO4

and a solution of 0.2 M NaH2PO4. Before use, the two solutions are mixed in a 4�1 ratio
to obtain a final solution at pH 7.4.

8. Glycine (Sigma, Steinheim, Germany) 50 mM is prepared in 0.1 M phosphate
buffer.

9. 7.5% Gelatin (Merck, Darmstadt, Germany) in 0.1 M phosphate buffer. After stirring for
10 min at room temperature the solution is warmed to 60°C for 2 h. When all the gelatin
dissolves the solution is cooled to 37°C, and 200 µL of a 10% azide (Sigma) solution is
added. The homogenous 10% gelatin solution is poured into 5 mL vials and stored at 4°C.

10. Cryoprotectant: 2.3 M of sucrose (Sigma) in 0.1 M phosphate buffer. Stir until the sucrose
is completely dissolved and aliquot in 1 mL vials.

11. Formvar solution: Formvar powder (Merck, Darmstadt, Germany) is kept under vacuum
or at 60°C in the presence of silicagel. Formvar, 1.2 g, is put into a volumetric flask and
100 mL of chloroform is added while stirring. We make a film using a clean microscope
slide introduced upright in a glass column filled with the formvar solution. A stopcock
allows draining of the formvar over the slide, leaving a thin film of formvar on the slide.
The draining time determines the thickness of the film, and is usually 12–15 s.

12. Polyclonal rabbit anti-FITC IgG antibody (Zymed, Montrouge, France), 1/50 dilution in
PBS/FCS.

13. Gold-labeled (10 nm) goat anti-rabbit antibody (EMS, Fort Washington).
14. Methyl cellulose-uranyl acetate, pH4: 20 mL of the methyl cellulose solution is replaced

by 20 mL of 4% uranyl acetate and gently mixed.
a. Methyl cellulose: For a final volume of 200 mL, 196 mL of distilled water is heated to

a temperature of 90°C and 4g of methyl cellulose (25 centipoise; Sigma) is added while
stirring. The solution is rapidly cooled on ice while stirring, until the solution has
reached a temperature of 10°C.

b. 4% aqueous uranyl-acetate (Merck, Darmstadt, Germany) solution: The pH is set to 4.0
with 25% ammonium-hydroxide. The latter is added drop by drop, to prevent forma-
tion of insoluble precipitates.

15. Electron microscope (420; Philips, Eindhoven, The Netherlands).

2.4. Transendothelial Transport Experiments

1. RPMI-1640 (GIBCO BRL, Cergy Pontoise, France).
2. Trichloroacetic acid (TCA) (Sigma) 20% in water.
3. AgNO3 (Sigma) 5% in water.
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4. 14C-sucrose (Amersham, Orsay, France) is used as a tracer (80 µM). The stock solution is
diluted in Ringer HEPES to obtain an activity of 0.1 µCi/2 mL. All safety precautions have
to be followed (see Note 1). Protection from beta emissions does not require lead shield-
ing and use of a dosimeter.

5. 59Fe (Amersham) (see Note 1).
6. Tris-bicarbonate buffer 0.1 M pH7,6 : Mix a bicarbonate solution 0.1 M with a Tris (acid)

solution 0.1 M to obtain a final solution at pH 7.6.
7. Chelex 100 (Sigma).

2.5. Characterization of Tf After Transcytosis

1. 4–20% Sodium dodecyl sulfate (SDS)-polyacrylamide gel (Lifescience Biorad
Laboratories, CA).

2. Autoradiography film (Kodak X-OMAT AR Film).

3. Methods
The methods described below outline the different steps for studying transcytosis of

proteins through EC monolayers. This chapter will focus only on the transport of Tf .
This includes 1) the preparation of labeled Tf, 2) the binding experiment, 3) the detec-
tion of internalized Tf by fluorescence or electron microscopy, and 4) the transcellular
and efflux experiments. All these experiments can be applied to other macromolecules
such as low-density lipoprotein (10), lactoferrin (12), and cyclophylin B (13).

3.1. Labeling of Transferrin

3.1.1. Preparation of Radiolabeled Transferrin

1. Bovine holoTf or apoTf (non-iron–loaded transferrin) is iodinated using Iodogen iodina-
tion procedure. Tf (500 µg) dissolved in PBS is placed in an iodogen-precoated tube.
0.3 mCi Na 125I carrier free (see Note 2) is dispensed in the tube in a fume cupboard pre-
pared for radioactive work and incubated for 30 min at 4°C with gentle stirring.

2. Free iodine is removed on a Sephadex G25 column, followed by an extensive dialysis
against PBS.

3. Generally, the specific activity range is 0.35–0.5 µCi/µg of protein (see Note 3). Protein
dosage is carried out by Peterson’s method (14).

4. The iodinated proteins are stored at 4°C for as long as 1 wk without significant radiolysis
(see Note 4).

3.1.2. Preparation of FITC-Labeled HoloTf

FITC labeling of holoTf is performed as follows:

1. HoloTf (25 µM ) is dissolved in 0.1 M bicarbonate buffer, pH 9.5.
2. A fivefold excess of FITC (125 µM ) is added dropwise with gentle stirring.
3. After 6 h at room temperature in the dark, uncoupled FITC is removed using a Sephadex

G25 column equilibrated with PBS, and the labeled protein is dialyzed against PBS at 4°C.
4. Then, the amount of FITC is determined by measurement of fluorescence and Tf amount

by protein dosage (14). The ratio of fluorescein to protein is estimated by measuring the
absorbances at 496 nm and 280 nm (15, see Note 5).

5. The FITC-Tf solution can be stored for 1 mo at 4°C.

280 Fenart and Cecchelli



3.2. Binding Experiments

Binding studies are performed according to the method of Raub and Newton (16)
with some modifications.

1. BBCEC monolayers are preincubated for 1 h at 25°C in supplemented HBSS to perme-
abilize cellular membranes and gain access to all Tf receptors with minimal degradation
(see Note 6).

2. The BBCEC monolayers are washed in supplemented DMEM (2x10 min) to remove iron
from endogenous Tf, and twice in Medium A to remove endogenous apoTf.

3. Following the safety precautions (see Note 1) binding experiments are carried out for 2 h
at 4°C in Medium A with 125I-holoTf concentration ranging from 300 to 1400 ng/mL
(3.75–17.5 nM). Similar experiments are carried out with a 100-fold excess of unlabeled
holoTf to determine the nonspecific binding of holoTf to endothelial cell membranes.

4. The BBCECs are washed carefully and cell associated radioactivity is determined by
removing the membrane of the culture insert and counting it in a gamma counter.

5. Results are expressed in milligrams of 125I-holoTf bound per milligram of cell proteins (14).
6. The amount of bound Tf is calculated using the equation in the Enzfitter nonlinear regres-

sion data analysis program.

F(x) = x.(Bmax) / (Kd + x)

where F(x) represents the amount of bound Tf, x is free Tf, Bmax is the total Tf receptor
concentration, and Kd is the concentration at 50% receptor saturation. Bmax and Kd are cal-
culated using Scatchard transformation with the same data analysis program (Fig. 2).
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Fig. 2. Binding (A) and Scatchard plot (B) of bovine holoTf binding to bovine brain capil-
lary endothelial cells (BBCECs). BBCECs were preincubated 1 h at 25°C in Hanks’ balanced
salt solution in absence (�) or presence (�) of 0.5% saponin. Then increased concentration of
125I-labeled holoTf were added on the luminal side of cells, and binding experiments were per-
formed at 4°C for 2 h. Each point represents the mean of triplicate inserts, which were corrected
for nonspecific binding in the presence of 100-fold excess unlabeled holoTf. B/F, bound to free
ratio. The curves are representative of three series of independent experiments.



125I-holoTf binds to the ECs with a saturation kinetic (Fig. 2A). The saturability of the
binding indicates that the interaction of Tf with a specific receptor has occurred. In trans-
formed Scatchard plots (Fig. 2B), the data suggested evidence for a single binding site
with a dissociation constant of 11.3 ± 2.1 nM and a total capacity of approx 35,000
receptors per cell. These results suggest that differentiated BBCECs (after 12 d in
coculture with glial cells) exhibit the specific receptor for holoTf.

3.3. Endocytosis Experiments

After specific holoTf binding to its receptor expressed on the EC membrane,
the process of transcytosis requires ligand internalization. The latter can be studied by flu-
orescence or/and electron microscopy. Preliminary studies have to be done to determine
that holoTf and its receptor interaction occurs at the BBCEC level and that it is specific.

3.3.1. Detection of Endocytosis by Fluorescence Microscopy

3.3.1.1. FITC LABELED HOLOTF INTERNALIZATION

In preliminary experiments, we tested the endocytotic activity of BBCECs with
holoTf conjugated with FITC exposed to the luminal surface of the cells.

1. BBCEC monolayers are washed twice with Ringer HEPES at 37°C.
2. Then, BBCECs are incubated in the dark with FITC labeled holoTf (200 µg/mL) for

45 min at 37°C in prewarmed Ringer HEPES with 0.1% BSA.
3. Incubation is terminated by three washes in ice-cold Ringer-HEPES buffer and immedi-

ately fixed with 4% paraformaldehyde for 20 min at 4°C (see Note 7).
4. After final washes, the filters and their attached monolayers are mounted on glass micro-

scopic slides using Mowiol mountant containing 0.1% p-phenylenediamine, an anti-
quenching agent.

5. Specimens are visualized using a fluorescence microscope.
6. A significant accumulation of FITC-labeled holoTf is observed within the BBCECs

(Fig 3; see Note 8).

3.3.1.2. SPECIFICITY OF THE ENDOCYTOTIC PROCESS

To verify that holoTf accumulation in the BBCECs is specific, experiments using mouse
anti-rat Tf receptor monoclonal antibody (Mab OX-26) are performed (see Note 9).

1. BBCEC monolayers are incubated with Mab OX-26 solution for 30 min at 37°C.
2. Then, 70 µg/mL of FITC-labeled holoTf is added to the medium, and the cells are incu-

bated for an additional 45 min at 37°C in the dark.
3. This results in a total inhibition of FITC-labeled holoTf uptake.
4. As a negative control, the same experiment is carried out using a monoclonal antibody non-

specific for the Tf-receptor. This antibody did not block FITC-labeled holoTf uptake.

3.3.2. Detection of Endocytosis by Electron Microscopy

Endocytosis can be studied by electron microscopy to obtain precise localization
of holoTf. It is important to use labeling markers compatible with the particle
size. Therefore, the classical immunolabeling method using gold conjugated-particles
was not used and holoTf was localized using an anti-FITC IgG antibody on ultrathin
cryosections.
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1. BBCECs are incubated in the dark, first with FITC-labeled holoTf (200 µg/mL) for 45 min
at 37°C in prewarmed Ringer HEPES.

2. BBCECs are then fixed with paraformaldehyde 4% and 0.1% glutaraldehyde in PBS for
1 h at 4°C.

3. BBCEC monolayers are washed with PBS and then incubated for 90 min in PBS/FCS
at 4°C.

4. After washing, the BBCECs are collected by scraping in PBS, and centrifuged.
5. The cell pellet is washed in 50 mM glycine in PBS to quench aldehydes. Three washes are

necessary to remove fixative.
6. Then BBCECs are embedded in 7.5% gelatin at 37°C (17), (see Note 10) for less than

5 min. BBCECs are centrifuged to remove most of the gelatin. If too much gelatin is left
in the tube, the final concentration of cells will be too low. The gelatin-cell suspension is
solidified on ice (see Note 11).

7. The BBCEC pellet is gently removed from the tube, transfered to a microscope slide cov-
ered with a piece of parafilm, and cut into suitable blocks.

8. Gelatin-embedded specimens are infused with 2.3 M sucrose by rotating the small vials
for at least 2 h at 4°C (18), (see Note 12).

9. The blocks mounted on the holders are immediately frozen in liquid nitrogen.
10. Ultrathin sections are cut at –110°C using a UltraCryo Microtome and sections are placed

on Formvar carbon coated grids.
11. The immunolabeling procedure is performed by floating the grids on successive drops of

PBS/FCS followed by polyclonal rabbit anti-FITC IgG antibody for 1 h at room tempera-
ture, followed by gold-labeled (10 nm) goat anti-rabbit antibody (see Note 13).

12. Finally the immunolabeled cryosections are contrasted and embedded in methylcellulose-
uranyl acetate for electron microscopy.

Transcytosis of Transferrin 283

Fig. 3. Fluorescein isothiocyanate-labeled holoTf endocytosis in bovine brain capillary
endothelial cells (45 min at 37°C). Bar = 15 µm.



These results clearly demonstrate that, in contrast to what happens in most cells,
FITC-holoTf is not present in the lysosomal compartment in the differentiated brain
capillary endothelial cells but is present in multivesicular endosomal structures.

In most organs, the existence of receptor-mediated processes that bypass the lyso-
some compartment seems to be a feature of continuous endothelia. Indeed, as contin-
uous endothelia, BBCECs are linked to each other by junctional complexes that
constitute a major barrier to the bidirectional exchange of macromolecules. Specific
receptors on the cell surface play a significant role in the transendothelial transport of
plasma molecules to tissues. To further characterize this process, transendothelial trans-
port experiments using 125I-holoTf are carried out.

3.4. Transendothelial Transport Experiments

3.4.1 Apical to Basolateral Transport of Tf Across the BBCEC Monolayers

1. Cells (BBCEC monolayers and glial cells) are placed in RPMI-1640 medium at 37°C for
4 h to deplete the cells of endogenous Tf.

2. One insert covered with BBCECs is set into a six-well dish with 2 mL of Ringer HEPES
with 0.1 % BSA added to each well. Safety precautions are followed (see Note 1). Bovine
125I-holoTf is added in the presence or absence of 100-fold excess of unlabeled protein to
the upper side of the filter covered with BBCECs (see Note 14).

3. At various times, the insert is transferred to another well to avoid possible reendocytosis
of Tf by the abluminal side of the BBCECs.

4. At the end of the experiment, intact Tf is assessed using TCA precipitation of lower
mediums:
a. 600 µL of the medium added to 300 µL of TCA solution and 50 µL of BSA (40 mg/mL)

is spun down at 1100g for 15 min. The supernatant fraction (S1) is removed for
treatment by AgNO3 precipitation.

b. The pellet is washed once with 600 µL H2O and 300 µL TCA solution and centrifuged
at 1100g for 15 min.

c. The pellet is counted in a gamma counter. This pellet corresponds to the intact Tf
fraction.

5. Protein degradation is assessed with AgNO3 precipitation:
a. 600 µL of S1 added to 300 µL of AgNO3 solution is centrifuged at 1100g for

15 min.
b. The pellet corresponds to the 125I free fraction and the supernatant reveals the Tf

degradation.
6. All results are expressed in Tf equivalent flux (ng/cm2), which represents TCA-precipitable

radioactivity recovered in the lower compartments (Fig. 4).
7. The transport of labeled holoTf from the luminal to the abluminal compartment is reduced

severely by an excess of unlabeled Tf, suggesting that Tf transport from the apical to the
basal side of the cells was specific (Fig. 4A).

8. To assess the influence of iron on the transport of Tf across the BBCEC monolayers, the
same experiments are done with exposure of 125I-apoTf on the luminal surface of BBCECs.
This experiment demonstrates that in contrast to holoTf, no specific accumulation of
125I apoTf reached the abluminal compartment (Fig. 4B). ApoTf has a low affinity for the
Tf receptor, and the absence of demonstrated transport of apoTf across the BBCEC mono-
layers in contrast to holoTf provides additional evidence for a receptor-mediated transcy-
tosis of holoTf across cerebral BBCECs from the luminal to the abluminal side.
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3.4.2 Effect of Temperature on the Tf Transport

1. The transport experiment described above is then carried out at 4°C with holoTf incubated
with 14C-sucrose, as a marker of paracellular transport.

2. The effect of temperature on the transport of both molecules from the apical to the basal
compartment is compared (Fig. 5).

3. A decrease in the incubation temperature from 37°C to 4°C slightly affects the passage of
sucrose (Fig. 5A), whereas a dramatic decrease in holoTf transport through the monolayer
is observed (Fig. 5B).

4. These results suggest that Tf reaches the abluminal side of the cell via an energy-
dependent, receptor-mediated transcytotic process.

3.4.3. Polarized Efflux of Tf

A pulse-chase experiment measuring the asymmetric efflux of Tf is carried out to
quantify possible Tf recycling to the luminal side of the cells subsequent to endocyto-
sis. Experiments are performed as described by Raub and Newton (16).

1. BBCECs are allowed to accumulate radiotracers from the apical surface for 1 h at 37°C
after the addition of 1400 ng/mL of 125I-labeled holoTf.

2. BBCECs are washed four times with Ringer HEPES containing 0.1% BSA at 4°C for
5 min each to remove nonspecific binding of tracers on cells; the cells are returned to a
fresh medium at either 37°C or 4°C for an additional 30 min.

3. At the end of the experiment, the media bathing the luminal and abluminal sides of the insert
are TCA precipitated and counted in a gamma counter, as are the cells on filters. The results
are expressed as 125I-holoTf equivalent efflux (in ng) (Fig. 6).
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Fig. 4. Apical-to-basolateral transport of 125I-holoTf (A) and 125I-apoTf (B) across the bovine
brain capillary endothelial cell monolayers grown on a porous filter. 125I-Tf (1400 ng/mL) was
added to the luminal side of cells. All values (mean of triplicate inserts ± SE [bars]; n = 3)
represent radioactivity that was TCA precipitable. Total Tf flux (▲) was corrected for nonspe-
cific Tf flux (�) giving the specific Tf flux (■). The curves are representative of five series of
independent experiments.



4. Ten percent of the endocytosed 125I-holoTf at 37°C is recycled to the luminal side, whereas
75% is transcytosed to the abluminal compartment.

5. In the control condition (4°C), the major part of the Tf accumulating in the BBCECs
remained in the cells, thereby demonstrating that the efflux of holoTf is energy dependent
and that the majority of endocytosed holoTf is transferred by a transendothelial receptor-
mediated pathway.

3.4.4. Transendothelial Iron Transport Studies
Using 59Fe-Tf and 125I-59Fe-Double-Labeled Tf

All our experiments clearly demonstrate that Tf, a 80-kDa glycoprotein that binds
iron in the blood, is able to go through the BBCEC monolayer by a receptor-mediated
process. The importance of iron for central nervous system function is now well doc-
umented (19), therefore, it is of interest to determine whether the transcytosis of Tf
through the BBB delivers iron to brain tissue. Additional experiments are carried out
to examine iron transport across the brain capillary EC monolayers.

3.4.4.1. PREPARATION OF RADIOLABELED DIFERRIC TF

1. For 59Fe labeling, 1.5 µg of iron/mg of Tf is used. Follow safety precautions (see Note 1).
59Fe (18 nmol) is mixed with a solution containing 30 µg of nitriloacetic acid and 19 µg of
NaOH for 5 min at room temperature. The pH of the solution is adjusted to 8.2 with NaOH.

2. ApoTf (37 nmol) dissolved in Tris-bicarbonate buffer is added to the solution, which is
then incubated for 2 h at room temperature.

3. Unbound 59Fe is removed by adding 50 µL of Chelex 100 preequilibrated with Tris-
bicarbonate buffer and the mixture is stirred gently for 30 min.

4. This method gives an average specific activity of 5 µCi/mg of protein and a yield of Tf
saturation with iron equal to 99%.
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Fig. 5. Effect of a diminution of temperature from 37° (■) to 4°C (�) on transport of sucrose
(A) and holoTf (B) across bovine brain capillary endothelial cells. Results expressed as per-
centage of sucrose recovered in lower compartments. For Tf, they are expressed as an equiva-
lent Tf flux (ng/cm2), and values are means of triplicate inserts. The curves are representative
of two series of independent experiments.



5. For dual labeling of Tf, protein is first labeled with 59Fe and then iodinated, giving a spe-
cific activity of 0.49 µCi/µg of protein for 125I and 4 µCi/mg of protein for 59Fe.

3.4.4.2. TRANSENDOTHELIAL IRON TRANSPORT EXPERIMENTS

These experiments are carried out as described for 125I-Tf (see Subheading 3.4.1.).
59Fe-Tf (0.26 µM ) is added to the upper compartment and the integrity of the mono-
layer is evaluated. No increase in the permeability of sucrose is detected. A specific
transendothelial transport occurs over 90 min, suggesting that the holoTf receptor could
take part in the transport. To examine whether iron is transcytosed through BBCECs
with holoTf, double-labeling experiments are carried out.

The transport experiments are performed with I-59Fe-double-labeled Tf at a con-
centration of 21 µg/mL. The 125I-holoTf equivalent flux represents TCA precipitable
radioactivity. 59Fe-Tf equivalent flux is calculated from 59Fe flux, because Tf binds
2 mol of iron. The 59Fe-holoTf equivalent flux (0.088 pmol.cm2.h-1), which is equal to
one-half the 59Fe flux (0.176 pmol.cm2.h-1), is within the same range of the observed
125I-holoTf equivalent flux (0.093 pmol.cm2.h-1). These results suggest that iron bound
to Tf crossed the BBCEC monolayers, because for every 2 mol of iron that crosses the
BBCECs, 1 mol of Tf is found in the lower compartment.

3.5. Characterization of Tf After Transcytosis

To address the question whether holoTf undergoes degradation within BBCECs
during transcytosis, electrophoretic characterization is carried out.

1. After 2 h at 37°C, 125I-labeled holoTf degradation in the upper and the lower compartments
is determined by TCA precipitation, followed by AgNO3 precipitation.
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Fig. 6. Asymmetric efflux of 125I-Tf from bovine brain capillary endothelial cell monolayers
grown on a porous filter. Cells were allowed to accumulate 125I-holoTf (1400 ng/mL) from their
luminal side for 1 h at 37°C. Then they were carefully washed and put in fresh medium at either
37°C (black bars) or 4°C (hatched bars) for 30 min. Amount of cell-associated radioactivity and
TCA precipitated radioactivity in upper (UC) and lower (LC) compartment were measured. All
values are means of triplicate inserts ± SE (bars; n = 3) and the curves are representative of three
series of independent experiments.



2. The apical and basolateral compartment solutions are collected and analyzed with 4–20%
SDS-polyacrylamide gel electrophoresis.

3. After electrophoresis, the gel is dried and exposed for autoradiography for 2 h
at –80°C.

4. Results suggested that in all instances, approx 3 ± 1% of 125I-labeled holoTf degradation
is recovered in the upper and lower compartments.

5. The data supports the premise that holoTf is transported across BBCECs without any
degradation.

The development in our laboratory of a cell culture system consisting of coculture
of BBCECs on one side of a porous filter and glial cells plated on the plastic dish that
mimics the properties of the BBB provides an additional approach to define BBB events
in iron Tf handling. With the use of this model, we provide evidence that after binding
to BBCECs, there is a specific mechanism for the transport of iron-loaded Tf across
the endothelial monolayer from apical to the abluminal surface. This mechanism might
best be explained by the process of receptor-mediated transcytosis. By this pathway,
bypassing the lysosomal compartment, Tf can deliver iron, which is essential for normal
growth and function of the brain cells.

4. Notes
1. Safety precautions are required when using radioactive compounds. Protection from

gamma-emitting isotopes is achieved by lead shielding. Radioactive material should be used
by authorized persons and only in authorized areas. Care should be taken to prevent inges-
tion or contact with skin or clothing. Protective clothing, such as laboratory overalls, safety
glasses, and gloves should be worn whenever radioactive materials are handled. The oper-
ator has to wear a dosimeter to measure radiation dose to the body. Ampules containing
volatile radioactive compounds such as 125I should be opened only in a well-ventilated fume
cabinet. Work should be carried out on a surface covered with absorbent material. Working
areas should be monitored regularly. Any spills of radioactive material should be cleaned
immediately and all contaminated materials should be decontaminated or disposed of as
radioactive waste via an authorized route. Contaminated surfaces should be washed with
a suitable detergent to remove traces of radioactivity.

2. Na 125I is an inexpensive radioisotope that can be obtained with very high specific activity
(carrier free, about 2000 Ci/matom) and used to radiolabel both soluble protein and cells
by various simple procedures. Labeling occurs by electrophilic addition of cationic iodine
(I+) to tyrosine residues and to a lesser extent to histidine and tryptophan. The monoiodi-
nated derivative is the major product under the conditions normally used.

3. This incorporation of iodine is usually a little lower than with chloramine T but the
reaction time can be extended to improve this. Following our procedure, the incorporation
of iodine is always around 90%.

4. Fresh solution are advisable because Na 125I is oxidized to molecular iodine upon storage
especially if the vial is opened repeatedly. Storage at 4°C increases the rate of decompo-
sition. Iodinated proteins tend to lose activity upon storage faster dictated by the half-life
of the isotope. This is attributable to several factors: 1) radiation destruction (the products
of radioactive decay of 125I can cause damage to the protein), 2) loss of iodine (iodinated
proteins tend to break down to yield free iodine and unlabeled proteins), 3) protein dete-
rioration (some proteins tend to aggregate upon iodination and during subsequent storage).
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5. The ratio of the dye to protein is calculated as follows:

R = FITC concentration 6.5. 10–3 × DO496nm
R = ———————— = ——————–————————

R = Tf concentration 0.74 × (DO280nm – 0.367 × DO496nm)

To give the best results, this ratio has to be, in the case of FITC and Tf, near 2.7.

6. Tf binding experiments are first performed with 125I-holoTf on intact BBCECs at 4°C.
Binding of 125I-holoTf is not significantly different from background, as already demon-
strated by Raub and Newton (16). That is the reason why experiments are carried out by
treating the cells with 0.5% (wt/vol) saponin to permeabilize the cellular membranes, thus
permitting access of the 125I-holoTf to Tf receptors on the surface and within intracellular
pools.

7. The choice of fixative is crucial in maintaining good ultrastructure and immunoreactivity.
Glutaraldehyde and paraformaldehyde can be used alone or combined. Glutaraldehyde has
two reactive aldehyde groups, which primarily react with lysins. It irreversibly crosslinks
amino acids within or between proteins. Paraformaldehyde contains only one reactive alde-
hyde group. It crosslinks by the formation of methylene bridges which are not stable par-
ticularly at concentrations below 5%. Its binding is reversible and therefore this fixative is
a relatively weak fixative. When deciding on the fixative of choice for an unknown antigen/
antibody combination, different fixatives should be first tested to achieve optimal results.

8. The FITC-labeled Tf repartition throughout the cytoplasm observed in Fig. 3 clearly demon-
strates that Tf is not directed to the lysosomal compartment. Indeed, when a molecule accu-
mulates in the lysosomal compartment, a characteristic-intense staining around the nucleus
is noted. This observation is characteristic of the molecule degradation pathway.

9. Before using rat OX26 antibody in our experiment, the capacity of this antibody to cross-
react with bovine Tf receptors is verified by immunofluorescence labeling of bovine lym-
phocytes.

10. Cultured cells need support to handle them prior to sectioning. Support can be achieved by
embedding the specimens generally in 10% gelatin (17). Due to its large molecular weight,
it cannot enter the cells and will therefore fill the extracellular spaces with a “cytoplasma-
like” gel. Embedding our BBCECs in a 10% gelatin solution makes it difficult to cut good
quality sections while these problems are not observed with a 7.5% gelatin solution.

11. Generally, at the time that gelatin embedding was introduced, the gelatin was fixed. In the
current protocol, this step is omitted because fixatives crosslink gelatin to plasma mem-
brane antigens, thus reducing the labeling efficiency.

12. A major breakthrough in cryo-ultramicrotomy came with the introduction of sucrose as a
cryoprotectant. Initially, sucrose at a concentration of 1 M was used but Geuze and Slot
(18) increased the concentration to 2.3 M. It has been shown that no crystals are formed in
concentration >1.6 M but only vitreous ice that facilitates sectioning.

13. If sections dry during the immunoincubation, high background levels or other contamina-
tion is observed.

14. Before studying the transcellular transport of a molecule, the integrity of the BBCEC
monolayer has to be verified. Using 14C-sucrose as a test substance for a possible para-
cellular pathway, we determined that in the presence of 100-fold excess of holoTf, no leak-
iness in barrier function occurs. In each conditions, endothelial permeability coefficient
(Pe) is determined (11) (Pe = 0.85 ± 0.05 × 10-3 cm/min and 0.80 ± 0.09 × 10-3 cm/min for
control and in the presence of 140 µg/mL of holoTf, respectively), demonstrating that
holoTf does not have a toxic effect on the BBB.
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Transport Across the Choroid Plexuses 
In Vivo and In Vitro

Nathalie Strazielle and Jane Elizabeth Preston

1. Introduction
Choroid plexuses (CP), found in the lateral, third and fourth ventricles of the brain,

contribute to the blood–cerebrospinal fluid barrier (BCSFB). The choroidal epithelium
constitutes an active interface between the peripheral blood, which circulates with a high
flow rate in the numerous fenestrated vessels of the choroidal stroma, and the cere-
brospinal fluid (CSF), which circulates from the ventricles into the subarachnoid spaces
and the spinal canal. Most of the CSF is produced by the choroid plexuses, which also
control its homeostasis by allowing the selective blood to CSF entry of various required
molecules such as nutrients and hormones as well as mediating CSF to blood export of
toxic compounds and metabolites. CP functions in CSF secretion and cerebral home-
ostasis require the presence of numerous transport systems distributed in a polarized
manner between the apical or brush border (CSF facing) and the basolateral (stroma
facing) membrane domains of the choroidal epithelial cells. They also depend on the
existence of interepithelial tight junctions, which restrict the paracellular pathway for
small lipid insoluble compounds (1,2).

Because of the relatively free communication between the CSF and the brain inter-
stitial fluid through the ependyma and to a lesser extent through the pia-glia limitans,
the composition of the CSF does not reflect transport processes across the CP only, but
is also influenced by blood–brain exchange processes occurring at the level of the cap-
illaries that form the blood–brain barrier (BBB). As a consequence, the various in vivo
techniques developed to investigate transport at the blood–brain interfaces such as in
situ brain perfusion, microdialysis, ventriculocisternal perfusion, etc., do not allow a
clear-cut definition of the contribution of each barrier.

Some techniques have been developed in order to study transport mechanisms at the
CP without the interference of the BBB and brain parenchyma. While the isolated CP
tissue and isolated apical and basolateral membrane vesicles prepared from choroidal
epithelial cells provide convenient “simple” systems and have been extensively used
during the past decades to study choroidal uptake, these techniques are not applicable
for transepithelial transfer measurements. Very recently, confocal microscopy and quan-
titative image analysis have been used to follow transport of organic anions from bath
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(CSF-side) to blood vessels in intact CP. This approach remains, however, limited to
fluorescent compounds. This chapter will focus on two different methods, namely the
in situ isolated perfused CP and the in vitro choroidal epithelium, that allow the study
of true transepithelial transfer mechanisms. The protocols to perform the transport
experiments and the calculations will be described in detail.

1.1. The Isolated Perfused Choroid Plexus

This model provides a good approximation of the in vivo BCSFB, while allowing
simultaneous access to both blood and CSF faces of the tissue. Because this requires
perfusion of choroidal vasculature, a large animal model is necessary, and a sheep is
chosen for scale and because it is relatively cheap and easy to handle compared to other
large animal models. The model allows estimates of rapid unidirectional uptake of a
range of radiolabeled molecules from blood to CP using the single-pass technique for
10–60 s (3), steady-state blood to CP and blood to CSF transport (over 1–4 h), trans-
port from CSF face to blood (1–4 h), and measurement of CSF secretion (4–6).

1.2. The In Vitro Choroidal Epithelium

In vitro models reconstituting the polarized and impermeable choroidal epithelium
have been established in the last decade using various animal species (see Note 1). When
cultured on a microporous permeable membrane in cell culture inserts, choroidal epithe-
lial cells form a tight monolayer and maintain their specific barrier properties, thus mim-
icking the in vivo BCSFB and delimiting two liquid compartments. The bicameral
device allows independent access to both sides of the cell monolayer and provides a
simple versatile tool to investigate transfer across the epithelial cells in both blood to
CSF and CSF to blood directions (Fig. 1). Passive diffusion, facilitated or vectorial trans-
port mechanisms can be approached using this type of in vitro model of the BCSFB.
Other applications include the possibility of studying the metabolism of molecules en
passage, and the polarity of excretion of the resulting metabolites.

We use the in vitro choroidal epithelium in two ways: 1) to estimate the global transepi-
thelial permeability of compounds which result from passive diffusion and /or facilita-
tive transport and/or active transport and/or metabolism, 2) to obtain evidence for active
transport mechanisms, by investigating the ability of the choroidal monolayer to create
an imbalance between both compartments containing the same concentration of the
compound of interest and to accumulate this molecule against a concentration gradient.

2. Materials
2.1. Isolated Perfused Choroid Plexus

1. Thiopentone sodium (make fresh for each procedure 50 mg/mL).
2. Heparin, 25,000 IU/mL.
3. Cleaver or bone saw/drill.
4. Ringer solution containing: 120 mM NaCl, 5.4 mM KCl, 2.35 mM CaCl2, 1.13 mM MgCl2,

26.2 mM NaHCO3, 5 mM glucose, and 4% bovine serum albumin, Fraction V (BSA). Ca2+,
glucose, and BSA are added on the day of the experiment, otherwise Ringer is stable for
1–2 wk.

5. 0.5% Evans Blue labeled albumin (EBA): Prepared in a ratio of 1�7 Evans blue to BSA
and dissolved in distilled water. This is placed in dialysis tubing and dialysed for 24 h in
distilled water.
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6. Artificial CSF containing: 123.5 mM NaCl, 2.9 mM KCl, 2.5 mM CaCl2, 1.8 mM MgCl2,
0.25 mM Na2HPO4, and 26 mM NaHCO3. Glucose, 5 mM, is added on the day of use.

7. Gas, 95% O2/5% CO2.
8. Silicone tubings having internal diameters of 1 mm and 0.5 mm.
9. PVC tubing having a 0.5 mm outside diameter.

10. Three peristaltic pumps.
11. Water bath with circulator and heating pad/jacket attachments.

2.2. In Vitro Choroid Plexus

1. Orbital shaker in a 37°C incubator.
2. Paracellular marker: radiolabeled mannitol, sucrose, or inulin.
3. Ringer-Hepes buffer (RH): 150 mM NaCl, 5.2 mM KCI, 2.2 mM CaCl2, 0.2 mM MgCl2,

6 mM NaHCO3, 2.8 mM glucose, and 5 mM Hepes, pH 7.4. Sterilize by 0.22 µm filtration.
This solution can be kept at 4°C for 1–3 wk.

4. Serum-free culture medium: DMEM/Ham’s F12 (1�1).

3. Methods
3.1. Isolated Perfused Choroid Plexus

3.1.1. Anesthesia and Surgery

1. Anesthetize sheep with thiopentone sodium (20 mg/Kg iv) via a forelimb vein, followed
by heparin (20,000 IU), cannulation of one common carotid artery, and exsanguination.

2. Remove the head and quickly and carefully open the back of the skull without damaging
the dura using a cleaver at a shallow angle, or bone drill/saw followed by rongeurs.

3. Remove the dura, cut the tentorium on either side, and section the cerebellum and hind-
brain in an axial plane with a scalpel. The cut should pass cleanly through the center of the
cerebellum. Avoid pulling the tissue at this point or the venous outflow will be damaged.

4. Carefully lift the brain starting at the remaining cerebellum, and reflect forward 0.5–1 cm
to visualize the internal carotid arteries, which can be seen running from the vessels of the
circle of Willis at the base of the brain, toward the base of the skull. Cleanly cut the arter-
ies close to the base of the skull and avoid any unnecessary pulling as the plexuses attached
to the circle of Willis via the internal choroidal arteries can be easily damaged at this stage.

5. Cut through the pituitary stalk, loosen the brain from the remaining dura and remove from
the cranial cavity.
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Fig. 1. The in vitro choroidal epithelium. Primary cultured epithelial cells are grown in a
bicameral device on a microporous membrane. The cells reproduce a polarity as in vivo, with
an apical brushborder membrane in contact with the fluid in the upper chamber, while the baso-
lateral membrane lies on the laminin-coated microporous membrane through which it is in free
communication with the fluid in the lower compartment. Thus, in this configuration, the cere-
brospinal fluid and stromal blood compartments correspond respectively to the upper and lower
chambers.



3.1.2. Perfusion of the Choroid Plexuses

1. The cut ends of both internal carotid arteries can be seen at the base of the brain. Cannulate
the arteries (0.5 mm outside diameter PVC cannulae tips in silicone tubing) and start per-
fusion with Ringer. Ligate the circle of Willis both proximal and distal to the cannulae to
direct flow into the choroidal arteries, which arise from the circle of Willis close to the inter-
nal carotid arteries (Fig. 2).

2. Turn the brain over and locate the corpus callosum by blunt dissection. Make a horizontal
slice through each cerebral hemisphere starting at the corpus callosum at the level of the
roof of the lateral ventricles, taking care to locate and avoid touching the lateral ventral
CPs. The roof of each ventricle can then be reflected revealing intact perfused CPs lying
on the floor of the ventricles.

3. Superfuse the exposed tissues with artificial CSF to keep them moist and allow them to
float slightly as they would in vivo.

4. Carefully remove the remaining cerebellum from around the great vein of Galen, which
carries the venous drainage from both CPs through the corpus callosum to the hindbrain
and cerebellum. Cannulate the vein using a 19G venous cannula to receive out flow.
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Fig. 2. Perfusion circuit for the isolated perfused choroid plexus. The lateral ventricle choroid
plexuses remain in situ and the roofs of the ventricles reflected to gain access to the apical sur-
face. Compounds for transport assessment can be included either in the Ringer reservoir (blood
to cerebrospinal fluid [CSF] transfer) or the CSF reservoir (CSF to blood transfer) or in the
100-µL bolus injection site (single-pass experiment). A diagram of the blood vessels of the Circle
of Willis at the base of the brain is shown in the insert.



5. Perfuse the vascular system with the mammalian Ringer solution (see Note 2), which
allows complete control of the vascular environment of the CPs. The Ringer contains 0.5%
EBA to measure CSF secretion rate. All solutions are gassed with 95% O2/5% CO2 at 37°C
to a pH of 7.4.

6. Ringer and CSF are maintained in a water bath at 37°C and passed via peristaltic pumps
(one to perfuse each CP; one for CSF) into a heat exchanger to maintain temperature. The
Ringer additionally passes through a filter and bubble trap before entering the choroidal
arteries. All tubing is low gas permeable silicone.

7. Tissue temperature is maintained by a water jacket around the brain, heated tray under the
entire perfusion circuit, heat lamp above the brain, and monitored with a thermister probe
between the two CPs.

8. Perfusion pressure is maintained at 40–60 mm Hg above that of the perfusion circuit giving
a flow rate of approx 1mL/min–1, and monitored by pressure transducers connected between
the bubble trap and choroidal artery cannulae (see Fig. 2).

9. The preparation is viable for 3–6 h. The first indication of loss of viability is a fall in CSF
secretion rate, followed by a rise in perfusion pressure and a fall in venous outflow rate.

3.1.3. CSF Secretion Rate

This is used to check the continued viability of the preparation throughout the exper-
iment, and to test effects of potential modulators of CSF secretion (6). The concentra-
tion of EBA is determined every 10–15 min in arterial inflow and venous outflow from
CP, using a visible light spectrophotometer at 625 nm. Because the dye cannot leave
the vascular circulation, increase in venous concentration represents CSF secretion and
is calculated using the formula:

CSF secretion (µL.min–1.g–1) = Fv[(AbV/AbA)–1]

Where Fv = venous flow rate (µL.min–1.g–1), AbV and AbA = venous and arterial
absorbance, respectively (3,7).

3.1.4. Global Transfer

Transfer by diffusion, facilitated diffusion, or active transport in either direction
across the CP (blood to CSF, or CSF to blood) can be studied using steady-state tech-
niques, as can uptake by the CP (blood to CP).

3.1.4.1. BLOOD TO CHOROID PLEXUS

1. Include test and reference molecules labeled with different radioisotopes in the bulk Ringer
(typically 40 µCi 3H, 20 µCi 14C per 100 mL). The reference molecule remains in the vas-
cular and/or extracellular space, giving an index of CP “leak” and paracellular transport
(see Note 3).

2. Perfuse the tissue for at least 60 min (up to 4 h is possible) until steady state is achieved,
i.e., no change in the concentrations of test and reference in the venous outflow.

3. Steady-state extraction for test and reference are calculated separately from:

Extraction % = 100 . (Fa A* – Fv V*) / Fa A*

where Fv = venous flow (µL.min–1.g–1); A* and V* are radiolabel activity in arterial and
venous perfusates respectively; Fa = arterial flow. Fa is greater than Fv because CSF secre-
tory activity removes arterial fluid. Fa is therefore calculated from Fv(AbV/AbA).

4. Extractions of the test and reference molecules can then be compared, and the net extrac-
tion for the test marker calculated from the difference between them, Enet.
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3.1.4.2. BLOOD TO NEWLY FORMED CSF

1. Begin perfusion as above, and in addition completely cover the CP and brain in a light sil-
icone oil.

2. As new CSF forms, it collects in droplets under the oil and may be aspirated with a fine
pipet. Collect small volumes of CSF in this way.

3. Beware of contamination by any small leaks of Ringer. These may be accounted for by the
presence of EBA in the sample, or by including a high molecular weight-labeled reference
(e.g., 3H-dextran 70,000) that should normally remain in the vascular space (6).

3.1.4.3. CSF TO BLOOD

1. Place radiolabeled test and reference molecules (typically 80 µCi 3H, 40 µCi 14C per
100 mL) in artificial CSF and superfuse over the CPs.

2. Appearance in Ringer confirms passage across the CP, although care must be taken to
exclude metabolism of the tracers.

3. The appearance of test and reference molecules in Ringer are expressed as a percentage of
that present in an equivalent volume of CSF, termed Rtest%, Rref% and the two compared
to compensate for paracellular leaks and diffusion between choroidal cells.

3.1.5. Kinetics of Rapid Uptake by Choroid Plexus from Blood

The single circulation paired tracer dilution technique has been used to study the char-
acteristics of movement of rapidly transported molecules across a variety of tissue bar-
riers including brain, placenta, salivary gland (8,9). The technique modified for this
preparation measures rapid uptake of a radiolabeled test compound compared to a ref-
erence molecule that is restricted to the extracellular space (interstitial and/or vascu-
lar spaces) (see Note 3). Uptake of the test compound, over and above uptake of the
reference, is taken to indicate cellular uptake. For transport studies there are several
advantages in using this system, which allows several test substances being studied on
the same preparation (20–30 single-circulation tests are possible in 3–5 h). In addition,
this technique can separate unidirectional uptake from backflux and complete Michaelis-
Menten type kinetic constants can be derived from each preparation (10).

1. Inject a 100 µL bolus of perfusate containing the test and reference compounds (typically
3H-labeled, 4 µCi and 14C-labeled, 2 µCi) in a calibrated sidearm of the perfusion circuit
that can be filled independently and switched into either CP via a system of taps (Fig. 2).
This system prevents build up of pressure from simply injecting into the circuit.

2. Allow approx 20 s to clear the dead-space of the tubing before taking venous samples
(1 drop samples every 2–3 s up to 20 drops). It is necessary to carry out a preliminary run
with concentrated EBA in the bolus to visualise transit through the CP and tubing and esti-
mate the time needed to clear the dead-space and complete the collection. The final sample
of each run is longer (3–10 min) to collect all test and reference washed through.

3. The recovered test and reference markers in each drop are expressed as a percentage of
that in the bolus. Recovery typically ranges from less than 1% in the first drops, to a peak
of 5% mid-way through the collection (Fig. 3). The lower recovery of test molecule (in
this example, amino acid) relative to the reference (mannitol) indicates retention by the
choroidal cells.

4. An uptake measure U% for each drop is calculated from:

U% for each drop = 100. (% reference recovered – % test recovered) / (% reference recovered).
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5. An index of the rapid unidirectional maximal cellular uptake, commonly termed Umax, is
calculated from the average U% for samples close to peak reference recovery, since count-
ing efficiency is best for these sample (see Fig. 3).

6. For carrier-mediated transport systems, kinetic constants Vmax (maximal transport)
Km (half saturation constant), Kd (diffusion constant) may be estimated by repeated
measurements of Umax with increasing concentrations of competing unlabeled test
molecule in the Ringer and bolus. The Flux at each concentration is first calculated using
the formula:

Flux (nmol.min–1.g–1) = –F ln(1-Umax) S
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Fig. 3. Example of data from one single-pass experiment. (A) Recovery of labeled test
(14C-amino acid) and reference (3H-mannitol) compounds in sequential venous outflow drops,
20 s after bolus injection. (B) Uptake (U%) is calculated for each drop. U% during peak recov-
ery is averaged to calculate Umax%.



where F = perfusate flow (µL.min–1.g–1), S = total test concentration, mM (labeled plus
unlabeled molecule) (10). A plot of Flux against S is described by the Michaelis-Menten
equation,

Flux = (Vmax S/Km + S) + Kd S

3.2. Transport Across the In Vitro Choroidal Epithelium

3.2.1. Selection of the Culture Insert

A broad range of inserts with different types of membrane and of variable porosity
are available from several manufacturers (see Note 4). As some compounds may be
adsorbed and retained by the coated microporous membrane, the selection of the cell
culture chamber insert is a crucial step. It is therefore necessary to run a preliminary
experiment for each compound of interest, in order to evaluate its rate of transfer on
different types of filters, coated with the appropriate basal lamina components, in the
absence of any choroidal epithelial cells, using the protocol described in Subheading
3.2.2. The filter yielding the largest permeability x surface area product coefficient (PSf)
will be preferred for further permeability studies performed on the in vitro BCSFB.

3.2.2. Global Transfer

Prepare the solute(s) solution in RH (see Note 5) and pre-warm all reagents at 37°C.

3.2.2.1. APICAL TO BASOLATERAL TRANSFER

1. Prepare transfer plates by filling wells of multiwell plates with warm RH. The volume will
depend on the diameter of the insert, and should be adjusted so that volumes in both the
donor and acceptor chambers are leveled (see Note 6).

2. Rinse both compartments of the culture inserts with RH, and place empty inserts into the
transfer multiwell plate.

3. Add the solute(s) of interest in the inner chamber compartment and place at 37°C at con-
stant stirring on a orbital rotator (200 rpm, see Note 7).

4. At regular intervals thereafter (see Note 8), transfer the inserts to another well.
5. Perform simultaneously the same experiment on matrix-coated filters without cells, trans-

fer these inserts at shorter intervals because of the relatively high rate of flux.
6. Sample aliquots of the acceptor solution for each time point and of the donor solution at

the end of the experiment and analyze them by an adapted technique (liquid scintillation
counting, chromatography, spectrophotometry, or fluorescence detection) to determine the
concentrations of the compound(s) in both compartments (see Note 9).

3.2.2.2. BASOLATERAL TO APICAL TRANSFER

1. Distribute RH containing the compound(s) of interest in wells of a multiwell plate.
2. Rinse both compartments of the inserts with RH, and place empty inserts into the transfer

plate.
3. Add RH in the upper compartment and place at 37°C on the orbital rotator.
4. At regular intervals thereafter, remove an aliquot (the volume will depend on the insert size,

but should be as large as possible without risk of damaging the cell monolayer) from the
apical chamber and replace it with an equal volume of fresh RH.

5. Process each sampled aliquot from the acceptor chamber as well as an aliquot taken from
the donor chamber at the end of the experiment, to determine the solute(s) concentrations.

6. Filters without cells are run simultaneously, as described above.
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7. For both types of studies, it is advisable to run a control filter with cells, in the absence of
any solute, as various molecules secreted by the epithelial cells may interfere with the ana-
lytic procedure.

3.2.2.3. CALCULATION OF FLUX

1. The flux of material across the monolayer is estimated as the amount cleared from the donor
fluid (11). The volume clearance is given by the following equation:

Volume cleared = CaVa/Cd

where Ca is the concentration in the acceptor solution at the time of sampling, Va is the
volume of the acceptor solution, and Cd is the concentration in the donor solution. The latter
is corrected for each sampling period by adjusting its value for the amount of molecule
cleared during the previous time point. This correction is essentially insignificant for small
polar molecules but may become important for highly lipophilic compounds, or for mea-
surements of compound flux across filters without cells.

2. For apical to basolateral flux measurement, as the filter is transferred to fresh medium at
each time point, the concentration in the acceptor fluid is therefore zero at the beginning
of each sampling period.

3. For basolateral to apical flux experiments, the acceptor solution is usually sampled and
renewed only partly, and from the second to the last time point, Ca is corrected to account
for the amount of compound remaining from the previous sampling period.

4. For hydrophilic to mildly lipophilic compounds, backflux is negligible in our experimen-
tal conditions and the clearance volume increases in a linear manner with time (see
Note 10). The rate of clearance, equal to the slope of a plot of the cumulative volume over
time, is determined by least squares regression analysis. Cd, can be assumed constant over
each sampling period. With a backflux considered as negligible, the rate of clearance
becomes equal to the permeability x surface area product (PS in µL.min–1.filter–1).

5. For more lipophilic compounds such as naphthol or caffeine, backflux can be taken into
account and the underestimated amount of material cleared during each sampling period
is corrected by using half of the concentration value reached in the acceptor compartment
at the end of that period as the concentration available for backflux transfer from the accep-
tor to the donor compartment.

6. As for electrical resistances in series, the reciprocals of the PS products of the serially
arranged layers composing the cell monolayer-laminin-filter system are additive (11) and
verify the following equation

1/PSt = 1/PSf + 1/Pse

where PSt and PSf are the PS products determined for filters with and without epithelial
cells respectively, and PSe is the permeability x surface area product of the epithelial
monolayer. The permeability coefficient of the epithelial cells, Pe (cm.min–1) is obtained
by dividing the calculated PSe value by the surface area of the filter.

3.2.2.4. GENERAL CONSIDERATIONS

1. The reproducible tightness of each cell preparation should be ascertained by measuring the
paracellular permeability of radiolabeled markers such as sucrose, mannitol, or inulin on
some filters. We try to include one of these markers on every single filter, if analytical con-
ditions are compatible. Thereby not only the quality of each monolayer is controlled, but
the possible adverse effects exerted by the transferred compounds or by the additives
required for their solubility is monitored. The paracellular marker selected must have
approximately the same molecular weight as the molecules being tested.
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2. It is important to compare the amount initially added to the donor compartment with the
sum of the amounts remaining in that chamber and those transferred to the acceptor cham-
ber during the experiment. A lack of concordance may give evidence of either adsorption
to the insert and well plastic, cellular accumulation, or even intracellular metabolism of
the solute. In the former event, a similar lack of mass balance should be observed on fil-
ters without cells. Cellular accumulation can be directly tested by measuring the compound
concentration in the harvested cells. If metabolism is suspected, analytical conditions
should be developed to detect and identify the metabolites.

3. When evidence for a transporter-mediated process is obtained, the Michaelis-Menten
kinetic parameters can be determined by measuring the Pe for various concentrations of
the solute. The Pe data are then fitted to the following equation:

Pe = Vmax (Km + C) + Kdiff

where C is the concentration, Km is the affinity constant, Vmax is the maximum velocity of
the transporter, and Kdiff is the transporter-independent diffusional constant. Care should
be taken when applying high concentrations of the solutes, as these may alter the barrier
integrity and increase the paracellular pathway. Sucrose permeability should be estimated
simultaneously, or on separate filters, to assess that point.

3.2.3. Active Transport

1. Rinse filters on both sides with the transfer medium.
2. Apply a precise volume of this medium (either RH or serum free medium, see Note 11),

containing the compound of interest in both chambers, and incubate at 37°C.
3. Collect the medium from both chambers at the end of the incubation and determine the

solute concentration.
4. The active component of the clearance (in microliters) of a given compound can be calcu-

lated using the following equation:

Cl = [(Ca – Cd) × Va × Vd ] / [Ca × Va + Cd × Vd]

where Ca and Cd are the concentrations in the acceptor and donor solutions respectively at
the time of sampling, and Va and Vd are the volumes of the acceptor and donor solutions,
respectively.

The kinetic parameters can be determined by increasing the compound concentra-
tion in the incubation medium, and measuring the clearance within the linearity time
frame of the transport process.

4. Notes
1. Detailed protocols to isolate and culture choroidal epithelial cells have been recently pub-

lished by several groups (12–17), and will not be reviewed in this chapter. Briefly, choroid
plexuses are submitted to a mild enzymatic digestion step, which yields a suspension of
choroidal epithelial cells. Other cell types are removed by differential attachment, or alter-
natively through the use of fibroblast growth inhibitors. The epithelial cells are seeded on
laminin-coated inserts, as this basal lamina component was shown to favor attachment of
choroidal epithelial cells (over that of stromal fibroblasts) and then cultured for a few days
after confluence is reached. In the bicameral device, choroidal cells exhibit a high degree
of morphological and functional differentiation and polarization, most likely because of
the bilateral access of cells to the media components. It is crucial however, when repro-
ducing one of these culture protocols, to evaluate the characteristics and properties of the
monolayer obtained in vitro. Besides assessing the purity and the choroidal features of the
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cells, it is particularly important to consider other criteria such as the maintenance of spe-
cific transport proteins and a low paracellular pathway (demonstrated by a low sucrose or
mannitol permeability), which is a requisite to investigate transport mechanisms in the in
vitro model of the BCSFB.

2. Perfusion fluids and CSF secretion: An alternative blood perfusate can be prepared from
filtered homologous sheep blood diluted in a ratio of 1�1 with a solution containing 50%
Dextran 40 in saline, 50% arterial perfusate (NaCl 4.8 g/L, KCl 0.7 g/L, 4.7 mL/L of a
1 M CaCl2 solution, NaHCO3 4.4 g/L). The advantages are oxygen carriage capacity and
viscosity are closer to that present in vivo. The disadvantages are potential metabolism or
uptake of the molecules of interest by plasma enzymes and red blood cells before they reach
the CP (10). If blood perfusate is possible, red cell haematocrit can be used as an alterna-
tive to EBA for estimates of CSF secretion and arterial flow rate. Blue dextran is often used
in perfusion studies, but is toxic when perfused through the CP and should not be used in
place of EBA.

3. Selection of a reference marker: Modifications when selecting the test and reference mol-
ecules allows estimation of extraction of various substances from plasma, as well as pro-
viding estimates of the extravascular compartment size for diffusible substances, and the
identification of carrier-mediated transport systems. The protocol and modifications used
must however, satisfy some basic criteria: the flow rate must remain constant during col-
lection of venous outflow; the same transit times apply for the test and reference molecules
through the vascular bed; there is no recirculation of the reference molecule; as many char-
acteristics of the test and reference compounds must be matched as possible, e.g., molec-
ular weight, diffusion characteristics, since hindrance to passage of test compound through
intercellular clefts for example, could give rise to apparent “negative” uptakes if the ref-
erence molecule has a less impeded passage. Any separation of the test and reference mol-
ecules due to different diffusional or flow properties are evident in the rapid uptake single
circulation technique where peak recovery of the two tracers does not coincide (the Taylor
effect). Examples of appropriate reference molecules that can be radiolabelled and have
limited (or no) choroidal transport, include mannitol (180 Da), Polyethylene glycol (avail-
able at several molecular weights, e.g., 4000 Da), and dextran (70,000 Da).

4. The microporous membrane of the insert and the extracellular matrix components (laminin,
+/– collagen) applied for attachment of choroidal epithelial cells, may lead to the nonspe-
cific absorption and the retention of some compounds. Different inserts can be tested
among the following types, listed in Table 1.

Inserts are also available from Millipore and Nunc. However, in our experience,
choroidal epithelial cells from newborn rats do not attach to laminin-coated inserts from
Millipore, and we have not tested inserts from Nunc. Laminin-coated inserts from Costar
and Falcon yield similar results in terms of cell attachment, cell differentiation, and trans-
port properties. Using precoated Transwell-COL membranes does not improve any of
those criteria, even when treated with laminin. Transparent membranes have the advantage
of allowing the assessment of monolayer formation using phase contrast microscopy.

The 0.4 µ porosity is well suited to study transfer of solutes as such pores will allow
free diffusion of chemicals or even proteins across the filter. In theory, restricted diffusion
will not occur if the pore diameter is greater than 20-fold the effective diameter of the solute
(18). As an example, for a medium-sized protein such as albumin (MW 70,000 Da), the
effective diameter is around 6 nm.

5. It may be necessary to use additives to prepare some poorly water soluble molecules. The
absence of effect of these compounds on the cell monolayer should however be ascertained.
In the case of DMSO or ethanol, we observe no deleterious effect on the barrier, when the
concentration is kept below 0.5%.
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6. Inserts are available in different sizes as indicated in Table 2. The volumes of transfer
medium may be varied in both compartments, depending on the experimental requirements
(see Table 2). For example, it may be necessary to keep the volume as small as possible
in the acceptor chamber for sensitivity reasons, or inversely, use a maximal volume in the
donor chamber to maintain a constant concentration in the case of a high capacity trans-
port process. The volume in the opposite chamber should then be adjusted consequently,
to prevent the formation of a hydrostatic pressure gradient. Because the in vitro choroidal
epithelium forms a hydrodynamic barrier, the fluid balance is not critical when measuring
solute transfer on filters with cells. However, it becomes critical for PSf determination on
filters without cells, or for permeability studies on cell monolayers on which the barrier
properties have been experimentally altered.

Typical volumes that can be used for various inserts are given in Table 2.
7. Stirring of the solutions in both chambers should be performed in order to reduce the

unstirred layer of fluid lying adjacent to the cell monolayer and the microporous mem-
brane of the insert, and acting as a barrier per se. Although stirring does not greatly
influence the flux of polar molecules, it has a major impact on the flux of highly perme-
able molecules. We observed a 40% increase in the epithelial permeability coefficient for
naphthol when the orbital stirring applied to the inserts was increased from 50 to 200 rpm.
At this higher speed, no adverse effect is observed on the cell monolayer.

8. Several criteria have to be considered when selecting the duration of sampling intervals,
such as a) the detection limit of the assay, b) the maintenance of a constant donor concen-
tration, c) and the need to minimize the solute backflux from the acceptor chamber.

9. A large panel of drug metabolizing enzymes are highly active in the choroidal tissue (19),
and solutes can be metabolized en passage through the epithelial cells. The influence of
this specific property on the transepithelial permeability of compounds can be approached
in the in vitro choroidal epithelium, which reproduces the metabolic capacity of the in vivo
tissue (17). If metabolism of a solute is probable or suspected, a chromatographic detec-
tion method is to be preferred over liquid scintillation counting or fluorescence and UV
absorbance measurements, as the parent compound identity can be ascertained and metabo-
lites can be distinguished.

10. An increase over time in the calculated clearance volume may result from different fac-
tors. It could be explained by a progressive toxic effect of the solute on the epithelial cells,
leading to an increase in the paracellular permeability of the monolayer. If metabolism of
the solute occurs, the increase in the clearance could also result from the depletion of an
intracellular cofactor required for the metabolic reaction, or from a progressive substrate-
mediated inhibition of the metabolizing enzyme.
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Table 1
Membrane Characteristics of Commercially Available Cell Culture Inserts

Manufacturer Membrane Pore size (µm)

Costar Transwell-Clear Transparent polyester 0.4, 3.0
Transwell-PC Translucent polycarbonate 0.4, 3.0, 5.0, 8.0, 12.0
Transwell-COL Transparent collagen-coated Teflon 0.4, 3.0

Falcon Polyethylene terephtalate
PET - LD transparent low pore density 0.4, 1.0, 3.0, 8.0
PET - HD translucent high pore density 0.4, 1.0, 3.0, 8.0



11. In case of prolonged incubation periods, the RH can be replaced by serum free medium
and the experiment has to be performed in an CO2 incubator. However, the time of collec-
tion should be kept to the minimal to limit the backflux diffusion that will arise from the
creation of a gradient. A time course should be performed to assess the linearity of the trans-
port process.
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An Overview of In Vitro Techniques 
for Blood–Brain Barrier Studies

Andreas Reichel, David J. Begley, and N. Joan Abbott

1. Introduction
The first successful isolation of cerebral microvessels from rat brain some 30 years

ago opened the way to the development of in vitro models of the blood–brain barrier
(BBB), which have since contributed considerably to the understanding of the physi-
ology, pharmacology, and pathophysiology of the BBB (1). However, the ever increas-
ing number of in vitro models and techniques also creates problems that make
transferability of results obtained with different models difficult even for experts, while
scientists new to the field often find it hard to choose an optimal model for their par-
ticular interests. This chapter gives a brief overview of the current status of in vitro BBB
models currently used and provides some guidance through the host of models with
regard to their suitability for specific applications.

Isolated brain microvessels were the first model system for studying the BBB in vitro,
allowing research to evolve from organ physiology to the cellular, subcellular, and
molecular level (2). A new generation of in vitro models emerged with the first suc-
cessful isolation of viable brain endothelial cells (BECs), which could be maintained
in cell culture (3,4). Since then, a number of refinements have been made to the isola-
tion procedure for microvessels yielding a pure brain capillary fraction not contami-
nated by arterioles (and hence smooth muscle cells) or venules, and allowing the
subsequent isolation of BECs with little or no contamination by other cell types such
as glial cells and pericytes (5). Protocols for isolating and maintaining BECs have been
described for a large number of species including mouse, rat, cow, sheep, pig, monkey,
and human, typically producing confluent cell monolayers after about 9 d in culture
(6). However, with passage, cultured BECs tend to lose or down-regulate many impor-
tant characteristics of the BBB in vivo, e.g., tight junctional complexity, specific trans-
porters, and enzymes. DeBault and Cancilla (7) first reported that many of these features
can be reintroduced by co-culturing the BECs with astrocytes in arrangements allow-
ing either direct contact or humoral exchange only (8) albeit not to the in vivo-extent.
Many of these sophisticated models have grown to such a level of complexity in the
experimental setup that their broad acceptance as in vitro tools is hampered by their
lack of convenience. In particular the time consuming and difficult work with primary
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cultured BECs has put pressure on the generation of much simpler models employing
cell lines. Unlike the well-accepted cell line employed for studies of intestinal absorp-
tion, Caco-2, no uniformly satisfactory cell line model exists for studying the BBB in
vitro. With the availability of molecular biological techniques in virtually every labo-
ratory, the driving force for the creation of suitable immortalized and transfected cell
line models is now producing a rapidly growing array of new in vitro models (Fig. 1).
As all currently known cell line models lack at least some important characteristics of
the BBB in vivo, attempts to reintroduce lost features by means of transfection/trans-
duction are now emerging as the latest generation of in vitro BBB models.

In vitro systems generally represent only partially the in vivo properties of the BBB,
thus specific modifications continue to be introduced to study particular aspects of BBB
function. As the in vitro systems differ with respect to isolation procedures, cell cul-
ture conditions and configuration (mono/co-culture), and the cell type (origin and
species), attempts were made in a European Union Concerted Action Program
(1993–1997) to standardize the most popular models thereby facilitating comparison
of the data collated from different laboratories (9). However, the dominating trend
toward in vitro model systems specifically optimized for particular aspects of the in vivo
BBB continues to produce divergence of the presently available model systems. This
development is driven largely by the broad spectrum of possible applications, such as
permeability screening, carrier- and receptor-mediated uptake, active efflux mecha-
nisms, receptor-mediated BBB modulation, and specific problems related to patho-
physiology, toxicology, and gene therapy.
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Fig. 1. Schematic illustrating the growing diversity of cell-based in vitro models of the
blood–brain barrier (BBB) beginning with primary and low passage endothelial cells of several
species (lowest level) from which several immortalized cell lines have been generated (mid level),
some of which have been re-transfected or transduced to overexpress specific BBB properties
(top level).



2. Criteria for In Vitro Models of the BBB
The BBB is a complex phenomenon that is characteristic of central nervous system

(CNS) capillaries of mammals and most higher vertebrates. Formed by the tight junc-
tions between endothelial cells of brain capillaries, the BBB controls the exchange
between the blood and brain of ions, nutrients, hormones, metabolites, drugs, toxins,
macromolecules, and cells of the immune system. The use of in vitro systems has made
it possible to address detailed questions about the physiological, pharmacological, and
pathological relevance of these processes that are difficult or impossible to resolve in
vivo. Furthermore, in vitro systems may offer easy to use, readily available and repro-
ducible assay tools for the reliable prediction of the penetration of drugs into CNS in
relation to both the route and rate of brain entry.

The ideal in vitro BBB model system should have all of the characteristic features
of the BBB in vivo and yet be convenient to use (Fig. 2). Thus far, no one model ful-
fills this stringent requirement. However, satisfactory results may be obtained with
models expressing the most critical features of the BBB in vivo that are relevant for the
particular interest of the study. This indicates the need for a basic model characteriza-
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Fig. 2. Some of the characteristics and requirements of in vitro models of the blood–brain
barrier (BBB), based on findings in vivo and in situ. Abbreviations: EC, endothelial cell; γGT,
gamma-glutamyl transpeptidase; AP, alkaline phosphatase; AcLDL, acetylated low-density
lipoprotein; MAO, monoamine oxidase; COMT, catechol-ortho-methyl-transferase; ACE,
angiotensin-converting enzyme; CYP, cytochrome P450 oxidases; UGT, UDP-glucuronyl-
transferases; GST, glutathione-S-transferases; 5′-N 5′-nucleotidase; GLUT-1, BBB-specific
glucose transporter subtype; Pgp, p-glycoprotein; MRPs, multidrug resistance proteins; OATPs,
organic anion transporting proteins; Tf, transferrin; BK, bradykinin; NA, noradrenaline; NO,
nitric oxide; ET-1, endothelin-1; PGE2, prostaglandin E2; TNF-α, tumor necrosis factor α;
IL-1β and IL-6, interleukins; LPS, lipopolysaccharide; VEGF, vascular endothelial growth
factor; cAMP, cyclic AMP; DEX, dexamethasone.



tion in the hands of the user, which ideally should be further extended to include the
specific BBB feature(s) to which the model is then applied.

The expression of complex tight junctions between the BECs is one of the most crit-
ical features because of their consequences on the function of the BBB: i) nearly com-
plete restriction of the paracellular pathway, ii) enforcement of transendothelial passage
and hence control over CNS penetration, iii) association with expression of specific car-
rier systems for hydrophilic solutes essential for the brain (e.g., nutrients), and iv) dif-
ferential (i.e., polarized) expression of receptors, transporters, and enzymes at either
the luminal or abluminal cell surface allowing the BBB to act as a truly dynamic inter-
face between the body periphery (blood) and the central compartment (brain).
Experimentally, the amount and degree of complexity of tight junction formation can
be conveniently assessed by measuring the transendothelial electrical resistance
(TEER). Several systems are currently used to monitor BEC monolayer tightness.
Growth of BBB models on porous filters allows use of the STX-2 system (World
Precision Instruments, Inc.), with flexible voltage and current “chopstick” electrodes,
or the Endohm™ resistance chamber (World Precision Instruments, Inc.), containing two
concentric plate electrodes in a fixed position covering most of the monolayer area.
Continuous wave impedance spectroscopy (IS) is a technically demanding and hence
rarely used method, which applies a wide frequency range of ac potentials in a special
apparatus (10). Although the first two methods are based on the same principle, i.e.,
calculation of the TEER from the ionic flow of a perpendicularly applied current across
the BEC layer using an Evohm™ voltohmeter, the results may show large variations
between the two systems as well as between laboratories. This is due mainly to practi-
cal shortcomings of the chopsticks being too variable (e.g., relative distance, angle, level
of submersion, and position of electrodes relative to the filter) to give reproducible
results. The most widely used system is therefore the Endohm™/Evohm™ equipment
which provides reliable TEER measurements suitable for assessing the integrity of the
in vitro barrier and monitoring it over time in cell culture. TEER measurements are also
convenient indicators for selection of appropriate cell monolayers grown on filters
prior to permeability studies, and to study mechanisms involved in the modulation and
regulation of the tight junctional barrier.

None of the standard (flat filter) in vitro systems has thus far reproduced the level of
tightness reported for the BBB in vivo (>1–2 kΩcm2) which is essential for the ionic
homeostasis of the brain interstitial fluid required for neuronal function. For assessing
solute and drug transport across the BBB, however, it has been repeatedly demonstrated
that a minimal TEER of more than 150–200 Ωcm2 is sufficient. As with TEER, rea-
sonable compromises may also be made with other aspects of the BBB. Indeed, it is
generally accepted that for a particular application the model needs to be characterized
only for those features which are both relevant and critical for the point of interest. For
example, for an in vitro BBB system to be useful to screen compounds for their CNS
penetrability, the model needs to be sufficiently tight and should possess relevant car-
rier and efflux systems in order to produce useful information. The model may not need
to show the full complement of immunological responses, which will only be neces-
sary in those systems used to study the immune response of the brain endothelium. As
described in more detail in Subheading 3., the existing in vitro model systems have
very different levels of characterization, and have generally been chosen for utility in
a particular area of research interest.
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3. Overview of Current In Vitro BBB Models
Apart from isolated brain capillaries, which may be used in suspension or fixed onto

glass slides, all cell-based systems require specific growth surface coatings and cell cul-
ture media for growing BECs. Although the cell preparations and culture conditions are
all based on the same principle, in order to obtain functional in vitro BBB models sev-
eral small but significant differences between the systems, as well as preferences
between laboratories have been introduced (6,9). In the following sections current in
vitro models of the BBB are briefly surveyed; for greater detail on specific systems the
reader is referred to the corresponding key publications.

3.1. Isolated Brain Capillaries

Brain capillaries can be isolated from animal as well as human autopsy brains using
mechanical and/or enzymatic procedures (2). Typically, the capillary fragments con-
sist of endothelial cells ensheathed by a basement membrane containing pericytes to
which remnants of astrocytic foot processes and nerve endings may cling. Preparations
often contain small venules and pre-capillary arterioles and hence smooth muscle cells.
Isolated brain capillaries are metabolically active, although a drastic loss of adenosine
triphosphate (ATP) and hence activity during the isolation procedure has been reported
(2). As the luminal surface of isolated brain microvessels cannot easily be accessed in
vitro, most studies investigate the abluminal properties and function of the BBB.
Recently, transendothelial transport of fluorescent drugs from the brain side to the
blood side has been studied in real time using functionally intact porcine brain microves-
sels by means of confocal microscopy (11).

After isolation, brain microvessels can be stored frozen at –70°C, thereby providing
a versatile tool for several applications and a viable source for the cultivation of brain
microvessel endothelial cells (12). Isolated brain capillaries have also been used to
examine receptor-mediated endocytosis (e.g., insulin, IGF-1, IGF-2, transferrin, vaso-
pressin, leptin), absorptive-mediated endocytosis (e.g., cationized albumin, histone, and
antibodies) and transporter systems (e.g., glucose, amino acids) (2,13) and to isolate
and identify BBB-specific messenger ribonucleic acid (mRNA) and proteins (14). The
greatest potential of this in vitro model, however, may lie in the use of capillaries iso-
lated from brains of both animals and humans with a neurological disorder to elucidate
the role of the BBB in CNS pathophysiology (2).

3.2. Primary and Low Passage Brain Endothelial Cells

Apart from isolated brain microvessels, the system next closest to in vivo are pri-
mary BECs that are isolated from or grow out of brain capillary fragments. Primary as
well as low passage BECs retain many of the endothelial and BBB-specific character-
istics of the BBB in vivo although many of the features are down-regulated or even lost
if not re-induced (Fig. 3).

Due to the much higher yield of BECs from bovine and porcine brains compared to
rat brains (up to 200 million as opposed to 1–2 million cells per rat brain), the former
species currently represent the most popular source for in vitro BBB models both in
academia and industry. However, rodent systems continue to be useful for investiga-
tion of receptor modulation (15) and in studies for which no specific antibodies exist
for the larger species (16,17). Their use for transendothelial permeability measurements
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is limited by the variable monolayer integrity (TEER of 150–200 Ωcm2) because of the
small flaws caused by contaminating pericytes, which are less of a problem in the bovine
and porcine systems (18).

Bovine BEC cultures are widely used, but there are several differences between the
procedures that have developed historically in different BBB groups. Pioneered by
Bowman (19) and later modified by Audus and Borchardt (20) in the United States,
bovine BEC are typically isolated by a combination of mechanical and enzymatic pro-
tocols and generally grown in mono-culture (21). The endothelial cell monolayers are
sufficiently tight with typical TEER in the range 160–200 Ωcm2 and sucrose perme-
ability in the range 1–2 × 10–5 cm/s (22). The applications of the widely used model
are plentiful and only a selection can be mentioned: e.g., BBB permeability screening
tool (23–25), model for studying BBB drug efflux systems (26,27) and the mechanisms
of CNS drug penetration (28–30).

In Europe, the group of Cecchelli and coworkers (8) pioneered the omission of enzy-
matic steps in the BEC isolation, using instead micro-trypsinization and sub-culturing
of endothelial cell islands that grow out of brain capillaries selectively attached to a
defined extracellular matrix. The BECs, which can be further subcultured (approx eight
passages) and stored, are grown in co-culture above rat astrocytes to halt or counteract
the loss of specific BBB markers. Among other applications, the model has been suc-
cessfully used to rank-order compounds according to their BBB permeability, and to
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Fig. 3. Characteristics and properties of the most popular primary and low passage blood
endothelial cell cultures (for references see text and refs. 6,31). Abbreviations: vWF, von Willebrand
factor (factor VIII-related antigen); UEA-1, Ulex europaeus agglutinin-1; BSI, Bandeiraea sim-
plicifolia isolectin B4; AT-1, angiotensin type 1 receptors; HRP, horseradish peroxidase; System
L, large neutral amino acid transporter; System A, small neutral amino acid transporter; Pgp,
p-glycoprotein; MRP, multidrug resistance protein; MCT, monocarboxylate transporter.



study p-glycoprotein efflux, low density lipoprotein transport, and receptor-mediated
endocytosis. Owing to the inductive effect of astrocytes typical TEER values are
200–400 Ωcm2 higher than the above mono-cultures but little differences are observed
in the sucrose permeability which is reported as 3 × 10–5 cm/s (8).

Recently, a co-culture involving bovine brain endothelial cells and rat astrocytes
grown on either side of a porous membrane has been reported by the group of de Boer
(32), advocating its use as permeability screen which simultaneously allows detection
of drug-induced changes in BBB integrity as monitored by TEER. Basal TEER values
in this model are in the range of 350–800 Ωcm2 (32). Further validation of this system
may be necessary to assure that the presence of astrocytes during the transport experi-
ment does not confound the measurement of transendothelial permeability of lipophilic
compounds, which could be trapped in the astrocytes.

Galla and coworkers (33) have developed a system of growing popularity, which
is based on porcine BECs cultured without serum or astrocytic factors but in the
presence of hydrocortisone. In their hands, this model gives among the highest TEER
values measured in vitro thus far (400–1000 Ωcm2, with sucrose permeability down to
1–4 × 10–6 cm/s). The model is currently being established as a screening tool for CNS
penetration. Others, applying the model to elucidate hypoxia-induced permeability
changes and the role of NO and VEGF, report lower TEER values of around 100 Ωcm2,
although they doubled in the presence of astrocytes or C6 glioma cells (34). The model
has also proved useful for the study of drug efflux transporters at the BBB (13,35). A
detailed histochemical characterization of porcine BEC was published recently (36).

The poor availability of human brain tissue makes primary human BECs a precious
tool for the study of the human BBB at the cellular and molecular level (37). The
source material usually derives either from autopsies or biopsies (e.g., temporal lobec-
tomy of epilepsy patients) and the most popular applications are studies of the BBB in
CNS diseases such as neuroinflammation, multiple sclerosis, and HIV-related CNS dis-
orders (38,39). Because of their fragile nature TEER values of human BEC monolay-
ers are low (approx 120 Ωcm2, 38) but, nevertheless, the system can be used to study
receptor-mediated mechanisms in permeability modulation (40) and other physiologi-
cal and pathophysiological functions of the BBB (41).

3.3. Immortalized Brain Endothelial Cells

Although primary cultured BECs have been successfully used as in vitro model of
the BBB, their widespread and routine use is limited mainly by the difficult and time-
consuming preparation of the system that limits the continuous and homogenous supply
of biological assay material. Therefore, attempts have been made by several laborato-
ries to immortalize primary BECs thereby avoiding the lengthy process of cell isolation.

There are now immortalized cell lines available from many species, although the most
frequently used models derive from the rat. The cell line models available have been
characterized to varying degrees, but all of the presently known systems share a common
weakness, i.e., insufficient tightness when grown as a cell monolayer on a porous mem-
brane. This problem and the current lack of a widely accepted cell line model have led
to the generation of a number of immortalized, transformed, transfected and transduced
cell lines. At present, there are more than 15 different cell line models of the BBB
(Table 1), and thus only a brief overview of the most interesting models can be given.
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Table 1
Characteristics and Applications of Immortalized Cell Line Models of the Blood–Brain Barrier

Species
Cell line (transfection) Characterization Reported applications

MBEC-4 Mouse (1) AP, γGT, AcLDL upt., polarized mdr1b Pgp Modulation by glial factors, choline and GSH transporters,
expression but not mdr1a drug efflux mechanisms (Pgp, MRPs), uptake and

vectorial transport studies, membrane vesicle studies
S5C4 Mouse (2) vWF, BSI, UEA-1, PECAM-1 Role of gap junctions in maturation of BECs
TM-BBB4 Mouse (1) vWF, AP, γGT, Pgp, GLUT-1, AcLDL upt. Functional expression of GLUT-1, Pgp, OATP2

Psucrose~ ~140 × 10–6 cm/s
RBE4 Rat (2) vWF, AP, γGT, BSI, Pgp, MRP1, L-system AA Modulation by glial factors, mechanistic investigation of 

transport, Ns transporters, GLUT1, 5-HT carrier-mediated transport of numerous endogenous and 
transporter, carnitine transporter, CYP450s, exogenous agents, structure-affinity relationships for  
UGT, SOD, receptors for ATP/UTP, BK, ANP, AA and Ns carriers, identification of Pgp substrates,
NA, Tf, secretion of NO, ET-1, PGE2 & TB2; mechanisms of toxin actions and oxidative damage,
TEER~10–150 Ωcm2, Psucrose=3–200 × 10–6 cm/s receptor-mediated modulations of second messengers in

BECs, TfR-mediated drug delivery strategies, study of
antioxidative defense mechanisms in BECs, study of
metabolic enzymes, genetically modified RBE4 cells as
vector for CNS gene therapy

CR-3 Rat (1) vWF, BSI, ACE, AcLDL upt., weak expression Regulation of BBB properties
of γGT and Pgp, poor monolayer formation,
lack of tight junctions

GP8 Rat (1) vWF, BSI, γGT, AP, AcLDL upt., GLUT-1, TfR, Modulation by glial factors, study of cell adhesion 
PECAM-1, secretion of PGE2 molecules on BECs, mechanisms of T-cell migration,

regulation of MHC class I and II, ICAM-1 and VCAM-1
expression by cytokines, role of signal transduction
pathways

GPNT Rat (1) As GP8 plus high levels of Pgp, no expression Polarized drug efflux by Pgp, drug-induced Pgp activation,
of MRP1, Pfluorescein = 120 × 10–6 cm/s regulation of Pgp activity via second messengers

RBEC1 Rat (1) vWF, AP, γGT, AcLDL upt. TfR, weak MCT1-mediated transport functions, MRP1-mediated drug 
expression of Pgp efflux
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RCE-T1 Rat (3) vWF, γGT, ACE, tumorigenic Cellular mechanisms involved in transition from normal to 
neoplastic endothelium

t-BBEC-117 Bovine (1) AP, Pgp, GLUT-1, AcLDL upt., PL-glucose = Modulation by glial factors, modulation of transendothelial 
1 × 10–4 cm/s permeability

SV-BEC Bovine (1) vWF, AP, γGT, BSI, AcLDL upt., TfR, ACE, Functional expression of adrenergic receptors (β1, β2),
TEER~40 Ωcm2 GSH transporters, secretion of ET-1

BBEC-SV Bovine (1) vWF, γGT, AcLDL upt., CAIV Cytokine-induced expression of adhesion molecules 
(ECAM and VCAM), LPS-induced cell injuries

PBMEC/C1-2 Procine (1) vWF, γGT, AP, BSI, AcLDL upt., GLUT-1 Transendothelial permeability studies
Apo A1, TEER~250–300 Ωcm2

SV-HCEC Human (1) VWF, γGT, AP, AcLDL upt., TfR, Modulation by glial factors of AP but not Pgp and GLUT-1,
TEER~40–150 Ωcm2, Psucrose = 5 × 10–6 cm/s study of cell surface antigens, GSH transport

mechanisms, role of surface antigens on 
inflammatory cytokines

t-HBMEC Human (1) vWF, γGT, LDL upt., TEER~60 Ωcm2 Mechanisms of cytotoxicity to BECs by bacteria
HBEC-5I Human (1) Expr. of ICAM-1, VCAM-1, thrombospondin Regulation of cell surface receptors and their role in 

(but no E-selectin and CD36) cytoadhesion of parasitized red blood cells
BB19 Human (4) vWF, confluent monolayers Cytokine-regulated expression of VCAM, ICAM-1, E-

cytoadherence of parasites selectin, CD36;
BB19/MDR Human (4) as BB19 plus high levels of Pgp (non-polarised Pgp efflux and modulation

expression)
ECV304/C6 Human, non-brain Endothelial and epithelial characteristics, Induction of BEC characteristics (AP, γGT, Pgp, TfR,

endothelial co-culture with C6 glioma: TEER→~200 Ωcm2, selectin, CD36; AA transport and polarized Ns transport,
Psucrose~5 × 10–6 cm/s, Pgp, TfR, GLUT-1 cytokine modulation of paracellular permeability and

ICAM-1 expression
MDCK Dog, kidney Epithelial characteristics, TEER~200–400 Ωcm2; Higher throughput permeability screen, MDR1 transfected 

epithelial Pmannitol~4 × 10–7 cm/s variant (MDCK- MDR1) used to identify Pgp substrates
and inhibitors

Vectors used for transfections: (1) SV40 large T antigen, (2) Adenovirus E1A gene, (3) Rous sarcoma virus, (4) Human papilloma E6E7 gene. Abbreviations: AA,
Amino acid; Ns, nucleoside; GSH, glutathione; 5-HT, serotonin; ANP, atrio-natriuretic peptide; SOD, superoxide dismutase; TB2, thromboxane B2; MHC, major his-
tocompatibility complex; CAIV, carbonic anhydrase IV; ApoA1, Apolipoprotein A1; PECAM, ICAM, ECAM, and VCAM are cell adhesion molecules. (See Subheading
3.3.; 31.)
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The three bovine BEC lines: SV-BEC (42), BBEC-SV (43) and t-BBEC-117 (44)
and one porcine BEC line: PBMEC/C1-2 (45), all were generated by SV40 T antigen
transfection. All systems retain a number of basic BEC characteristics and have
been used to study changes in protein expression following induction by astrocytes
and neuroinflammatory responses. Recent reports on the PBMEC/C1-2 model show
that the junctions are sufficiently tight (TEER: 250–300 Ωcm2) for the study of drug
permeation (46).

The generation of murine cell lines has been most popular in Japan and there are
now reports on three immortalized BEC mouse lines: MBEC-4 (47), S5C4 (48), and
TM-BBB4 (49) with the MBEC-4 cell system being used for mechanistic studies on
BBB drug transport and efflux mechanisms.

To date, at least six different immortalized cell lines have been generated by trans-
fection of primary rat BECs: RCE-T1 (50), RBE4 (51), CR-3 (52), GP8 (53), GPNT
(54), and RBEC1 (55). The RBE4 and GP8/GPNT cell lines are by far the most widely
used cell line models of the BBB, and have been found useful in the study of a broad
array of topics ranging from mechanistic transport studies to receptor-mediated mod-
ulation and inflammatory responses.

A human in vitro system would be an invaluable asset for BBB studies, and several
attempts have been made to generate immortalized human BECs suitable for exami-
nation of the physiology, pharmacology, and pathology of the human BBB in vitro and
as a screening tool for CNS penetration. Although immortalization has proved to be
much more difficult for BECs of other species, there are reports on four human cell line
models and one retransfected cell line. The system, which is best characterized in terms
of a BBB phenotype is the SV-HCEC cell line (56). The model has been used to study
cell adhesion properties (57) and glutathione transport (58) but does not appear to grow
reproducibly and junctions are not sufficiently tight to be used in permeability studies
(TEER: 40 Ωcm2). Three other human cell lines HBEC-51 (59), t-HBMEC (60), and
BB19 (61), have been used mainly for parasitological studies. As the BB19 cell line
does not express Pgp, it has undergone further transduction with the MDR1 gene to pro-
duce a model suitable for investigation of drug-Pgp interactions (62).

It is generally difficult to make BEC cell lines switch from the exponential growth
phase after cell seeding to a more static phase of cell differentiation after the cells have
reached confluence. Therefore, immortalized cell lines are less useful for studies requir-
ing a tight in vitro barrier, but they have proved particularly useful for mechanistic and
biochemical studies requiring large amounts of biological material, e.g., to establish
structure-affinity relationships for BBB-specific carrier systems (63). As continuous cell
lines may gradually deviate from the normal BEC phenotype, both the basic charac-
teristics and the particular feature of interest should be monitored through successive
passages and the results validated with primary cells or in vivo data in order to assure
the relevance of the information obtained.

One of the greatest limitations of currently available immortalized BEC lines is their
insufficient tightness, rendering these systems unsuitable for use as BBB permeability
screens. Therefore, some groups have turned to other cell lines which, although of non-
brain origin, either express sufficient brain endothelial features for functional and per-
meation studies such as ECV304/C6 (64), or prove on validation to be useful predictors
of passive CNS penetrability of compounds such as the MDCK (25).
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3.4. Choroid Plexus Epithelial Cells

In vitro cell model systems also exist for the blood-cerebrospinal fluid barrier
(BCSFB), which is located at the choroid plexus epithelium of the brain ventricles. In
contrast to the BBB, which is made up of endothelial cells, choroid plexus (CP) epithe-
lial cells form the basis of this barrier and thus are used in culture as a model system
for the BCSFB. Both primary rat (65,66) and primary porcine (67) CP epithelial cells
have been successfully cultured to examine the specific transport properties of the
BCSFB. Recently, a CP epithelial cell line, TR-CSFB3, has been introduced (68).

4. Selected Applications of In Vitro Models
In vitro models of the BBB have proven invaluable for a number of applications

covering both basic and applied research interests. Specific fields of interest include
i) BBB permeability, ii) BBB-specific transport processes, iii) receptor-mediated
modulation of BBB functions, iv) pharmacology and toxicology of the BBB, v) role
of the BBB in the pathophysiology of CNS diseases, and vi) the use of genetically
engineered BEC for gene therapy. A cladistic diagram to help guide selection of an
appropriate in vitro system suitable for particular applications and research interests is
given (Fig. 4).

One of the most popular applications of in vitro BBB models is the prediction of CNS
penetration. There are a large number of permeability assays but all are variants of the
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same protocol, with BECs being grown to form a tight cell monolayer on permeable
membranes, followed by the determination of the rate of transendothelial transport in
a two chamber system. Several experimental setups have been reported (69) and there
are two ways of calculating in vitro permeability coefficients principally differing in
whether or not correction is made for the rate of permeation across the cell-free con-
trol filter (5). The present trend favors the same principle as used for Caco-2 perme-
ability assay, i.e., calculation of an apparent permeability coefficient (Papp, cm/s)
based on the equation: Papp=dQ/(dtxAxCo). dQ/dt is the rate of transfer to the receiver
chamber, A is the area available for penetration, and Co is the starting concentration in
the donor chamber. In addition, a more detailed approach can be used to delineate the
relative contributions of paracellular diffusion and transcellular transport, and to cor-
rect for the artificial barrier effect imposed by the aqueous boundary layers in the in
vitro permeability assays that may confound the permeability coefficients, especially
for fast permeating compounds (70).

In order to be useful as a global predictor, the in vitro system should have a restricted
paracellular pathway, possess all relevant transport mechanisms and be simple, robust
and amenable to routine use. Despite many efforts, none of the currently available BECs
systems meets all these criteria, e.g., none is tight enough to give permeability values
comparable to the in situ BBB. However, reasonable information can be obtained with
primary or immortalized BECs if the system shows a sufficiently high TEER of at least
150–200 Ωcm2. If the convenience of the system is critical, very useful results can be
obtained for mainly passively permeating compounds with the epithelial MDCK cell
line (25). Interactions with BBB-specific transport mechanisms that would produce false
positives (substrates for efflux pumps) or false negatives (substrates for uptake carri-
ers) may be studied in tandem using more BBB-like in vitro systems that functionally
express BBB-specific transport mechanisms, e.g., specifically characterized immor-
talized BECs. Indeed, for all transport mechanisms, which have been described in vivo
or in situ, there are good BEC cell line models available now. As in vivo the paracellu-
lar diffusional pathway is effectively closed, it has been suggested that kinetics of
uptake into BECs may be as good a predictor of CNS penetration as transendothelial
flux (71). If this is confirmed with a larger and more diverse set of compounds, immor-
talized BEC cell lines could be ideal for this type of study. However, the rapid entry
and equilibration of lipophilic agents means that this technique may not have optimal
resolution for ranking such compounds.

By contrast, the particular value of primary BEC culture models lies in their
relevance for specific questions related to more complex aspects of the function of the
BBB and to increase our basic knowledge of the physiology and pharmacology as well
as the toxicology and pathology of the brain endothelium (72–76). The preparation of
relatively pure membrane vesicles from the luminal and abluminal endothelial cell
surface allows detailed studies of the polarised distribution and function of specific
transport processes at the BBB (77).

Finally, there are also some more sophisticated in vitro BBB systems, which have
been developed to address particular problems. In the dynamic in vitro (DIV) system,
BECs and astrocytes are cultured on the inner and outer surfaces (respectively) of
porous tubes assembled in a multiple hollow fiber array with intraluminal flow. The
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system is suitable for study of the effects of fluid flow and shear forces on longer term
cultures of BECs as well as their mutual interplay with neurons in a dynamic triple cul-
ture setup (78). Another three-dimensional system uses brain slices grown on top of BEC
monolayers on filters, to form a tight barrier between the medium and the neurons. The
system has allowed electrophysiological recording from the slice to be used to gauge
access of neuroactive agents across the BBB (79).

5. Summary and Outlook
Despite several drawbacks, in vitro models are now able to mimic many key features

of the in situ BBB. They provide detailed information at the cellular and molecular level
on mechanisms and regulation of specific BBB functions including paracellular and
transcellular permeability, and the dynamics of the BBB and its role in CNS diseases.
Shortcomings such as downregulation of BBB-specific gene expression (e.g., trans-
porters) and overestimation of paracellular solute flux (in particular BEC cell lines) war-
rant further attention. The key features determining the value of an in vitro BBB model
are monolayer tightness, the level of expression of BBB-specific transport processes,
and its simplicity. No one system fulfills all of the criteria for an ideal in vitro model
of the BBB and thus multiple systems continue to be used. Indeed, rather than moving
toward a common in vitro system, the trend is for an expanding number of new models
to develop for their own particular requirements. Thus differences between laborato-
ries are inevitable, and the trend for further model diversification will continue, e.g.,
immortalized cell lines that are re-transfected and over-express specific properties may
emerge as the next generation of BBB models.

Currently there is no optimal, i.e., simple, robust yet widely applicable in vitro BBB
model. There is still debate between the two principal philosophies: whether the model
should have as many BBB-like features as possible (maximalist approach) or whether
a satisfactory model may be achieved expressing simply those BBB features necessary
for the particular study in hand (minimalist /pragmatic approach). A specific applica-
tion may require a specific combination of BBB properties and model utility require-
ments, which could be achieved by a combination of cell line models capable of giving
the same information as a more difficult or complex primary cell culture. The choice
of a particular system is predominantly dictated by the specific BBB application and
the type of parameters to be investigated. It is essential that prior to use, any in vitro
model is characterized both for the expression of basic BBB features and for the respec-
tive BBB properties of interest. The inclusion of standard features (e.g., expression of
basic BBB features, TEER, and sucrose permeability for flux studies) will help facili-
tate comparisons and data transfer between groups and hence to draw generally applic-
able conclusions. In vitro BBB models principally resemble value-added rather than
validated assays, hence findings should be checked against in vivo tests for predictions
to the in vivo condition or indeed extrapolations to humans. For example, in order to
be clinically effective a drug needs not only to cross the BBB but also to sustain suffi-
ciently high therapeutic levels over a sufficient period of time at the target site. Hence
several additional factors such as the role of plasma and brain tissue binding, brain inter-
stitial fluid dynamics, and the plasma profile of both the drug and its metabolites will
have to be taken into account. In vitro systems are necessarily simplified versions of
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the system in vivo, so precluding simple extrapolation back to the more complex situ-
ation in vivo. As the level of expression of many BBB features (e.g., tight junctions,
receptors, transporters, enzymes) is not as high in vitro as it is in vivo the findings are
essentially of relative (qualitative) value. In order to be of absolute relevance, more quan-
titative knowledge concerning the consequences of the differences between in vitro and
in vivo models is needed to facilitate better extrapolation to the situation at the BBB in
the intact organisms (both animal and human).

Future research into in vitro BBB models may focus more on culture conditions for
BECs that better mimic the in vivo situation such as use of multiple cell co-cultures
involving neurons and pericytes and the use of advanced bioanalytical methods such
as matrix-assisted laser desorption ionization time-of-flight mass spectrometry and
molecular biological techniques such as gene arrays to identify the induction factor(s)
needed to make the in vitro models more in vivo-like. Thus new knowledge and tech-
nologies will make it possible to develop refined in vitro models for studying not only
the basic molecular and biochemical functions of the normal BBB, but also the specific
involvement of the BBB in human neurological disorders.
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Isolation and Characterization of Human Brain
Endothelial Cells

Katerina Dorovini-Zis, Rukmini Prameya, and Hanh Huynh

1. Introduction
The ability to isolate and culture endothelial cells derived from brain microvessels

has led to a considerable increase in our understanding of the biology of these cells over
the last two decades. Most of these in vitro systems are derived from various animal
sources and provide a valuable tool for investigating the function of cerebral endothe-
lial cells and their reaction to injury under controlled conditions. Recent advances in
vascular biology, however, indicate that endothelial cells from different species and vas-
cular beds differ in their morphology, function, permeability, and immunological prop-
erties (1). The need to investigate the function of the human cerebral endothelium and
its role in the pathogenesis of diseases unique to the human central nervous system led
to the development, over the last decade, of methods for the isolation and cultivation
of human brain-derived endothelial cells (2–7).

A relevant in vitro model of the human blood–brain barrier (BBB) should consist of
cells that can be reproducibly isolated and grown in culture and that retain both their
endothelial phenotype and important morphological, functional, and barrier properties
of the cerebral endothelium in vivo, namely, the presence of high resistance interen-
dothelial tight junctions and paucity of cytoplasmic vesicles. The cells should maintain
these characteristics during the cultivation period and should form confluent, contact-
inhibiting monolayers of high transendothelial electrical resistance that restrict the
paracellular passage of macromolecules.

Material for the isolation of human brain microvessel endothelial cells (HBMEC) is
usually obtained from temporal lobectomy specimens, which, because of their small
size, often necessitate transformation and immortalization or serial passaging of the iso-
lated cells (8). In general, HBMEC lose the BBB and endothelial characteristics after
several passages, and co-culture with astrocytes appears to partly restore some of the
BBB properties in these cultures. Immortalized cell lines retain certain morphological
and physiological characteristics of the BBB and exhibit accelerated proliferation rates
without proliferative senescence unlike primary HBMEC cultures. Alternatively,
HBMEC can be harvested from normal brains at autopsy following a reasonably short
post-mortem interval. The isolation procedure generates a large number of viable
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HBMEC thus decreasing the need for serial passaging and generation of cell lines.
Difficulty in obtaining human autopsy material is a limiting factor in this approach.

This chapter describes the method for the isolation, culture, and characterization of
human cerebral endothelial cells. Despite limitations inherent in an artificial in vitro
system, primary HBMEC cultures constitute an invaluable tool for the investigation of
physiological and pathological responses at the human BBB.

2. Materials
2.1. Isolation of HBMEC

1. Sterile petri dishes.
2. Instruments: Scalpels and blades, Forceps.
3. Sterile pipettes: 1, 5, and 10 mL.
4. Sterile beakers.
5. Sterile 500-mL bottles.
6. Polycarbonate 250-mL bottles.
7. Polycarbonate 50-mL tubes (Nalgene Centrifuge Ware).
8. Polystyrene 50-mL centrifuge tubes.
9. Medium 199 (M199), 1X and 10X (Invitrogen, Burlington, Ontario).

10. Horse plasma-derived serum (Hyclone Laboratories, Logan, UT).
11. 25 mM HEPES (Sigma, St. Louis, MO).
12. 10 mM Sodium bicarbonate.
13. Dispase (Roche Diagnostics, Laval, Quebec).
14. Dextran (70,000 mW) (Sigma).
15. Collagenase/Dispase (Roche).
16. Percoll and Percoll density beads (Pharmacia, Piscataway, NJ).
17. Trypan blue.
18. Hemacytometer.

2.2. Culture of Endothelial Cells
1. Plastic multiwell plates (4, 24, or 96 well plates) (Corning Plastics, Corning, NY).
2. Fibronectin (Sigma), 100 µg/mL.
3. Antibiotics (penicillin, streptomycin and amphotericin B) (Invitrogen).
4. 10% horse plasma-derived serum (Cocalico, Reamstown, PA).
5. Endothelial cell growth supplement (Sigma), 20 µg/mL.
6. Heparin (Sigma), 100 µg/mL.
7. Glutamine (Sigma), 292 µg/mL.
8. CO2 incubator.

2.3. Cryopreservation
1. 20% Dimethylsulphoxide in M199 with 10% horse serum kept cold on wet ice.
2. Cryovials (1-mL capacity).

2.4. Characterization of Human Brain Endothelial Cells

2.4.1. Immunoperoxidase Staining for FVIIIR:Ag and Ulex Europeaus I Lectin

1. Phosphate-buffered saline (PBS).
2. 0.05 M, Tris-HCl, pH 7.6, with and without Tween-20.
3. Endogenous peroxidase blocking solution: 1:4 3% H2O2 prepared from a dilution of 30%

H2O2/100% Methanol.
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4. Fixative: 1�1 (v:v) acetone: 100% ethanol, refrigerated.
5. Rabbit antiserum to FVIIIR:Ag (Dako), 1�100 dilution.
6. Goat antirabbit IgG (Jackson Immunoresearch Laboratories), 1�400 dilution.
7. UEA-1 lectin (Vector, Mississauga, Ontario), 1�400 dilution.
8. Rabbit antiserum to UEA-1 lectin (Dako), 1�100 dilution.
9. 3,3′-diaminobenzidine (DAB) (Sigma): 0.5 mg/mL Tris-HCl buffer without Tween 20.

10. Hematoxylin and base.

2.4.2. Uptake of Acetylated Low Density Lipoprotein (DiI-Ac-LDL)

1. DiI-Ac-LDL (Biomedical Technologies Inc., Stoughton, MA).
2. 3% formaldehyde in PBS.
3. 90% glycerol in PBS.
4. Fluorescence microscope with standard rhodamine excitation�emission filters.

2.4.3. Detection of Alkaline Phosphatase Activity

1. Fixative: 1 mL 37% formaldehyde, 97.5 mL distilled water, 0.5 g sodium barbital, 1.0 g
anhydrous CaCl2, pH 7.0.

2. Incubation buffer: 0.10 g sodium barbital, 0.196 g anhydrous CaCl2, 0.12 g 
β-glycerophosphate (Sigma), 20 mL distilled water. Just before use, adjust to pH 9.0–9.2.

3. 1.5% lead nitrate solution: 0.225 g lead nitrate in 15 mL distilled water.
4. 2% ammonium sulfide solution (freshly made and kept in a fume hood): Make a 1/10 dilu-

tion of stock solution: 0.5 mL of 21.1% ammonium sulfide in 4.5 mL distilled water.
5. Hematoxylin and eosin for counterstaining.

2.4.4. Transmission Electron Microscopy (TEM) of HBMEC Cultures

1. Karnovsky’s fixative: 2.5% glutaraldehyde and 2% paraformaldehyde in 0.2 M sodium
cacodylate buffer, pH 7.35, refrigerated (see Note 1).

2. 1% Osmium tetroxide (OsO4) (Marivac Ltd., NS) in 0.2 M sodium cacodylate buffer.
3. Sodium acetate buffer: 15 mL 0.2 N sodium acetate, 5 mL 0.2 N acetic acid and 20 mL dd

H2O. Keep refrigerated.
4. Uranyl magnesium acetate (Ted Pella Inc., Tustin, CA): 1 g uranyl Mg acetate, 25 mL

0.2 N sodium acetate, 75 mL dd H2O. Adjust pH to 5.0 using glacial acetic acid. Keep
refrigerated.

5. Graded series of methanol (30%, 50%, 70%, 95%, 100%).
6. Epon-Araldite (Fullam Inc., Latham, NY/Polysciences Inc., Warrington, PA).
7. Uranyl acetate (Fisher Scientific, Fair Lawn, NJ).
8. Lead citrate (Ladd, Research Ind., Burlington, VT).

2.4.5. Scanning Electron Microscopy (SEM) of HBMEC Cultures

1. Hank’s balanced salt solution.
2. Sodium cacodylate buffer 0.05 M, pH 7.2.
3. Fixative: 2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer pH 7.2.
4. 1% Osmium tetroxide (OsO4) in 0.05 M cacodylate buffer.
5. 1% tannic acid in 0.05 M cacodylate buffer.
6. Graded series of ethanol up to 100% (10%, 30%, 50%, 70%, 100%).
7. 5% Uranyl acetate in 70% ethanol.
8. Liquid CO2.
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2.4.6. Measurement of Transendothelial Electrical Resistance

1. Endohm electrical resistance measuring apparatus (Volt-ohm meter) (World Precision
Instruments, Sarasota, FL).

2. Sterile forceps.
3. Cellagen discs (ICN, Cleveland, OH).
4. Endothelial cell growth medium at 37°C (M199 supplemented with 10% horse plasma-

derived serum (PDS) (see Note 2), 20 µg/mL endothelial cell growth supplement,
100 µg/mL heparin (see Note 3), 292 µg/mL glutamine, 25 mM HEPES, 10 mM sodium
bicarbonate and antibiotics (100 µg/mL penicillin, 100 µg/mL streptomycin and 2.5 µg/mL
amphotericin B).

2.4.7. Monolayer Permeability to Macromolecules

1. Horseradish peroxidase (Sigma) diluted at 1mg/mL in M199.
2. 3,3′-diaminobenzidine: 0.5 mg/mL in 50 mM Tris-HCl buffer (pH 7.6) with 0.01% H2O2.
3. Materials for TEM (see Subheading 2.4.4.).

3. Methods
3.1. Isolation of HBMEC

1. The cerebral cortex obtained from temporal lobectomy specimens or from normal brains at
autopsy is transferred to the laboratory in cold M199 containing antibiotics (see Note 4).

2. After carefully removing the leptomeninges and their blood vessels, the brain tissue is
chopped into 1–2-mm pieces in a sterile glass petri dish using two scalpels.

3. Place each 50 g of minced cortex in a 500-mL glass bottle containing 125 mL of Dispase
(0.5%) and incubate for 3 h at 37°C in a shaking water bath (100–120 rpm) (see Note 5).

4. Centrifuge the contents of each bottle in 50-mL polystyrene tubes at 1000g for 10 min.
5. After centrifugation, discard the supernatants and suspend the pink pellets in 15% Dextran

in M199 in 250 mL polycarbonate bottles, each containing 125 mL Dextran. Separation of
microvessels from other tissue elements is accomplished by centrifugation at 5800g for
10 min. Wash the pellets containing the microvessels in M199 and collect by centrifugation.

6. In order to remove the basement membranes and pericytes, incubate the microvessel frag-
ments in M199 + 5% horse serum containing 1 mg/mL collagenase/dispase in a shaking
water bath (100 rpm) for 14–16 h at 37°C.

7. Centrifuge at 800g for 6 min, wash microvessels in M199 + 5% horse serum, pellet at 800g
for 6 min and resuspend in 5% horse serum.

8. Layer 2 mL of the suspension over 35-mL Percoll gradients containing 50% Percoll in
M199 (11) (see Note 6) in 50-mL polycarbonate tubes and centrifuge at 1000g for 10 min
in order to separate endothelial cells from pericytes, red blood cells, and cellular debris.

9. Aspirate the band corresponding to a density of 1.052–1.055 g/mL containing the endothe-
lial cells, with a syringe and 16-gage needle, suspend in M199 + 10% horse serum and col-
lect by centrifugation at 1000g for 8 min. Repeat the wash with M199 + 10% horse serum.

10. Suspend the final pellet in M199 + 10% horse serum. Determine cell numbers by count-
ing in a hemocytometer and cell viability by trypan blue dye exclusion. The yield from
2–4 g of surgical material is approx 4–7 × 105 cells and from autopsy brain (400–600 g)
is 2 × 106 to 1 × 107 cells.

3.2. Cryopreservation

1. Dimethylsulfoxide (20% in 10% horse serum) is added slowly, dropwise, to the suspen-
sion of freshly isolated HBMEC (�1 × 106 cells/mL) kept on wet ice, to a final concen-
tration of 10%, and mixed gently.
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2. The cells are frozen in 1-mL cryovials using controlled rate freezing vessels (–1°C/min)
and stored in liquid nitrogen for periods up to 8 yr.

3. Required cells are removed from the liquid nitrogen storage tank and thawed rapidly in a
37°C water bath. One mL of cell suspension is gently transferred to a 50-mL centrifuge
tube and 9 mL of M199 containing 10% horse serum are added dropwise.

4. The suspension is then centrifuged at 1000g for 8 min. After one more wash, the pellet is
suspended in growth medium containing 10% horse serum, endothelial cell growth sup-
plement, heparin, glutamine, and antibiotics and the cells are plated on fibronectin-coated
wells as described below.

3.3. Establishment and Maintenance of Primary HBMEC Cultures

1. The freshly isolated small clumps of endothelial cells are seeded onto plastic wells coated
with fibronectin (see Note 7) at a density of 50,000 cells/cm2.

2. The endothelial cells are cultured in nutrient medium (see Subheading 2.2.) and maintained
in a 5% CO2/95% air incubator at 37°C.

3. Culture medium is changed every 2–3 d.
4. Four to six hours after plating, endothelial cells start migrating from the initial small

clumps to form small islands and then start dividing. Confluent contact-inhibiting mono-
layers are formed 7–10 d after plating (Fig. 1A).

3.4. Characterization of Human Brain Endothelial Cells

3.4.1. Immunoperoxidase Staining for FVIIIR:Ag and Ulex Europeaus I Lectin

1. Wash cultures with warm M199, two times, 5 min each and then once with PBS for 5 min.
2. Fix in acetone: 100% EtOH (1�1) for 7 min at 4°C.
3. Air dry.
4. Wash with Tris-Tween-20 buffer three times, 3 min each.
5. Block endogenous peroxidase for 30 min in 3% H2O2: 100% MeOH (1�4).
6. Wash with Tris-Tween-20 buffer three times, 5 min each.
7. Incubate with 1�100 dilution of rabbit α-human FVIII antibody for 60 min at room

temperature.
8. For the demonstration of UEA-1 lectin, incubate the cells with 1�400 dilution of UEA-1

lectin for 2 h at room temperature, wash with Tris-Tween-20 buffer three times, 3 min each,
and incubate with rabbit α-human UEA-1 antibody at 1�100 dilution for 60 min at room
temperature.

9. Wash with Tris-Tween-20 buffer three times, 5 min each.
10. Incubate with HRP-conjugated goat α-rabbit IgG at 1�400 dilution for 90 min at room

temperature.
11. Wash with Tris-Tween-20 buffer two times, 5 min each.
12. Wash once with Tris buffer without Tween-20.
13. Incubate in DAB for 20 min, covered, at room temperature (see Note 8).
14. Wash with H2O three times, 5 min each.
15. Stain with hematoxylin for 60 s. Wash. Leave in base for 60 s. Wash. (See Fig. 1B.)
16. Cover with crystal mount (see Note 9).

3.4.2. Uptake of Acetylated Low Density Lipoprotein (DiI-Ac-LDL)

1. Aseptically dilute the DiI-Ac-LDL to 10 µg/mL in M199.
2. Replace culture medium with the DiI-Ac-LDL solution and incubate for 4 h in a 37°C incu-

bator (9).
3. Remove DiI-Ac-LDL from the media and wash cells five times, 3 min each with M199.
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4. Fix in 3% paraformaldehyde in PBS for 20 min at room temperature.
5. Wash for 5 s in dd H2O.
6. Drain excess water onto Kim-wipe.
7. Cut the walls of the well using a hot scalpel blade.
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Fig. 1. (A) Human brain microvessel endothelial cells in primary culture form confluent, con-
tact inhibiting monolayers composed of elongated cells. Refractile remnants of the initial clumps
are still present 6 days after plating. (B) Immunoperoxidase staining for FVIIIR:Ag demonstrates
intense, granular, predominantly perinuclear staining of all cells in primary culture. Bars: A =
14 µm, B = 2.3 µm.



8. Place a drop of 90% glycerol in PBS over the well containing the cultured cells and place
a glass coverslip on top.

9. Visualize using standard rhodamine excitation filters.

3.4.3. Detection of Alkaline Phosphatase Activity

1. Wash wells three times with PBS at room temperature.
2. Fix cells (see Subheading 2.4.3.) for 1.5 h at 4°C.
3. Rinse cells two times 3 min each with cold distilled water.
4. Incubate cells in buffer for 2 h at 37°C.
5. Wash quickly three times with distilled water.
6. Add 1.5% lead nitrate for 5 min.
7. Rinse with two changes of distilled water.
8. Add 2% ammonium sulfide for 3.5 min.
9. Rinse three times, 5 min each with distilled water over a period of at least 20 min.

10. Counterstain with hematoxylin and eosin.

3.4.4. TEM of HBMEC Cultures

1. Wash cultures with warm (37°C) serum free M199 three times, 5 min each.
2. Fix in Karnowsky’s fixative for 1 h at 4°C.
3. Wash with cold 0.2 M sodium cacodylate buffer, pH 7.4, three times, 10 min each.
4. Post-fix in 1% OsO4 in 0.2 M sodium cacodylate buffer for 1 h at 4°C.
5. Wash with cold 0.2 M sodium cacodylate buffer three times, 10 min each.
6. Wash with cold acetate buffer for 30 min (three changes).
7. Block stain with uranyl Mg acetate overnight at 4°C.
8. Wash with cold acetate buffer for 30 min (three changes).
9. Dehydrate in graded series of methanol (see Subheading 2.4.4.).

10. Embed in Epon-Araldite (see Note 10) (Fig. 2).

3.4.5. SEM of HBMEC Cultures

1. Wash confluent cultures grown on plastic wells with warm (37°C) Hank’s balanced salt
solution three times, 5 min each (10).

2. Fix cells in 2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer pH 7.2 for 1 h at 4°C.
3. Wash with 0.05 M sodium cacodylate buffer for 30 min (three changes).
4. Post-fix in 1% OsO4 in 0.05 M sodium cacodylate buffer for 1 h at 4°C.
5. Wash with 0.05 M sodium cacodylate buffer for 30 min (three changes).
6. Stain with 1% tannic acid in 0.05 M sodium cacodylate buffer for 1 h.
7. Wash with 0.05 M sodium cacodylate buffer for 30 min (three changes).
8. Dehydrate in graded series of ethanol (10%, 30%, 50%, 70%) for 10 min each.
9. Stain with 5% uranyl acetate in 70% ethanol overnight.

10. Wash with 70% ethanol three to five times (10 min each) until ethanol is clear.
11. Dehydrate in 90% ethanol for 12 min, 100% ethanol for 30 min (3 × 10 min changes).
12. Critical point dry with liquid CO2. Place in dessicator.
13. Coat dry specimen with gold (Fig. 3).

3.4.6. Measurement of Transendothelial Electrical Resistance

1. Cultivate HBMEC to confluence on permeable substrate (Cellagen discs) in a double
chamber.

2. Sterilize the ohm-meter chamber for 30 min with 70% ethanol. Dry.
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3. Add 1 mL warm (37°C) M199 to chamber. Replace top of chamber and read resistance as
zero (background).

4. Transfer the cellagen disc from the double chamber culture system to the Volt-ohm
chamber. Secure lid. Read resistance.

5. Calculate the transendothelial electrical resistance by subtracting the resistance of the
cellagen disc without endothelial cells (see Note 11).

6. Remove lid and return HBMEC-coated cellagen disc to tissue culture plates.

3.4.7. Monolayer Permeability to Macromolecules

1. Cultures are grown to confluence on 4 or 24 well plates.
2. Gently wash monolayers with warm (37°C) serum-free M199 three times, 5 min each.
3. Fix, without prior washing, in Karnovsky’s fixative (see Subheading 2.4.4.) for 1 h at 4°C.
4. Wash with 0.2 M sodium cacodylate buffer for 30 min (three changes).
5. Incubate cultures with 3,3′-diaminobenzidine for 1 hr at 4°C.
6. Wash with 0.2 M sodium cacodylate buffer for 30 min (three changes).
7. Post-fix in 1% OsO4 in 0.2 M sodium cacodylate buffer for 30 min.
8. Wash with 0.2 M sodium cacodylate buffer for 30 min (three changes).
9. Wash with cold acetate buffer for 30 min (three changes).

10. Block stain in uranyl Mg acetate at 4°C overnight.
11. Wash with cold acetate buffer for 30 min (three changes).
12. Dehydrate in graded series of methanol (see Subheading 2.4.4.).
13. Embed in Epon-Araldite.
14. Examine thin sections without heavy metal staining (Fig. 4).

3.5. Applications

Primary cultures of HBMEC form highly organized, contact-inhibiting monolayers
that express human endothelial cell markers and maintain important morphological and
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Fig. 2. Transmission electron micrographs of HBMEC in primary culture. (A) Endothelial
cells are elongated with long, thin processes, dense cytoplasm and no apparent cytoplasmic vesi-
cles. Clathrin-coated pits are present along the apical and basal cell surface (arrows). (B)
Adjacent endothelial cells are bound together by tight junctions (arrows). A discontinuous basal
lamina-like material is present along the basal cell surface. Bars: A = 0.57 µm, B = 0.1 µm.



functional properties of brain endothelium in vivo including the presence of tight junc-
tions and paucity of cytoplasmic vesicles. Confluent monolayers have high electrical
resistance and exclude the paracellular passage of macromolecules. This in vitro system
can be used to investigate the expression, function, and regulation of surface-
associated and intracellular molecules, gene expression, the barrier and transport func-
tions of cerebral endothelial cells, the structure and function of tight junctions, and the
immunological properties of the human cerebral endothelium.

4. Notes
1. Prepare Karnovsky’s fixative by first dissolving 2 g paraformaldehyde in 50 mL dd H2O

heated in water bath to 65–70°C. Add NaOH drop by drop until the solution becomes crys-
tal clear. Cover and cool in refrigerator. Add 3.5 mL of 70% glutaraldehyde stock solution,
46.5 mL 0.2 M sodium cacodylate buffer and 0.0120 g CaCl2. Adjust pH to 7.15. Filter.
The fixative should be made fresh prior to use.

2. HBMEC in primary culture form compact sheets of elongated, closely associated cells that
exhibit density-dependent inhibition of growth after reaching confluence. Occasionally,
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Fig. 3. Scanning electron microscopy of endothelial cells 6 d after plating. Closely packed
cells display marginal folds in areas of contact (arrow). Bar = 10 µm.

Fig. 4. Confluent monolayers were incubated with HRP for 5 min and then processed for elec-
tron microscopy. Tight junctions along intercellular contacts prevent the passage of HRP
(arrows). The basal cell surface contains no tracer. Bar = 0.14 µm.



contamination with pericytes may occur. Pericytes can be differentiated from endothelial
cells by their ovoid, polygonal morphology and lack of FVIIIR:Ag expression and
binding of UEA-1 lectin. Culture of rat brain microvascular cells in PDS favors growth
of a homogeneous population of endothelial cells free of pericyte or smooth muscle
contamination (11).

3. The biological activity of endothelial cell growth factor (ECGF) depends on the presence
of serum. ECGF acts synergistically with the hormones and growth factors present in the
serum to stimulate human endothelial cell proliferation and supports the clonal growth of
endothelial cells. In addition, ECGF delays the premature senescence of endothelial cells
and is a potent chemoattractant for these cells in vitro (12). Although heparin has no bio-
logical activity as a mitogen, it potentiates the mitogenic activity of ECGF and induces an
ECGF-dependent increase in human endothelial cell density at confluence (13). ECGF
binds tighter to its high-affinity receptor on endothelium in the presence of heparin and it
is likely that structural changes in polypeptide conformation are involved in the heparin-
induced potentiation of its biological activity.

4. Viable endothelial cells can be successfully isolated from brains at autopsy up to 12–15 h
after death. The yield and cell viability are greater after shorter post-mortem intervals and
refrigeration of the body immediately after death is a determining factor. The age of the
patient is a definite but less important factor. Before obtaining the cortical tissue it is
important to ensure that the brain is normal and that systemic diseases such as septicemia,
organ transplantation, multi-organ failure, and drug overdose have been ruled out. Temporal
lobectomy specimens result in isolation of relatively small numbers of highly viable cells.

5. Solutions used for the isolation procedure, with the exception of Dextran and Percoll, should
be filter-sterilized. Dextran is prepared as a 30% stock solution, which is autoclaved and
stored at 4°C.

6. Percoll gradients are established as follows: stock Percoll, a colloidal silica gradient mate-
rial, is prepared by mixing one part 10 × M199 to nine parts Percoll. Prepare 45% Percoll
working solution by mixing 55 parts 1 × M199 (containing 10% horse serum) and 45 parts
stock Percoll (14). Gradients are established by centrifugation at 26,000g for 1 h in 50 mL
polycarbonate tubes. The density of Percoll is determined with commercially available den-
sity markers (Pharmacia).

7. Human or bovine fibronectin is dissolved in M199 to a final concentration of 100 µg/mL.
It is pipetted gently onto the growth surface at 0.10 mL/cm2 and allowed to adsorb for sev-
eral hours. Before plating the endothelial cells, the fibronectin solution is removed and the
wells rinsed once with M199. Reconstituted aliquots of fibronectin are frozen at –20°C.
Care should be taken to avoid agitation, and freeze thawing of the stock solution should
be minimized to three times.

8. DAB is a suspected carcinogen and should be handled with caution. After use, the DAB
solution should be treated as follows before discarding: for each 10 mL solution of DAB,
add 5 mL of 0.2 M potassium permanganate and 5 mL of 2 M sulfuric acid. Allow the mix-
ture to stand for at least 10 h, then decolorize with ascorbic acid (vitamin C) until the color
disappears. Neutralize the decolorized mixture with sodium bicarbonate (test with pH
paper), and discard the solution.

9. Before applying the crystal mount, the walls of the plastic wells are cut off using a hot
scalpel blade so that the monolayers can be examined and photographed under a light
microscope.

10. Processing for TEM is carried out using monolayers grown on plastic wells of 4 or 24 well
plates. Resin polymerization starts at a low temperature (40°C), which is gradually
increased to 60°C over 3 d. This greatly facilitates the separation of the embedded cultures
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from the bottom and side of the wells. In order to obtain cross sections of the cultured
cells, blocks cut out from the embedded cultures are re-embedded perpendicular to the
growth area.

11. The transendothelial electrical resistance is calculated by subtracting the resistance of the
cellagen discs without cells (a mean of 27.5 Ωcm2) from that of confluent monolayers grown
on cellagen discs. Changes in temperature and environment can have a profound effect on
variations in transendothelial electrical measurements. Therefore, it is important to have
solutions at 37°C, and to avoid media changes within 4–6 h of electrical resistance mea-
surements. Similarly, the insert used for background readings should be kept in an extra
well of the plate, bathed in the same media used to culture the HBMEC, and subsequently
tested at each interval for its own resistance measurement.

Acknowledgments
This work was supported by grants from the CIHR (MOP 42534) and the Multiple

Sclerosis Society of Canada.

References
1. Thorin, E., Shatos, M. A., Shreeve, S. M., Walters, C. L., and Bevan, T. A. (1997) Human

vascular endothelium heterogeneity. A comparative study of cerebral and peripheral
cultured vascular endothelial cells. Stroke 28, 375–381.

2. Bacic, F., Uematsu, S., McCarron, R. M., and Spatz, M. (1992) Prostaglandin D2 in
cultured capillary and microvascular endothelium of human brain. Prostaglandins,
Leukotrienes and Essential Fatty Acids 46, 231–234.

3. Biegel, D., Spencer, D. D., and Pachter, J. S. (1995) Isolation and culture of human brain
microvessel endothelial cells for the study of blood-brain barrier properties in vitro. Brain
Res. 692, 183–189.

4. Dorovini-Zis, K., Prameya, R., and Bowman, P. D. (1991) Culture and characterization of
microvascular endothelial cells derived from human brain. Lab. Invest. 64, 425–436.

5. Gerhart, D. Z., Broderius, M. A., and Drewes, L. R. (1988) Cultured human and canine
endothelial cells from brain microvessels. Brain Res. Bull. 21, 785–793.

6. Shatos, M. A., Orfeo, T., Doherty, J. M., Penar, P. L., Collen, D., and Mann, K. G. (1995)
α-Thrombin stimulates urokinase production and DNA synthesis in cultured human cere-
bral microvascular endothelial cells. (1995) Arterioscler. Thromb. Vasc. Biol. 15, 903–911.

7. Vinters, H. V., Reave, S., Costello, P., Girvin, J. P., and Moore, S. A. (1987) Isolation and
culture of cells derived from human cerebral microvessels. Cell Tissue Res. 249, 657–667.

8. Muruganandam, A., Moorhouse Herx, L., Monette, R., Durkin, J. P., and Stamimirovic, D.
(1997) Development of immortalized human cerebromicrovascular endothelial cell line as
an in vitro model of the human blood-brain barrier. FASEB J. 1187–1197.

9. Voyota, J. C., Netland, P. A., Via, D. P., and Zetter, B. (1984) Specific labeling of endothe-
lial cells using fluorescent acetylated low density lipoprotein. J. Cell Biol. 99, 81A.

10. Schroeter, D., Spiess, E., Paweletz, N., and Benke, R. (1980) A procedure for rupture-free
preparation of confluently grown monolayer cells for scanning electron microscopy.
J. Electron Microsc. Tech. 1, 219–225.

11. Bowman, P. D., Betz, A. L., and Goldstein, G. W. (1982) Primary culture of microvascular
endothelial cells from bovine retina. In Vitro 18, 626–632.

12. Maciag, T., and Burgess, W. H. (1988) The structural and functional properties of endo-
thelial cell growth factor and its receptor. In Endothelial Cells. Ryan, U. S., ed. Vol. 2,
pp. 3–11.

Human Brain Endothelial Cells 335



13. Thornton, S. C., Mueller, S. N., and Levine, E. M. (1983) Human endothelial cells: use of
heparin in cloning and long-term serial cultivation. Science 222, 623–625.

14. Bowman, P. D., Betz, A. L., Ar, D., Wolinsky, J. S., Penney, J. B., Shivers, R. R., and
Goldstein, G. (1981) Primary culture of capillary endothelium from rat brain. In Vitro 17,
353–362.

336 Dorovini-Zis, Prameya, and Huynh



337

22

Human Brain Microvessel Endothelial Cell 
and Leukocyte Interactions

Jacqueline Shukaliak-Quandt, Donald Wong, and Katerina Dorovini-Zis

1. Introduction
The recruitment of leukocytes from the blood into secondary lymphoid and periph-

eral organs is a key process in both leukocyte homeostasis and the initiation and main-
tenance of immune responses (1). Within the past decade, several important advances
have been made in identifying factors involved both in normal leukocyte homing and
recruitment to sites of inflammation. These studies have identified adhesion molecules
as instrumental in tethering leukocytes to endothelial surfaces and potentiating subse-
quent adhesion and migration. In addition, soluble chemoattractant cytokines (known
as chemokines) have been identified that can direct the site and often the composition
of the inflammatory infiltrate, as well as proteinases, which dismantle the barrier that
leukocytes are crossing (2). In several of these studies, in vivo models have been used
to block the activity of specific molecules in order to determine the global outcome and
the involvement of these molecules in secondary lymphoid organ trafficking or disease
pathogenesis. Such models, however, become of limited use when trying to focus on
relative contributions to specific events such as direct cell–cell interactions occurring
at the onset of inflammatory cell extravasation. Because of the complicated nature and
multitude of cells and factors present in in vivo systems, in vitro models have become
a powerful and more simplistic way of analyzing events by allowing for better control
of the environment. For this purpose, in vitro models employing endothelial monolay-
ers have been instrumental in trying to characterize factors which influence vascular
permeability and the sequence of events during leukocyte-endothelial adhesion and
transmigration. By culturing organ-specific endothelial cells on extracellular matrices
in either one-dimensional (planar) or two-dimensional (double chamber) systems, one
can create a model that mimics in vivo leukocyte-endothelial interactions across a
blood–tissue interface. To ensure the relevance of such models it is important that the
cultured cells maintain most, if not all, of the in vivo characteristics of the endothelial
barrier under study.

In vitro models have been particularly useful in studying interactions between leuko-
cytes and endothelial cells forming the blood–brain barrier (BBB) (3–5). Increased per-
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meability of the BBB and leukocytic infiltration are key events in the pathogenesis of
numerous central nervous system (CNS) pathologies including stroke and/or ischemia,
infectious and inflammatory diseases, and tumors, as well as autoimmune diseases such
as multiple sclerosis (MS) (6,7). For studies of the BBB, it becomes essential to estab-
lish confluent monolayers exhibiting reduced paracellular and intracellular trafficking,
as evidenced by increased transendothelial electrical resistance. The system described
below provides a very specific and defined environment in which to study BBB prop-
erties and human brain microvessel endothelial cell (HBMEC) and leukocyte interac-
tions. Through the use of electrical resistance measurements and light and electron
microscopy, one can objectively quantify changes in BBB permeability and the rate of
leukocyte adhesion and transendothelial migration following the introduction (i.e.,
addition of proinflammatory mediators or inhibitors) or exclusion (via antibody block-
ing or depletion) of specific factors from this culture system.

2. Materials
2.1. Primary HBMEC Cultures Grown to Confluence 
in a Double-Chamber Chemotaxis System

1. Cellagen discs (ICN Biomedicals).
2. 24 well tissue culture plates (Corning Plastics, Corning, NY).
3. Sterile forceps.
4. Endothelial cell growth media (ECM): M199, 10% horse plasma derived serum

(Cocalico, Reamstown, PA), 25 mM HEPES (Sigma, St. Louis, MO), 100 µg/mL heparin
(Sigma), 20 µg/mL endothelial cell growth supplement (Sigma), 300 µg/mL glutamine
(Invitrogen, Burlington, ON), 100 µg/mL penicillin, 100 µg/mL streptomycin and
25 µg/mL amphotericin B (Invitrogen). Filter sterilize.

5. Glass pipets.

2.2. Isolation of T-Cells and T-Cell Subsets

1. Histopaque 1077 (Sigma). Store at 4°C. Bring to room temperature several hours prior
to use.

2. EDTA tubes (7-mL capacity).
3. Polycarbonate conical centrifuge tubes with screw cap (Nunc/VWR International,

Mississauga, ON).
4. Phosphate-buffered saline (PBS).
5. 2% fetal calf serum (FCS) (Invitrogen) in PBS.
6. T-cell and T-cell subset recovery columns (R&D systems, Minneapolis, MN).

2.3. T-Cell Adhesion Assay

1. Confluent HBMEC monolayers grown on cellagen discs.
2. Sterile ECM.
3. 10% horse serum (Hyclone Laboratories, Logan, UT) in M199.
4. T-cell media (TCM): RPMI (Invitrogen), 10% AB-human serum, 300 µg/mL glutamine,

100 µg/mL penicillin, 100 µg/mL streptomycin. Filter sterilize.
5. PBS with Ca2+ and Mg2+.
6. Sterile forceps.
7. Glass pipets.
8. Fixative: 1�1 acetone: 100% EtOH. Keep in capped glass container at 4°C.
9. Endogenous peroxidase blocking solution: 3% H2O2: 100% MeOH (1�4).
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10. 0.05 M Tris-HCl, pH 7.6, (0.05 M, pH 7.6), with and without Tween-20.
11. Pan mouse anti-human leukocyte common antigen (CD45) linked to horseradish peroxi-

dase (HRP) for identification of T-cells (Dako/Dimension Labs, Mississauga, ON).
12. Orbital shaker.
13. Diaminobenzidine (DAB) (Sigma): 0.5 mg/mL DAB in Tris buffer (without Tween-20) with

0.01% H2O2.
14. Hematoxylin and base for counterstaining.
15. Small scalpel and blade.
16. Microscope slides and cover slips.
17. Xylene.
18. Entellan or other non-aqueous mounting medium.
19. 95%, and 100% EtOH.

2.4. T-Cell Migration Assay

1. Confluent HMBEC monolayers grown on collagen membranes.
2. 10% HS in M199, TCM, RPMI, PBS.
3. Sterile forceps.
4. Glass pipets.
5. 0.2 M sodium cacodylate buffer (Marivac Ltd., NS), pH 7.4.
6. Karnovsky’s fixative: 2.5% glutaraldehyde, 2% paraformaldehyde in 0.2 M sodium cacody-

late buffer, pH 7.15 (refer to Chapter 21 for details on preparation).
7. 1% OsO4 (Marivac) in 0.2 M sodium cacodylate buffer: make up 2% OsO4 in ddH2O from

crystals or purchase 2% OsO4. Store in well-sealed double container at 4°C. Mix equal
volume of 2% OsO4 and 0.2 M sodium cacodylate buffer.

8. Na acetate buffer pH 5.15.
9. Gloves.

10. Epon/Araldite (Fullam Inc., Latham, NY/Polysciences Inc., Warrington, PA): Epon,
Araldite, DDSA, NMA, DMP-30; 63�19�36�2 dry weight ratio.

11. Toluidine blue.
12. Uranyl acetate (Fisher Scientific, Fair Lawn, NJ): 2% uranyl acetate in 50% MeOH.
13. Lead citrate solution: 0.2% lead citrate (Ladd Research Ind., Burlington, VT) and 0.4%

NaOH in ddH2O.

2.5. Polymorphonuclear Leukocyte (PMN) Isolation

1. Lympholyte-poly (Cedarlane, Hornby, ON). Store at room temperature. Mix well
before use.

2. 0.45% NaCl: 0.45 g NaCl in 100 mL ddH2O. Autoclave to sterilize.
3. 0.9% NaCl: 0.9 g NaCl in 100 mL ddH2O. Sterilize by autoclaving.
4. M199 with 10% HS. Sterilize by Millipore filtration.

2.6. PMN Adhesion to HBMEC

1. Confluent HBMEC monolayers grown on 24 well plates or collagen membranes.
2. M199. Warm to 37°C.
3. M199 with 10% HS. Sterilize by Millipore filtration.
4. Fixative: 1�1 acetone:ethanol (100%).
5. Endogenous peroxidase blocking agent (see Subheading 2.3.).
6. Tris buffer with and without Tween-20.
7. Pan mouse anti-human leukocyte common antigen (CD 45)/HRP (see Subheading 2.3.).
8. DAB (see Subheading 2.3.).
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2.7. PMN Migration Across HBMEC

1. Confluent HBMEC monolayers grown on collagen discs.
2. M199. Warm to 37°C.
3. M199 with 10% HS. Filter sterilize.
4. Karnovsky’s fixative: 2.5% glutaraldehyde and 2% paraformaldehyde in 0.2 M sodium

cacodylate buffer (see Chapter 21 for details on preparation).
5. 1% OsO4. Make 2 mL for each collagen disk.

3. Methods
This chapter will describe 1) how to establish confluent primary HBMEC cultures,

2) how to isolate T-cells and their subsets, 3) the T-cell migration assay, 4) PMN iso-
lation, 5) how to assess PMN adhesion to HBMEC, and 6) how to assess PMN migra-
tion across HBMEC.

3.1. Establishment of Confluent Primary HBMEC Cultures 
on Cellagen Disks

1. Fill the appropriate wells of a 24-well plate with enough ECM to cover the well and the
bottom of the cellagen membrane once inserted (approx 350 µL) (see Note 1).

2. In a laminar flow hood, open the individually packaged sterile inserts and with sterile for-
ceps place the inserts into the wells of the 24-well plate.

3. Pre-wet the membrane by adding approx 200 µL of ECM to the tissue culture insert (see
Note 2).

4. Return plate to incubator for at least 30 min to allow for stabilization/wetting of the col-
lagen membranes.

5. During this time, cryopreserved endothelial cells can be thawed and enumerated for plat-
ing. Resuspend cells to a sufficient plating concentration for the required surface area (at
least 50,000 cells/cm2) in a volume of 200 µL/cellagen disc.

6. Gently aspirate the 200 µL of ECM from the tissue culture insert using a glass pipet, taking
extra care not to touch or damage the membrane. Immediately add the HBMEC, and using
the sterile forceps gently swirl the insert to allow for even dispersal of the cells over the
membrane. Return the insert to the 24-well plate.

7. Return the cells to the incubator. Change ECM every other day (see Chapter 21) until the
monolayers become semi-confluent (see Note 3). Transendothelial resistance can then be
measured as described in Chapter 21.

3.2. Isolation of T-Cells and T-Cell Subsets

1. Draw 6.5 mL of venous blood into EDTA tubes.
2. Layer blood carefully over an equal volume of Histopaque 1077 in 10 mL-polycarbonate

tubes and centrifuge at 400g for 30 min at room temperature.
3. Aspirate and discard the plasma layer.
4. Aspirate the interface into 10 mL-polycarbonate centrifuge tubes containing approx 5 mL

PBS. Centrifuge at 250g for 10 min.
5. Decant supernatants. Resuspend cells and pool in approx 5 mL of PBS. Centrifuge at 250g

for 10 min.
6. Decant supernatants and wash cells once more in PBS. Centrifuge at 250g for 10 min.
7. Suspend white cell pellet in 2% FCS in PBS.
8. Count in hemocytometer and determine viability by the trypan blue exclusion test.
9. Pass the lymphocyte suspension through human T-cell recovery columns to negatively select

for CD8 and CD4 T-cell subsets according to the manufacturer’s recommendations.
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3.3. T-Cell Adhesion Assay

1. Isolate or thaw previously cryopreserved T-lymphocytes or T-lymphocyte subsets, wash-
ing twice. Resuspend in appropriate volume of TCM to 1 × 106 cells/mL.

2. Wash the upper and lower chambers of the chemotaxis system gently with 10% HS in M199
to remove any cell debris (see Note 4).

3. Replace media in the lower chamber with 350 µL of 10% HS in M199 at 37°C (with or
without the addition of potential chemoattractants).

4. Aspirate media from the upper chamber carefully to avoid disturbing the HBMEC
monolayer.

5. Add immediately 100 µL of T-cell suspension containing 1–2 × 106 cells/mL to the upper
chamber (Fig. 1). Use the forceps to swirl the insert to allow for even dispersal of the
T-cells across the monolayer. After an interval of 2 min add the lymphocytes to the inserts
(see Note 5).

6. Return the cells to the incubator for 1 h. T-cells and HBMEC monolayer can be viewed
and/or photographed periodically throughout this time, or before fixation (Fig. 2A).

7. Prepare wash buffers and fixatives.
8. Wash gently the non-adherent cells four times at the four lateral walls (three times with

37°C M199 and once with 37°C PBS).
9. Fix top and bottom of collagen membrane in fixative by quickly aspirating the PBS in the

upper and lower chambers and replacing with cold fixative.
10. Fix for 7 min at room temperature. Remove the fixative from both chambers and air dry.
11. Wash upper and lower chambers with Tris buffer with Tween-20, twice for 3 min each.
12. Block endogenous peroxidase with 100 µL of 1�4 3% H2O2�100% MeOH for 30 min at

room temperature (see Note 6).
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Fig. 1. Human brain microvessel endothelial cells (HBMEC) monolayers grown on collagen
membrane inserts form an in vitro model of the blood–brain barrier. HBMEC are grown to con-
fluence on a permeable collagen membrane devoid of pores. Leukocyte adhesion and
transendothelial migration can be studied in the presence of inhibitors or chemoattractants that
are added to the upper or lower chamber representing the intravascular and central nervous
system compartments, respectively.



13. Wash with Tris containing Tween-20, three times for 5 min each.
14. Incubate with HRP-linked-mouse anti-human leukocyte common antigen antibody for

45 min with agitation on the shaker (1 min) every 15 min (see Note 7).
15. Wash cells three times for 5 min each with Tris (without Tween-20).
16. Incubate with DAB for 20 min at 4°C, covered.
17. Wash three times for 5 min each with ddH2O.
18. Counterstain with hematoxylin for 20 s (see Note 8).
19. Wash three times with ddH2O. Aspirate H2O. Add base for 20 s. Wash.
20. Cut the collagen membranes from the plastic walls using a scalpel and transfer onto labeled

glass slides.
21. Dehydrate with five dips successively in 95% EtOH, 100% EtOH, and a quick dip in

xylene before adding one drop of Entellan non-aqueous mounting medium. Avoid bubbles,
coverslip, and allow to dry (see Note 9).

22. Count the number of LCA positive T-cells adherent to the HBMEC monolayer in one
central and four to eight peripheral fields using a 1 mm2 ocular grid and a 20× objective
(Fig. 2B).

3.4. T-Cell Migration Assay

1. Follow steps 1–5 of the adhesion assay.
2. Return cells to the incubator for a 3–4 h incubation period (see Note 10).
3. Wash cells gently as in Subheading 3.3., step 8.
4. Fix in Karnovsky’s fixative for 1 h at 4°C.
5. Wash with 0.2 M sodium cacodylate buffer three times for 10 min each.
6. Fix in 1% OsO4 for 1 h at 4°C, sealed with parafilm.
7. Wash in 0.2 M sodium cacodylate buffer three times for 10 min each.
8. Wash in Na acetate buffer three times for 10 min each.
9. Block stain with uranyl Mg acetate overnight at 4°C.

10. Wash in Na acetate buffer three times for 10 min each at 4°C.
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Fig. 2. (A) Phase contrast microscopy allows monitoring of lymphocyte adherence to human
brain microvessel endothelial cells (HBMEC) after 1 h. The darker, spindly cells represent the
HBMEC, whereas the small, refractile cells represent adherent lymphocytes. (B) LCA positive
adherent T-cells are readily enumerated against a backdrop of blue HBMEC nuclei in a conflu-
ent monolayer following washing, fixation, and immunohistochemistry.



11. Dehydrate in graded series of 30%–90% Methanol solutions at 4°C as follows:
a. 30% MeOH twice for 3 min each.
b. 50% MeOH twice for 3 min each.
c. 70% MeOH twice for 3 min each.
d. 90% MeOH twice for 6 min each.
e. 100% MeOH three times for 10 min each at room temperature.

12. Add Epon-Araldite (EA) mixtures as follows:
a. 60�40 EA�MeOH overnight.
b. 80�20 EA�MeOH overnight.
c. 100% EA overnight.

13. Drain the EA, remove and cut the collagen membranes into strips (1–1.5 mm).
14. Align cell side up in plastic embedding molds. Add fresh EA to molds, and polymerize at

60°C in a vacuum oven for 3 d.
15. Cut 100 serial semithin sections having a thickness of 1 µm at 40-µm intervals of the block.
16. Stain with toluidine blue for 15–30 s, rinse with water, and dry.
17. Calculate the total number of adherent/migrated cells per mm of membrane (Fig. 3).
18. Cut and stain the thin sections with uranyl acetate and lead citrate for transmission elec-

tron microscopy examination (Fig. 4).

3.5. PMN Isolation

1. Draw venous blood into a EDTA vacutainer.
2. Allow the blood and the Lymphocyte-poly to reach room temperature.
3. Layer the blood carefully onto the same volume of Lympholyte-poly in a 15-mL tube. Do

not disrupt the Lympholyte-poly beneath or mix the blood with the Lympholyte-poly.
4. Centrifuge at 550g for 40 min at room temperature.
5. Aspirate and discard the distinct mononuclear band on top of the PMN band. Collect the

PMN band, without getting near the RBC pellet, from each tube into individual graduated
15-mL tubes. Note the volume collected.

6. Add equal volume of 0.45% NaCl (0.45 g NaCl in 100 mL ddH2O) and double the volume
of 0.9% NaCl (0.9 g NaCl in 100 mL ddH2O) to the PMNs. Resuspend and spin at 400g
for 10 min.

7. Aspirate supernatant. Pool pellets. Repeat the wash with 8 mL 0.9% NaCl.
8. Suspend the PMN pellet in 1 mL 10% HS in M199, count in a hemocytometer and deter-

mine viability with the trypan blue exclusion test.
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Fig. 3. (A) 1-µm thick cross sections through human brain microvessel endothelial cells
(HBMEC) monolayer grown to confluence on collagen membrane are stained with toluidine blue
and analyzed under a light microscope. The nuclei of three HBMEC are readily visible. Their
processes become thin as they reach toward and contact other cells in the monolayer. (B) Two
intensely stained lymphocytes are visible against the pale cytoplasm of HBMEC. One lympho-
cyte is in the process of migrating by inserting a cytoplasmic process between adjacent HBMEC,
whereas another has already migrated and is seen sandwiched between the HBMEC monolayer
and the dense collagen membrane.



9. 100 µL of PMN at 6 × 106 cells/mL are required for each well of a 24-well plate (i.e.,
6 × 105 cells per well) (see Note 11).

3.6. PMN Adhesion to HBMEC
1. Grow HBMEC to confluence on fibronectin coated 24-well plates. Confluence of the

monolayers can be assessed visually with an inverted phase contrast light microscope.
2. Wash EC with M199 (37°C) three times for 5 min each. Makeup adhesion blocking

antibodies in 10% horse serum in M199 at 37°C.
3. Isolate PMNs using lympholyte-poly. Count cells using a hemacytometer. Dilute to

6 × 106 cells/mL in 10% HS in M199. If adhesion blocking antibodies are to be used, incu-
bate EC with blocking antibody at 37°C for 30 min and wash once with M199 at 37°C.

4. Place 100 µL of PMN suspension over EC in each well. Work as quickly as possible. Shake
the plate gently to evenly distribute the cells. Incubate for up to 30 min at 37°C.

5. Wash with warm M199 at each of the four corners of each well.
6. Fix with 1�1 acetone�ethanol (100%) for 7 min at 4°C. Air dry (approx 10 min).
7. Wash with Tris Tween-20 buffer two times for 3 min each.
8. Block endogenous peroxidase for 30 min at room temperature. Wash with Tris, three times

for 5 min each.
9. Incubate with anti-LCA antibody (180 µL per well) in Tris Tween-20 buffer for 90 min at

room temperature with slight agitation on an orbital shaker table for 1 min every 15 min.
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Fig. 4. Cross-sections of the human brain microvessel endothelial cells (HBMEC) monolayer
on collagen membrane are viewed under an electron microscope. (A) An adherent lymphocyte
with several visible processes is attached to the HBMEC monolayer. (B) Following firm adhe-
sion, this lymphocyte begins its transendothelial migration by inserting a long cytoplasmic
process (arrow) between the processes of two HBMEC (arrowheads) that have separated but are
in close contact with the migrating T-cell. (C) Two lymphocytes have migrated across the in vitro
BBB. The cell to the left has just migrated and a small cytoplasmic projection appears caught
between two endothelial cell processes (arrow).



10. Wash cells three times for 5 min each with Tris without Tween-20.
11. Incubate with DAB for 20 min at 4°C, covered with foil.
12. Wash three times for 5 min each with ddH2O.
13. Counterstain with hemotoxylin.
14. Wash three times with ddH2O.
15. Aspirate H2O. Leave in base for 20 s.
16. Wash with ddH2O. Air dry. Count the number of adherent LCA positive PMNs in four

peripheral fields and one central field. Express as number of cells per mm2.

3.7. PMN Migration Across HBMEC
1. Grow HBMEC to confluence on collagen membranes.
2. Isolate PMNs and resuspend at 6 × 106 cells/mL for each cellagen disc.
3. Wash EC with M199 at 37°C three times for 5 min each.
4. Add 200 µL PMNs to each cellagen disc. Incubate for 2–3 h at 37°C.
5. Wash cells four times for 5 min each with warm M199.
6. Fix in Karnovsky’s fixative for 1 h at 4°C. Seal with parafilm (see Note 12).
7. Wash in 0.2 M sodium cacodylate buffer three times for 10 min each.
8. Post-fix in 1% OsO4 in 0.2 M sodium cacodylate buffer for 1 h at 4°C, sealed with parafilm.
9. Wash in 0.2 M sodium cacodylate buffer three times for 10 min each, then in Na acetate

buffer three times for 10 min each at 4°C.
10. Block stain with uranyl Mg acetate overnight at 4°C.
11. Wash in Na acetate buffer three times for 10 min each at 4°C.
12. Dehydrate in graded series of methanol and embed in Epon-Araldite as given in

Subheading 3.4., steps 11 and 12.

3.8. Applications

Cultivation of HBMEC on a permeable substrate in a double chamber chemotaxis
system provides a useful and reliable in vitro system for studying the interactions
between peripheral blood leukocytes and cerebral endothelium under closely controlled
conditions. This system allows for the investigation of the effects of various chemoat-
tractants and inflammatory mediators present in the upper (luminal side) or lower (ablu-
minal side) chambers on leukocyte adhesion and transendothelial migration, monitoring
of the junctional permeability during transmigration, and the step-by-step dissection of
the migration process. Localization of membrane-associated molecules on endothelial
cells and/or leukocytes by light and electron microscopy can be performed and further
contribute to our understanding of the cell trafficking events at the human BBB.

4. Notes
1. Tissue culture inserts or transwell systems typically consist of a plastic insert with a mem-

branous or porous bottom that fits inside regular culture plates. A wide variety of inserts
are available commercially that vary in two main membrane parameters: pore size and coat-
ing. Several employ uncoated membranes with or without pores ranging from very small
up to 10 µm in size. Depending on the goal of the assay, some are more appropriate than
others. For a pure chemotaxis assay and to assess the attractant properties of a molecule,
one might choose an uncoated membrane with a 3- or 10-µm pore size to allow the pas-
sage of cells from one chamber to the other. Transwell inserts with pore sizes less than
1 µm are most applicable to cell co-culture experiments where cell-to-cell contact is unde-
sirable when searching for soluble mediators. The coating or consistency of the membrane
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can also be important in the design of experiments. In cell migration assays, components
of the basement membrane may be required for adhesive and migratory events. In addi-
tion, when endothelial cells are to be cultured on the membrane, basement membrane com-
ponents are often required for reasonable growth. Commercially available inserts come with
coatings ranging from fibronectin, collagen, or laminin to combinations of these to form
a complex extracellular matrix on which cells are cultured. The inserts described here con-
sist of a dense, solubilized type I collagen membrane. The lack of pores restricts the pas-
sage of cells through the membrane, but still allows for the diffusion of soluble mediators
(Fig. 1). HBMEC grown on these collagen membranes display similar characteristics as
those cultured on fibronectin in plastic wells. Importantly, these cells form a confluent, con-
tact-inhibiting monolayer that displays high transendothelial electrical resistance. In migra-
tion assays leukocytes traverse the HBMEC monolayers and are then sandwiched between
the collagen layer and the EC, which allows for T-cell enumeration in cross section. It is
also important to note that while this procedure describes the use of inserts to fit a 24-well
plate system that is compatible with the use of an ohmmeter, transwell systems are avail-
able in both larger and smaller formats that can fit in a 96-well plate. The latter requires
less cells and may be more suitable if Cr51 labeling of T-cells and subsequent lysis or other
quantitative techniques are used.

2. Prewetting of the membrane is essential for an even distribution of the seeded clumps of
HBMEC across the collagen membrane. Clumps of cells will stick to the membrane if added
to a dry surface, and will not spread evenly over the entire surface.

3. Cells should be monitored daily under a phase contrast microscope. As described in Chapter
21, cells will migrate out from the initial clump, proliferate, and form a confluent mono-
layer. Once the cultures become subconfluent, daily measurements of the electrical resis-
tance across these monolayers can be performed.

4. Gentle washing of the HBMEC monolayer is important to remove cellular debris that
could otherwise interfere with the adhesion assay. Utmost care should be taken not to
disturb the monolayer, as gradients established in subsequent steps could be greatly
compromised should areas of the monolayer be disrupted. This step is particularly
important if inflammatory cytokines or other compounds have been added to alter the
permeability/activation status of the monolayers, as these compounds could have effects
on the added leukocytes.

5. While the addition of the leukocytes to the monolayer can be done quickly, the steps
required to later remove non-adherent cells and fix the monolayer require much more
time. Two minutes is an estimate of the time later required to wash the monolayer at the
four lateral walls and add fixative, but will depend on the investigator and should be deter-
mined by trial runs. If performing experiments on 20 transwells for a 1 h adhesion assay,
on the first few inserts it may matter less to be off by a minute or two, but by the time one
reaches the 20th insert, leukocytes here may have been adherent for up to an extra hour,
thus substantially affecting the timing of the assay.

6. Endogenous peroxidase activity should be blocked during immunocytochemistry if an
HRP-linked secondary antibody is to be used for immunostaining. The standard 3% solu-
tion of H2O2 in methanol is very effective. Exercise caution and wear gloves when hand-
ing 30% H2O2, which is caustic and causes burns.

7. Antibodies to surface markers on leukocytes can be general or specific, depending on the
assay. An antibody to CD45, a pan-leukocyte marker, will stain all leukocytes but could be
substituted for markers to stain T-cells alone (CD3), CD4 or CD8 T-cell subsets, B cells, or
monocytes/macrophages. These can be purchased unlabeled, labeled, or linked to an enzyme
such as HRP. Use of the former will require the additional step of a secondary antibody, such
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as goat anti-mouse antibody, which would have to be labeled or linked to an enzyme. This
decision should be made after consideration of both time and cost. Labeled antibodies require
30–45 min incubation, and after washing one can proceed directly to the reagent/develop-
ment step. The use of a primary and secondary antibody can take longer, but also allows for
amplification of the overall staining intensity because several enzyme-linked secondary anti-
bodies can typically bind to a single antigen-bound primary antibody. Most importantly, the
antibody of choice must be suitable for immunohistochemistry, particularly on
acetone/ethanol fixed tissues. While it is true that antibodies to fresh or ethanol/acetone fixed
tissues are typically more readily available than are those to formalin-fixed antigens, it is
important to obtain such information if available from the manufacturer. Finally, the anti-
body concentration is often recommended by the manufacturer, but will have to be titrated
to maximize the signal-to-noise ratio with proper negative and positive controls.

8. Hematoxylin is used as a counterstain to stain the nuclei of the endothelial cells and lym-
phocytes. This is particularly important in order to ensure that the integrity of the mono-
layer has been maintained throughout the assay period. Different batches of hematoxylin
can result in different staining intensities, so try to use a single batch for staining consec-
utive experiments. The collagen membranes themselves do not take up color even after
40 s of staining, however different types of membranes with different coatings would have
to be pre-tested.

9. Proper preservation of the monolayers is important for effective enumeration, analysis, and
photography. It is strongly recommended to quantitate and photographically archive the
leukocyte adhesion to HBMEC monolayers as rapidly as possible. While a non-aqueous
mounting medium as applied here can be very effective following dehydration, the proper
mounting medium is typically dictated by the immunostain employed. For binary substrates
more typical of immunohistochemistry, aqueous based or non-aqueous mounting media
can be used but should be tested experimentally with each different immunostain. Be cer-
tain that no air bubbles are introduced when adding the mounting medium. Carefully angle
the cover slip, contacting the media at one edge of the slide, and lower it such that surface
tension pulls the mounting media across the monolayer in an even front, until it finally rests,
without the introduction of air bubbles. If bubbles are present, one can try immediately to
tap them out, however this is often ineffective and it is usually best to discard the original
coverslip and start with a new one.

10. The initial steps of the adhesion and migration assays are identical, and differ for the most
part only in the length of the incubation time. Typically, lymphocyte adhesion to EC mono-
layers occurs between 30 min and 1 h, whereas the process of migration requires 3–4 h
(5). However, the type of leukocyte, its activation state, the permeability/activation status
of the monolayer, or the presence of chemoattractants can all serve to expedite or decrease
the rates of leukocyte adhesion and migration.

11. 3 mL of peripheral vein blood yields 6 × 106 PMN on average. However, this will vary with
the individual and the laboratory and is best determined with a few trial runs before the
actual experiment. It is critical for both the blood and the Lympholyte-poly to be at room
temperature, and to mix the contents of the Lympholyte-poly bottle thoroughly before use.
Otherwise, the viscosity of the Lympholyte-poly will be altered and the cells will not suc-
cessfully separate. This is a good time to start blocking the HBMEC with adhesion/migra-
tion blocking reagents if they are being used (see Subheading 3.6. for more detail). DAB
is a carcinogen. Use in a fume hood with care. For the disposal of DAB, refer to chapter
21 (see Subheading 5.8.).

12. Fixatives, especially OsO4, are toxic. Preferably, place cells with fixative in a well-sealed
dessicator before removing from fume hood to the fridge.
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Development and Characterization of Immortalized
Cerebral Endothelial Cell Lines

Pierre-Olivier Couraud, John Greenwood, Françoise Roux,
and Pete Adamson

1. Introduction
Several groups have reported the isolation and in vitro pharmacological characteri-

zation of brain microvessel endothelial cells (BMECs) of various origins: bovine,
porcine, murine, or human (1–3). Brain capillaries are almost completely ensheathed
by astrocyte processes, which are believed to provide the cerebral endothelium with spe-
cific stimuli responsible for the development and maintenance of the blood–brain bar-
rier (BBB) phenotype (4). Considering that the absence of such environmental stimuli
might prevent BMECs from retaining in culture the fully differentiated phenotype of
the BBB found in vivo, some investigators have proposed a co-culture system where
BMECs are grown in the presence of primary astrocytes or astrocyte-conditioned
medium. In these experimental conditions, in vitro models of the BBB, essentially based
on bovine or porcine BMECs, have been both proposed and validated (5,6). However,
a number of drawbacks still limit the extensive use of these models in basic research
and in drug-screening processes: 1) their use is time consuming and needs a consider-
able know-how which may hamper their routine use in nonexpert laboratories, 2) most
available models are based on bovine or porcine BMECs, which may constitute a seri-
ous limitation for immunological studies or for studies with species-specific bacterial
pathogens like Neisseria meningitidis or viruses like HIV and HTLV-I, and 3) BMECs
rapidly de-differentiate in vitro, losing the characteristics of BBB endothelial cells
after a few passages in culture, which limits their use for biochemical or pharmaco-
logical studies. In order to address these drawbacks, numerous efforts have been made
over many years to establish continuous, immortalized cell lines with the capacity to
retain in culture a stable phenotype reminiscent of BBB endothelium in vivo. The pro-
duction and characterization of the rat RBE4 (7) and GP8/3.9 (8) cell lines will be used
to illustrate the methods utilized for the immortalization of brain endothelial cell lines
as a model for cerebral endothelium and as a tool for studying BBB biology.
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2. Materials
2.1. Immortalizing Constructs and Viral Vectors

1. G418 (Geneticin™, Gibco-BRL France, Cergy Pontoise, France).
2. QiaPrep (Qiagen, Courtaboeuf, France) for DNA preparation.
3. The producer packaging cell line SVU19.5 was a gift from P.S. Jat, Ludwig Institute,

London, UK.
4. Replication deficient SV40 retroviral vector (pZipSV40-large-T-Ag) particles are col-

lected from the supernatant by fitration through a 0.45-µm filter. Retroviral particles are
stored frozen at –80°C until used.

2.2. Primary Cultures of Rat Brain Endothelial Cells

1. Brains are harvested from 300 g female Lewis rats.
2. Collagenase/Dispase Solution (Boehringer, Gagny, France).
3. Bovine serum albumin (25%) solution (First Link Ltd, West Midlands, UK).
4. Percoll (Amersham-Pharmacia Biotech, Les Ulis, France).
5. Plasma derived bovine serum (First Link).
6. Cell culture dishes and multi-well plates (Costar, New York, NY).
7. Rat tail Type-1 Collagen (Becton Dickinson/Clontech, Palo Alto, CA).
8. Type 1 collagen from calf skin (Sigma, St Louis, MO).
9. Culture Media:

a. α-Medium/Ham’s F10 (1�1) containing 16% plasma-derived bovine serum, 2 mM
glutamine, 80 µg/mL heparin (First Link), 50 µg/mL gentamycin, 75 µg/mL endothe-
lial cell growth supplement (First Link).

b. α-Medium/Ham’s F10 (1�1) (Gibco-BRL), supplemented with 10% fetal calf serum
(Gibco-BRL), and 1 ng/mL b-FGF (Boehringer).

2.3. Transduction of the Immortalizing Gene

1. Calcium phosphate precipitation (see Note 1).
2. Polybrene (Sigma).

2.4. Selection, Cloning, and Phenotypic Characterization 
of the Immortalized Cell Lines

1. Antibodies for immunohistochemistry:
a. Von Willebrandt factor used at 1�100 (Dako Diagnostics, Trappes, France).
b. PECAM-1/3A12 (Becton Dickinson/Clontech) used as 1�2 dilution of hybridoma super-

natant).
c. VE-cadherin (Research Diagnostics, Flanders, NJ, USA) used at 0.5 µg/mL).
d. α- and β-catenin (Transduction Laboratories, Lexington, KY) used at 1�1000 and

1�4000 respectively.
e. ICAM-1/1A29 (Caltag, Burlingame, CA).
f. VCAM-1/5F10 used at 1 µg/mL, was a gift from R. Lobb (Biogen, Research Triangle

Park, NC).
g. FITC-conjugated secondary antibodies (Jackson Immunoresearch, West Grove, PA).

2. Fluorescent molecules:
a. FITC-labeled lectins Bandereia simplicifolia and Ulex Europaeus Agglutinin (Sigma).
b. DiI-labeled acetylated LDL (Biogenesis, UK).
c. TRITC-conjugated phalloidin (Sigma).
d. FITC-labeled dextrans (Sigma).
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3. Confocal microscope: MCR.1000 (Bio-Rad, Hercules, CA).
4. Transferrin receptor (Transduction Laboratories).
5. P-glycoprotein (Pgp) (Becton Dickinson/Clontech).
6. Cell culture inserts: Transwell-Clear™ (polyester, 12-mm diameter, pore size 0.4 µm,

Costar, Brumath, France).
7. Fluorescence multi-well plate reader (Wallac Victor™ 1420).
8. [3H]vinblastine (Amersham Pharmacia Biotech).
9. Pico Fluor (Packard 1990TR, Packard, France).

10. Phase-contrast inverted microscope housed in a temperature controlled (37°C), 5% CO2

gassed chamber (Zeiss, Herts, UK).

3. Methods
The methods described here outline 1) the construction of the immortalizing plas-

mid and viral vector, 2) the production of primary cultures of rat brain endothelial cells,
3) the transduction of the cell culture with the immortalizing sequence using naked DNA
or retroviral infection approaches, and 4) the isolation and characterization of the
immortalized cell lines.

3.1. Immortalizing Constructs and Viral Vectors

3.1.1. pE1A/Neo Vector

The plasmid pE1A/neo (Fig. 1) carries the E1A region of Adenovirus 2 and the
neomycin-resistance gene for selection by resistance to G418 (7). The plasmid was con-
structed by insertion of an EcoRI/Pst I 1830 bp fragment containing the entire E1A tran-
scription unit (including enhancer sequences) within EcoRI (0) and Bam H1 (4978) sites
of pSV2neo, which carries the neo gene for resistance to the aminoglycoside antibiotic
G418.

3.1.2. SV40 Large T-Vector

A replication deficient SV40 retroviral vector (pZipSV40-large-T-Ag) was trans-
fected into a fibroblast retroviral packaging cell line to create a producer cell line
(SVU19.5). This packaging cell line contains a packaging defective mouse moloney
leukemia provirus which complements deficiencies in the SV40 retroviral vector (9)
(see Note 2).

3.2. Primary Cultures of Rat Brain Endothelial Cells

1. Lewis rat cortical grey matter free of meninges was incubated in 0.1% collagenase/dispase
solution for 1 h.

2. The homogenate was then centrifuged in 25% bovine serum albumin for removal of myelin
and the capillary fraction was incubated for a further 2 h in the collagenase/dispase solu-
tion to remove the capillary basement membrane.

3. Finally the capillaries were purified by density-dependent centrifugation on a 50% isotonic
Percoll gradient.

4. Microvessels were harvested, washed in growth media and then plated out on extracellu-
lar matrix-coated dishes in α-Medium/Ham’s F10 (1�1) (see Subheading 2.2., step 9).

5. Cultures were maintained in humidified 5% CO2/95% air at 37°C. After a few days,
endothelial cell colonies were identified according to their characteristic morphology of
fusiform cells, well apposed to each other. Contaminating surrounding cells such as peri-
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cytes and fibroblasts were removed under the microscope with a modified glass pasteur
pipet.

6. Thus primary cultures of rat brain endothelial cells were estimated to be close to 100%
pure by morphological criteria (see Note 3).

7. Cells were seeded at 104 cells/cm2 onto Type I collagen-coated dishes, in α-Medium/Ham’s
F10 (1�1), (see step 9b in Subheading 2.2.) and incubated for 3 d in a 37°C, 5% CO2

humidified incubator, until confluence (see Note 4).

3.3. Transduction of the Immortalizing Gene

A flow diagram of the immortalization process is summarized in Fig. 2.

3.3.1. Transfection of Rat Brain Endothelial Cells with pE1A/Neo

Cultures of rat brain endothelial cells were transfected after two passages by the cal-
cium phosphate precipitation procedure with the plasmid pE1A/neo. After transfection,
cells were grown in the selective medium containing 300 µg/mL G418. Only a few
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Fig. 1. The immortalizing plasmid pE1A/neo. The plasmid pE1A/neo carries the E1A region
of Adenovirus 2 and the neomycin-resistance gene for selection by resistance to the aminogly-
coside antibiotic G418.



clones developed (1–3 per 60-mm dish), corresponding to a frequency of appearance
of 1–3 × 10–5.

3.3.2. Infection of Rat Brain Endothelial Cells with the SV40 Large T-Vector

1. Supernatant-containing retroviral particles were harvested from the producer cell line
SVU19.5 following conditioning of media for 3 d.

2. The supernatant was passed through a 0.45-µm filter to remove contaminating fibroblasts.
3. The retroviral supernatant was diluted 1�10 with fresh growth media containing 8 µg/mL

of polybrene and added to primary cultures of cerebral endothelial cells and incubated for
4 h at 37°C with gentle agitation.

4. Infection media was removed and 5 mL of fresh growth media added. Virally infected cells
were cultured for 48 h prior to selection in 200 µg/mL G418. The GP8 parent cell line was
isolated through selection in G418 (see Note 1).

3.4. Selection, Cloning, and Phenotypic Characterization 
of the Immortalized Cell Lines

Growing clones of RBE4 cells or GP8 cells, termed parent cell lines were individu-
ally picked using cloning cylinders. Southern blot hybridization using a SmaI-SacI 764
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Fig. 2. Flow diagram of the immortalization procedure. The diagram presents the successive
steps used for the production of the immortalized rat brain endothelial cells RBE4 and GP8/3.9
cells, respectively by transfection with the plasmid pE1A/neo and by infection with the repli-
cation deficient retroviral vector pZipSV40-large-T-Ag.



bp E1A fragment or a BamH1 2.5 Kb fragment of pZipSV40-large-T-Ag indicated that
the immortalizing SV40 large T-gene was stably integrated into the GP8cell genome
(Fig. 3). Conversely, integration of the E1A sequence in the genome of RBE4 cells was
demonstrated by Southern blot hybridization (7).

The parental GP8 cell line was seeded at a cell density of 0.33 cells per well to gen-
erate clonal isolates, in particular the clonal GP8/3.9 cell line that was expanded and
further studied. More recently, the GPNT cell line was derived from the parental GP8
cell line by lipofectin-mediated transfection with a vector containing the puromycin
resistance gene, followed by puromycin selection and cloning (10).

3.4.1. Expression of Endothelial Markers

1. The immortalized RBE4, GP8/3.9, and GPNT cell lines exhibit a nontransformed pheno-
type, on the basis of the following observations:
a. They form regular contact-inhibited monolayers of cells (Fig. 4).
b. Their proliferation is highly dependent on the presence of appropriate cell substrate,

serum components, and growth factors.
c. They do not form foci of multilayered cells, nor do they proliferate in soft agar.
d. They do not form tumors in athymic Nude mice following subcutaneous or intrathecal

injections (7,11).
2. Confluent monolayers of immortalized BMECs are expected to retain a whole set of

endothelial markers that can be detected by immunostaining (when species cross-reactive
antibodies are available) as follows:
a. Cells were fixed in 4% paraformaldehyde made up in PBS containing 0.5 mM CaCl2

and 0.5 mM MgSO4.
b. After 15 min incubation at room temperature, the cells were washed and then perme-

abilized by incubation for 10 min with 0.5% Triton X 100 in PBS.
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Fig. 3. Integration of the immortalizing SV40 large T-gene into the GP8 cell genome. Southern
blot hybridization of GP8/3.9 and RBE4 cell DNA (10 µg), following Xba I or Bam H1 restric-
tion. A BamH1 2.5 kbp fragment of pZipSV40-large-T-Ag was used as a probe. RBE4 cells are
negative controls. Molecular weight markers are indicated on the right side.



c. After washing, the cells were blocked by incubation 30 min in PBS containing 3% bovine
serum albumin (BSA) plus 0.1 M lysine, pH 7.4 and incubated with primary antibody
in PBS containing 0.3% BSA for either 2 h at room temperature or overnight at 4°C.

d. After washing, the cells were then incubated for 30–60 min at room temperature
with appropriate FITC- or TRITC-conjugated secondary antibody in PBS containing
0.3% BSA.

e. After subsequent washing steps, the slides were mounted and analyzed with a fluores-
cence or confocal microscope.

3. RBE4 and GP8 cells constitutively express von Willebrandt factor, the cellular junction pro-
teins PECAM-1 (CD31), VE-cadherin (cadherin-5), α- and β-catenins, they show uptake
of acetylated low density lipoprotein, and they express membrane binding sites specific
for the lectins Griffonia simplicifolia and Ulex Europaeus Agglutinin (Fig. 5).

4. Upon treatment by inflammatory cytokines (TNF-α + IFN-γ) RBE4 and GP8/3.9 cells
express the adhesion molecule VCAM-1.

5. In addition, these cells retain the capacity to release endothelin-1 and other vasoactive sub-
stances and to express a wide variety of hormone receptors known to be present on endothe-
lial cells (12–15).

3.4.2. Expression of BBB Markers

Expression of multiple BBB markers has been observed in RBE4 and GP8/3.9 cells:

1. Expression of transferrin receptors can be detected by immunostaining.
2. The expression of the drug-transporting p-glycoprotein (Pgp) was detected exclusively at

the luminal membrane of rat brain endothelial cells (16), whereas it has also been local-
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Fig. 4. Phase-contrast microscopy of RBE4 and GP8 cells compared with primary rat brain
endothelial cells. Primary rat brain endothelial cells (A), RBE4 cells (B), and GP8 cells (C),
with an endothelial characteristic morphology, form regular contact-inhibited monolayers.



ized to astrocyte foot processes in human brain capillaries (17). Indeed, Pgp expression
can be documented by functional assays of [3H]vinblastine uptake in (or efflux out of) rat
brain endothelial cells (10) as follows:
a. Cellular uptake of the radiolabeled Pgp substrate [3H]vinblastine was measured with

endothelial cells grown to confluence in 24-multiwell plates for 5 d.
b. On the day of experiment, cells were washed three times with ice-cold PBS and

preincubated for 30 min at 37°C in a shaking water bath with culture medium with or
without the following Pgp inhibitors: verapamil (10 µM), CsA (10 µM), chlorpro-
mazine (10 µM).

c. [3H]vinblastine (10 nM) was then added for 60 min to the medium.
d. The 24-multiwell plates were shaken during both preincubation and incubation periods

to reduce the effect of the aqueous boundary layer on drug accumulation.
e. The reaction was stopped by rapidly removing the medium.
f. Thereafter, cells were washed three times with ice-cold PBS to eliminate the extracel-

lular drug and lysed with 500 µL 0.1 M NaOH.
g. The amount of radio-labeled drug retained in the cells was counted in Pico Fluor by

β-scintillation spectrometry.
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Fig. 5. Phenotypic characterization of GP8/3.9 and GPNT cells. Immunostaining of inter-
cellular junction proteins expressed by GP8/3.9 cells. (A) ZO-1, (B) p100/120.



h. An aliquot of cell lysate was used in parallel to determine cellular protein
concentration.

i. Intracellular vinblastine concentration was expressed in pmol/mg protein.
3. Semi-permeable tissue culture filter inserts (Transwell inserts) can be used for transcellular

electrical resistance (TEER) measurements, performed using an Endohm
apparatus (World Precision Instruments) (6,18). Resistance values are expressed in
ohm-cm2 (Ω.cm2), following subtraction of the resistance of a cell-free filter (see Note 5).

4. Cells grown on Transwell inserts can be used to measure the paracellular flux of
diffusible markers through an endothelial monolayer. This is performed with radioactive
tracers such as [3H]inuline or [14C]sucrose or fluorescent dextran polymers of increasing
sizes (4–250 kDa).
a. The permeability of cell monolayers on Transwell-Clear™ was measured using FITC-

labelled dextran 70 kDa (2 mg/mL) in DMEM (without phenol red) containing 0.1%
BSA and 10 mM HEPES that was added to the upper chamber of inserts with conflu-
ent monolayers of BMECs.

b. The inserts were transferred sequentially at 5- or 10-min intervals from well to well of
a tissue culture plate containing the same volume of medium.
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Fig. 5. (continued) (C) β-catenin, (D) PECAM-1. Characterization of the endothelial
phenotype of GPNT cells.



c. Fluorescence that passed through the inserts at each time point was determined using a
fluorescence multi-well plate reader and the cleared volume plotted vs time (19).

d. As illustrated in Fig. 6, GPNT cells displayed limited permeability coefficients for
4–150 kDa FITC-labeled dextrans, which were further decreased by dexamethasone
treatment.

Although RBE4, GP8/3.9 or GPNT cell lines display a restricted permeability to pro-
teins, permeability of smaller molecules (lower than 10 kDa) remains much higher and
TEER values much lower than expected from BBB restricted permeability. Altogether,
our data indicate that these cell lines can be considered as valuable models for cerebral
endothelium; however, the development of BBB permeability models based on these
cell lines might require more sophisticated setups, like those proposed for primary
BMECs (5,6,16).

3.4.3. Characterization of Lymphocyte Migration 
Through Brain Endothelial Cell Lines

1. RBE4, GP8/3.9, or GPNT cells, seeded at a density of 104 cells/cm2, grow to confluence
after 3–4 d in culture.
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Fig. 5. (continued) (E) uptake of acetylated-LDL, (F) expression of von-Willebrandt
factor. (A–D: ×63; E: ×20; F: ×100).



2. Cell monolayers are then incubated with serum- and bFGF-free culture medium
in the absence or presence of 100 U/mL IFNγ, for 48 h, to induce adhesion molecule
expression.

3. The ability of immortalized endothelial cells grown to confluence in 96-well plates to sup-
port the transendothelial migration of antigen specific rat T-lymphocytes (2 × 104 cells/well)
can be assessed over a 4 h migration period.

4. To evaluate the level of migration, co-cultures are placed on the stage of a phase-contrast
inverted microscope housed in a temperature controlled (37°C), 5% CO2 gassed chamber.
A 200 × 200-µm field is randomly chosen and recorded for 10 min spanning the 4-h time
point using a camera linked to a time-lapse video recorder.

5. Recordings replayed at ×160 normal speed enable lymphocytes which have either adhered
to the surface of the monolayer or have migrated through the monolayer to be identified
and counted.

6. Lymphocytes on the surface of the monolayer can be readily identified by their highly
refractive morphology (phase-bright) and rounded or partially spread appearance.

7. In contrast, cells that have migrated through the monolayer are phase-dark, highly attenu-
ated and are seen to probe under the endothelial cells in a distinctive manner.

8. Data is expressed as the percentage of total lymphocytes within a field that have migrated
through the monolayer. All other data is expressed as a percentage of the control migra-
tions (20).
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Fig. 6. Regulation of GPNT monolayer permeability. Permeability coefficients (Pe) for [14C]
sucrose, fluorescein and 4–150 kDa FITC-labelled dextrans (FD4–FD150) through GPNT cell
monolayers. The Pe of the endothelial monolayer was calculated from the slopes of the curves
for cleared volume versus time. All values are expressed as means ± SEM. GPNT cells treated
with 1 M dexamethasone from seeding led to a decrease in transmonolayer permeability to
sucrose and fluorescein (*p < 0.001) and FD4 and FD20 dextrans (**p < 0.01). Data are from
four to five experiments with duplicate or triplicate filters.



3.5. Application

1. Using this approach, we were able to confirm that T-lymphocyte migration is
significantly prevented in the presence of antibodies to the endothelial surface adhesion
molecule ICAM-1, whereas adhesion was not affected (Fig. 7).

2. Moreover, pretreatment of endothelial cells with actin cytoskeleton inhibitors, under the
control of the GTP-binding protein Rho (21), as well as by intracellular calcium chelators
(22) also prevented T-lymphocyte migration through RBE4 and GP8 cell monolayers.

3. These data contribute to a better knowledge of the molecular mechanisms controlling the
infiltration of activated T-lymphocytes through brain endothelium, as observed in inflam-
matory diseases of the central nervous system, such as Multiple Sclerosis.

4. Notes
1. With the rapid development of viral and chemical vectors for gene delivery in vitro and in

vivo, multiple methods can now be utilized in the transduction of genes of interest, includ-
ing immortalizing genes, into endothelial cells. Chemical vectors such as FuGene (Roche)
or a number of other lipid or liposome mediated transfection methods have been success-
fully used for stable expression of transgenes in rat brain endothelial cells, including the
parent cell line RBE4 (31,32). HIV-based lentiviral vectors that can transduce non-
dividing cells are now available and have been used for the immortalization of human
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Fig. 7. Adhesion of human peripheral blood lymphocytes to and migration of antigen spe-
cific CD4+ T-lymphocytes through GPNT endothelial cell monolayers. Peripheral blood lym-
phocyte adhesion (hatched bars) and transendothelial migration of T-cells (solid bars) to and
through GPNT monolayers in the absence and presence of anti-ICAM-1 monoclonal antibod-
ies. Adhesion was measured after 90 min of co-culture and migration was assessed using time
lapse video microscopy after 4 h of co-culture. Data is expressed as mean ± SEM from at min-
imum of six observations (migration) and nine independent observations (adhesion).



endothelial cells (28,30). It is important, for safety reasons, that cells that were immortal-
ized using a retroviral vector are found to be incapable of producing retroviral particles.
This possibility could arise because of the presence of pre-existing helper viruses within
the cerebral endothelial cells which may complement retroviral mutations in the vector in
an identical way to that used in producer cell lines such as SVU19.5. Therefore, supernatants
from immortalized cerebral endothelial cell clones are used to infect an indicator cell line,
such as Swiss 3T6 fibroblasts. The lack of G418-resistant 3T6 cells indicates the absence
of retroviral particles in the supernatant.

2. Mouse brain endothelial cell lines have been reported, which maintain an endothelial
phenotype (i.e., the MBEC4 cell line) (23) or exhibit a fully transformed phenotype, asso-
ciated with tumorigenic potential, like the bEnd3 and bEnd4 cell lines, transformed by poly-
oma middle T-oncogene (24). Also, human non-brain endothelial cell lines have been
efficiently established, most of them on expression of the SV40-large-T-antigen (25,26).

Senescence naturally limits the proliferation of mammalian cells in culture, by short-
ening the telomere regions of chromosomes during cell division. Expression of the catalytic
subunit of human telomerase (hTERT) has been shown to prevent telomere shortening and
has been recently proposed as an alternative strategy for the extension of lifespan and in
some cases immortalization of various cell types (27). Immortalization of endothelial cells
of different organs and species, including human endothelial cells, was observed either
following hTERT transduction or concomitant transduction of cells with hTERT and SV40-
large-T-antigen (28–30). To our knowledge, none of the human brain endothelial cell lines
produced thus far retain a stable and fully differentiated phenotype.

3. Alternatively, rat cortical grey matter free of meninges can be incubated in 0.1% collage-
nase/dispase solution for 2 h followed by density-dependent centrifugation on a 25% BSA
solution. The pellet is resuspended in oxygen-saturated physiologic buffer (PB) (147 mM
NaCl, 4 mM KCl, 3 mM CaCl2, 1.2 mM MgCl2, 5 mM glucose, 15 mM HEPES, pH 7.4
and 1% (wt/vol) BSA) and then passed through a 1.2 × 1.5-cm column containing
0.25-mm washed glass beads. The isolated capillaries remain attached to the beads and are
collected by repeated gentle agitation in PB and decantation. The final pellet is resuspended
and washed several times in PB without BSA. An aliquot is taken for protein measurement.

4. Several groups have reported the detailed experimental methods for in vitro culture of brain
microvascular endothelial cells of various origins such as bovine, porcine, murine, or
human (1–3). The cells are grown in the presence of serum and exogenous endothelial cell
growth supplements or fibroblast growth factor-2 or bFGF. Cultured cells usually reach con-
fluence at one week and form a tight monolayer on approx d 10, before undergoing senes-
cence and de-differentiation after approx 2 wk in culture or following limited passaging.
The purity of the endothelial culture can be assessed by identifying contaminating peri-
cytes or astrocytes, using antibodies against smooth muscle actin or glial fibrillary acidic
protein (GFAP), respectively.

5. In an attempt to reconstitute in vitro the functional relationship between brain endothelial
cells and astrocytes observed in vivo at the BBB, brain microvascular endothelial cells can
be co-cultured with primary cultures of astrocytes, usually of rat or porcine origin. In one
setup, both cell types are grown on the two opposite sides of a semi-permeable filter of
culture inserts (Transwell). Alternatively, astrocytes are grown in the bottom chamber of
the Transwell with the brain endothelial cells grown on the filter. In the former setup, direct
contact between endothelial cells and astrocyte processes are made through the pores of
the filter while, in the latter setup, only astrocyte-secreted factors can freely diffuse in the
culture medium and through the pores to reach the endothelial cells. It has been shown that
astrocyte co-culture or conditioned medium largely improve the in vitro BBB model, in
regard to structural, metabolic, and permeability characteristics. In these experimental
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conditions, in vitro models of BBB, based on bovine or porcine endothelial cells (5,6,18),
have been proposed and validated: (i) they display high transendothelial electrical resis-
tance (500–1000 Ω.cm2), whereas the electrical resistance of endothelial cells alone is gen-
erally lower than 200 Ω.cm2); (ii) endothelial cells are highly polarised regarding the
expression of receptors and transporters, and (iii) the pattern of permeability for a large
number of standard molecules, over a wide range of hydrophilicity, is well correlated with
the brain bio-availability of the same molecules measured in vivo.
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Isolation and Characterization 
of Retinal Endothelial Cells

David A. Antonetti and Ellen B. Wolpert

1. Introduction
Primary vascular endothelial cell cultures provide powerful systems to investigate the

molecular architecture and regulation of the blood–brain and blood–retinal barriers.
Most investigators agree that in vitro models of endothelial cells alone do not completely
recapitulate the strong resistance barrier achieved in vivo by the blood vessels in these
neural tissues. However, in vitro models provide a number of advantages that make this
a highly useful system to study the transport of molecules across an endothelial mono-
layer. First, the system is highly defined; the investigator has control over the cell types
that are present as well as the timing and degree of the perturbation applied to the system.
Thus, the direct effect of a hormone or physical stress on endothelial cell transport prop-
erties can be determined and highly precise measures for time course and dose response
can be made. Second, precise rate measures can be made and compared between dif-
ferent molecules. The effect of size and charge on solute transport rate may be deter-
mined and the rate of water, ion, and solute flux can be directly compared. Also, with
the appropriate system, real-time measures of changes in transport rate after a specific
perturbation may be characterized. Third, in vitro systems allow a means to rapidly dis-
sect the molecular mechanisms employed to regulate endothelial cell barrier properties.
Through the use of specific cell-signaling inhibitors, neutralizing antibodies, and trans-
fection experiments an investigator can readily move to an understanding of the molec-
ular mechanisms employed in endothelial cells to develop, maintain, and regulate the
blood–brain and blood–retinal barrier. In combination with in vivo studies, cell culture
models continue to provide an important research tool in the arsenal of the investigator.

The blood–brain and blood–retinal barriers are not absolute barriers; rather they form
highly selective partitions between the neural tissue and the blood. This partition is nec-
essary to allow proper glial–neuronal interaction, to maintain the specific neural envi-
ronment necessary for nerve conduction, and to maintain tight regulation of the
neurotransmitter concentration in the neural tissue, particularly amino acid neuro-
transmitters such as glutamate. Transport of molecules across the blood–brain and
blood–retinal barriers may occur through two basic routes: either through the endothe-
lial cells, i.e., transcellular transport, or between endothelial cells, i.e., paracellular trans-
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port. The transcellular route may be further subdivided into specific mechanisms that
include channels, transporters, and general or specific vesicle transport. For example,
specific glucose transporters allow the flux of this metabolite across the endothelium
to the neural tissue, or receptor-mediated vesicular transport may ferry iron across the
endothelium. Finally, fenestrated endothelium or the thinning of the endothelium to the
point where the apical and basolateral membranes appear to touch may be points of spe-
cific transport. However, there are very few vesicles or fenestrae observed in the vas-
culature making up the blood–retinal barrier (1).

The junctional complex controls paracellular flux across the blood–brain and
blood–retinal barriers. The junctional complex is composed of adherens junctions, tight
junctions, and desmosomes to varying degrees depending on the tissue type. The
blood–brain and blood–retinal barriers have a high degree of tight junctions as observed
by electron microscopy (2–4). Tight junctions regulate paracellular flux to the neural
tissue and define the apical and basolateral plasma membranes of the endothelial cells,
allowing directional flow of molecules across the transcellular route. Recent reports
reveal that tight junctions are not uniform between all tissue types and may allow vary-
ing rates of molecular transport depending on the composition of the tight junction.
Specifically, tight junctions consist of at least three types of transmembrane proteins—
occludin, JAM, and claudins—and each possess various isoforms (reviewed in (5) and
(6)). The claudins have the greatest known diversity and are composed of at least 22
different genes (7). Expression of different claudins appears to confer specific barrier
properties (8,9).

Finally, a number of reports reveal a distinction between ion flux and solute flux
across a cell monolayer (10,11). When occludin is over-expressed in MDCK cells, ion
flux decreases and the paracellular flux of dextran increases by 200% (12). Therefore,
measures of specific molecular transport cannot be extrapolated to general statements
regarding barrier integrity. However, by assessing the transport rate of a variety of dif-
ferent molecules the investigator may ascertain a broader scope of the barrier proper-
ties of an endothelial monolayer and the effect of specific perturbations on these barrier
properties.

Bovine retinal endothelial cells (BREC) provide a powerful in vitro model for the
study of the blood–retinal barrier properties. Obtaining a culture of homogeneous,
high-yielding primary cells is essential for the success of subsequent experiments.
Consistency and reproducibility of results depend on the quality of the endothelial cell
monolayer formed in culture. Retinal pericyte or other cell type contamination may alter
metabolic, proliferative, and transport properties of the endothelial cells.

This chapter will provide detailed procedures to isolate and grow in culture, primary
BREC as a model for the blood–retinal barrier. In addition, the measures of flux for
both ions and solute as a means to assess retinal endothelial barrier properties in vitro
will be described.

2. Materials
2.1. BREC Cultures

1. Culture flasks, 25 cm2 and 75 cm2 (Corning).
2. Bottle top filter, cellulose acetate, 0.22 µm (Corning).
3. Conical tube, 50 mL (Falcon).

366 Antonetti and Wolpert



4. Calcium and magnesium free Hank’s balanced salt solution (HBSS): 5 mM KCl, 0.3 mM
KH2PO4, 138 mM NaCl, 4.0 mM NaHCO3, 0.3 mM Na2HPO4, pH 7.4.

5. L-Glutamine 200 mM (X100).
6. 0.5% Trypsin containing 5.3 mM EDTA.
7. 10% providone-Iodine solution.
8. Supplemented MCDB-131 media (Sigma): 10% fetal calf serum (HyClone), 10 ng/mL epi-

dermal growth factor (Sigma), 0.2 mg/mL EndoGro (VEC Technologies, Inc.), 0.09 mg/mL
heparin (Fisher), and 0.01 mL/mL antibiotic/antimycotic (Life Technologies).

9. Modified Eagle’s Medium D-Valine (MEM D-Val) (Sigma).
10. MEM D-Valine with 30 mM HEPES buffer, pH 7.4.
11. Enzyme cocktail: 10 mL of Ca++, Mg++-free HBSS, 500 µg/mL Type I Collagenase

(Worthington, see Note 1), and 200 µg/mL DNase 1 (Worthington). This solution is made
fresh at each isolation.

12. Standard Growth Medium: MEM D-Val, 20% fetal calf serum, 50 µg/mL of endothelial
cell growth supplement (ECGS) (Collaborative Biomedical Products), 16 U/mL heparin,
0.01 mL/mL MEM vitamins (Mediatech), 0.01 mL/mL glutamine (Life Technologies), and
0.02 mL/mL antibiotic/antimycotic.

13. Nylon meshes: 53, 85, and 185 µ (Small Parts, Inc.).
14. Fibronectin (Sigma), 0.1% solution (see Note 2).
15. Ca++, Mg++ free phosphate-buffered saline (PBS) (Fisher).
16. Porcelain Buchner funnel (Coors).
17. Con-Torque tissue homogenizer (Eberbach).
18. Microspatula (Fisher).
19. Speci-Mix mixer (Thermolyne).
20. Potter-Elvehjem tissue grinder (Wheaton).

2.2. Transendothelial Electrical Resistance Measurements

1. Transwell filters, 0.4-µm pore size, clear polyester membrane (Costar).
2. Endohm tissue resistance measurement chamber and EVOM resistance meter (World

Precision Instruments).

2.3. Solute Flux Measurement

1. Transwell filters, 0.4-µm pore size, clear polyester membrane (Costar).
2. Microtest™ 96 well assay plate, optilux-plus™, black/clear bottom (Falcon).
3. Rhodamine B isothiocyante dextran (RITC Dex) at 70 kDa (Sigma).
4. Fluorescein isothiocyante bovine serum albumin (FITC-BSA) (Sigma).
5. Fluor Imager 595 (Molecular Dynamics, Sunnyvale, CA).

3. Methods
3.1. Isolation of Retinal Capillaries

The following protocol for BREC isolation and culture maintenance has been mod-
ified from the methods of Wong and associates (13), Laterra and Goldstein (14), and
Gardner (15).

Retinal capillaries are isolated from bovine eyes obtained from a local slaughter-
house. The capillary preparation is passed through a series of meshes and collagenase
treatment to remove associated cells. Media with D-Valine is used when first plating
the cells since endothelial cells have the isomerase to convert the D amino acid to its
L isoform while contaminating pericytes do not and are, therefore, selected out. All steps
are conducted under sterile conditions with gloves.
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1. Ten to twenty bovine whole eyes from recently slaughtered animals are transported on ice
from a local abattoir. The cell isolation procedure usually occurs up to 24 h post-mortem
(see Note 3).
a. The whole eyes are bathed in a 10% povidone-iodine solution for a minimum of 5 min.
b. With a sterile scalpel, a circumferential cut 5 mm posterior to the limbus is made to open

the eyeball for retina removal.
c. After the vitreous and lens are extracted, the retina is gently separated and cut from the

anterior portion of the eyeball using sterile tweezers.
2. The retinas are rinsed three times in ice-cold MEM D-Valine with HEPES buffer and

pooled in the same solution.
3. In a laminar flow hood, the retinas are washed with the same solution through a 185-micron

nylon mesh stretched over a sterile porcelain funnel placed on a vacuum flask to remove
retinal pigment epithelial cells. The retinal tissue is removed from the mesh and brought
to a volume of 30 mL with ice-cold MEM D-Val with HEPES.

4. Next, the retinal aliquot is homogenized on ice six times in a Teflon/glass Potter-Elvehjem
type tissue grinder with 0.25 mm clearance at 250 rpm.

5. The homogenate is centrifuged at 400g for 10 min at 4°C. After resuspending the pelleted
retinal tissue in 10 mL of 4°C Ca2+, Mg2+-free PBS, the suspension is shaken or inverted
three to four times and kept on ice.

6. The isolated microvessel fragments are trapped on an 88-µ nylon mesh over a funnel as
described in step 3. The nylon mesh is then cut from the funnel and placed in a glass petri
dish. The microvessels are separated from the mesh by repeated rinses with Ca2+, Mg2+-
free PBS and transferred to a 50-mL conical tube. The microvessels are then pelleted at
400g at 4°C for 10 min.

7. The pelleted microvessels are resuspended in 10 mL of enzyme cocktail and incubated at
37°C on a rocker for 45–60 min to separate the pericytes (see Notes 4 and 5). The diges-
tion is halted when observation with a Nikon phase contrast microscope shows release of
the pericytes.

8. The vessel preparation is passed over a 53-µ nylon mesh without suction; the mesh is trans-
ferred to a 50-mL conical tube, and the vessel fragments are separated from the mesh by
washing with ice cold MEM D-Val.

9. This suspension is centrifuged at 400g for 5 min at 4°C, resuspended in 10 mL of MEM
D-Val, and centrifuged again. The resulting pellet is resuspended in 5 mL of the standard
growth medium consisting of MEM D-Val supplemented with 20% fetal calf serum,
50 µg/mL ECGS, 16 U/mL heparin, 0.01 mL/mL MEM vitamins, 0.01 mL/mL glutamine,
and 0.02 mL/mL antibiotic/antimycotic.

10. The vessel fragments are plated on a 25-cm2 tissue culture flask precoated with fibronectin
at 2 µg/cm2 (see Note 2) and are grown in a humidified incubator at 37°C with 95% CO2,
5% O2. The medium is removed and fresh medium is added 24 h following the plating.

3.2. BREC Cultures

1. Colonies of endothelial cells grow from the isolated microvessels after 5–7 d. They are
removed with 0.05% trypsin and reseeded onto a 75-cm2 tissue culture flask precoated with
1 µg/cm2 fibronectin. Endothelial cells do not reach confluence with the primary seeding
and should be split and reseeded when islands of endothelial cells arise, prior to the prolif-
eration of pericytes. The cells are repeatedly subcultured with 0.05% trypsin when approx-
imately 80% confluent and expanded for experimental use at a ratio of 1�3 (see Note 6).

2. At passage three, the cells in 10% DMSO are routinely frozen in liquid nitrogen for
storage purposes.

3. BREC are used experimentally at 6 to 10 passages after isolation.
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4. Retinal cells are cultured in supplemented MCDB-131 media. A more robust and consis-
tent cell growth occurs using this medium rather than the MEM D-Val media used in cell
isolation.

5. The cell culture should appear homogeneous with a cobblestone-like appearance as seen
in Fig. 1. Contaminating pericytes are much larger than endothelial cells and can cause areas
of endothelial cell death making useful transport studies impossible.

6. To verify that the culture contains only endothelial cells the preparations are grown on glass
coverslips and immunostained for the endothelial specific marker Von Willebrand factor.

3.3. Transendothelial Electrical Resistance Measurements

Transendothelial electrical resistance (TEER) is a measurement of ion flux across
the endothelial monolayer. This is a rapid and simple measure of barrier integrity.
Alterations to TEER most likely reflect changes in the junctional complex; however,
as discussed in the notes section, the lack of change in TEER does not, by itself, prove
that there are not alterations in paracellular transport (see Note 7).

1. The endothelial cells are grown to confluence on a porous transwell filter coated with
1 µg/cm2 fibronectin.

2. To measure resistance, the transwell filters are placed in an Endohm™ chamber, which con-
tains two concentric voltage-sensing electrodes, one at the top and one at the bottom. The
Endohm is connected to an EVOM resistance meter. Ion flux is determined by applying a
pulse of known amplitude across the endothelial monolayer and measuring the corre-
sponding transendothelial voltage deflection. Ohm’s law is then used to calculate resistance
across the cross sectional area which is expressed in ohms (Ω) × cm2. The investigator
should be sure to subtract the resistance of a blank, fibronectin-coated, transwell filter from
each sample tested.
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3.4. Solute Flux Measurement

Solute flux across endothelial monolayers is determined by placing labeled sugars
or proteins on the apical side of the monolayer and determining accumulation in the
basolateral chamber over time. The choice of solute may reflect very different features
of the endothelial barrier; dextran, for example, is often used since there are no known
cell receptors for dextran that may contribute a specific transport mechanism. Also, one
should be aware of the size, shape (globular or linear), and hydrophobicity of the chosen
solutes (see Note 8).

Endothelial cells are grown to confluence on transwell filters. After the cells have
grown to confluence, an additional 2–4 d is necessary to allow formation of a tight bar-
rier. This may vary depending on the cell preparation.

1. Solute flux is measured by applying RITC-Dex or FITC-BSA (10 µM to 20 µM) to the apical
chamber of inserts with a confluent endothelial cell monolayer. The specific experiment may
dictate when to perturb the system with, for example, hormone addition, relative to the time
of measuring flux. Remember to consider the time for the perturbation to effect transport
rates, e.g., time for synthesis and assembly or disassembly of the junctional complex.

2. One hour after addition of fluorescent solute, 100-µL samples are taken from the basolat-
eral chamber. This is continued on the hour for up to 4 h. The samples are placed into the
96-well black/clear bottom plate.

3. A sample is taken from the apical chamber at the last time point and also placed in the
96-well plate. In pilot studies, it is critical to demonstrate that the amount of fluorescence
in the apical chamber remains essentially unchanged over the course of the experiment.

4. Fluorescence of each aliquot is quantified on a fluorescence plate reader. We use a
FluorImager 595. A blank sample with media only but no fluorescent marker should be
used for background subtraction.

5. The rate of diffusive flux (Po) was calculated by the following formula at each time
point (16):

1. Po = [(FA / ∆t)VA] / (FLA)

where, Po = diffusive flux (cm/s); FA = basolateral fluorescence; FL = apical fluorescence;
∆t = change in time; A = surface area of the filter (cm2); VA = volume of the basolateral cham-
ber (cm3). Remember that unless you replace the volume removed from the basolateral cham-
ber then the volume in the basolateral chamber changes for each time point calculated. The
data may be reduced to a rate over the total time course of the experiment if the change
remains linear. This is done by plotting the change in fluorescence accumulated in the baso-
lateral chamber corrected for fluorescence in the apical chamber, volume and area versus
time and then determining the slope of the straight line or rate of diffusive flux, Po.

6. An example of the calculation of diffusive flux is given in Table 1. The fluorescence
obtained from each time point is normalized to the fluorescence in the apical chamber. Next
this ratio is corrected for the volume in the bottom chamber and this corrected ratio is plot-
ted verses time to determine the rate of fluorescent molecule accumulation by obtaining
the slope. Finally, this slope is converted from minutes to seconds and divided by the area
of the filter (0.9 cm in this case) yielding the diffusive flux in cm/s.

3.4.1. Real-Time Flux Measurement

Finally, we have recently developed a novel system to allow measures of real-time
flux (17). This system uses a plexiglass chamber into which the transwell filter is placed.
A fiber optic conducts excitation laser light to the basolateral chamber and a second fiber
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Table 1
Example of the Calculation for Diffusive Flux

Volume
Condition Name Volume Bottom / Top (BT) bottom (B / T) × Vol bottom Time (min) Slope Po = (slope / 60) / 0.9

10% serum 30m 5198.07 0.003437478 1.5 0.005156217 30 0.00020989 3.88682E-06
60m 29213.01 0.019318533 1.4 0.027045946 60
90m 30186.95 0.019962598 1.3 0.025951378 90
120m 33406.33 0.022091571 1.2 0.026509885 120
top 120m 1512175.39

10% serum 30m 8709.54 0.005378437 1.5 0.008067655 30 0.00014735 2.72872E-06
60m 20752.62 0.012815447 1.4 0.017941626 60
90m 29165.50 0.018010686 1.3 0.023413892 90
120m 28309.70 0.017482201 1.2 0.020978641 120
top 120m 1619344.20

10% serum 30m 12202.68 0.006938130 1.5 0.010407196 30 0.00013671 2.53163E-06
60m 25155.57 0.014302811 1.4 0.020023935 60
90m 32432.80 0.018440457 1.3 0.023972594 90
120m 33360.93 0.018968168 1.2 0.022761802 120
top 120m 1758785.04
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optic conducts fluorescence emission light to a detector. In this manner real-time alter-
ation in solute flux can be determined. Furthermore, the basolateral chamber is hydrauli-
cally coupled to an external reservoir, which can be lowered in order to apply a pressure
gradient across the endothelial monolayer, recapitulating in vivo conditions. Thus, the
effective solute flux or Pe, including both diffusive and convective components, can be
determined. Application of the hydrostatic pressure gradient allows investigation of
endothelial cell function under conditions that mimic normal physiology.

3.5. Concluding Remarks

Careful endothelial cell preparation from bovine retina will allow the formation and
maintenance of a powerful and flexible cell culture system to study transport proper-
ties in vitro. We have successfully used this system to study retinal endothelial cell
responses to both permeabilizing agents, such as vascular endothelial growth factor and
agents that increase barrier properties, such as glucocorticoids. Coupled with specific
inhibitors and appropriate transfection technology, the system can provide new insights
into the molecular mechanisms regulating the blood–brain and blood–retinal barriers.
Continued refinements of the culture environment will increase the similarity between
in vitro and in vivo conditions.

4. Notes
1. Using collagenase from Worthington is highly recommended.
2. Using a 0.1% solution of fibronectin from bovine plasma to coat the tissue culture surface

is recommended for successful adherence of the endothelial cells.
3. Optimal cell yields are obtained from retinas extracted from eyeballs of cows slaughtered

within the previous 24 h. Keeping the eyeballs on ice and bathed in an antiseptic solution
is imperative to achieve a viable, high-yielding, uncontaminated primary cell preparation.

4. The enzyme cocktail can be stored frozen in aliquots (–20°C) but only for a maximum time
of 6 mo. However, optimum activity is achieved with freshly prepared cocktail.

5. Continual rocking at 37°C during the enzyme digestion step is necessary for complete sep-
aration of the pericytes.

6. Subculturing the cells at 80% confluence at a ratio of 1�3 will ensure continued prolifer-
ation and homology of the cell population. Be careful not to over-trypsinize the cells when
subculturing; usually 2 min of treatment with trypsin is sufficient time to release the major-
ity of cells.

7. The measure of electrical resistance is simple and can be quickly accomplished. In addi-
tion, the same filters can be measured repeatedly over time and after the measures are com-
pleted, the cells can also be extracted for protein analysis or fixed and stained for
immunocytochemistry. However, measures of total ion flux clearly do not tell the whole
story regarding barrier properties. Changes in ion channels and release of ions from the
cells may affect the resistance measure. In addition, investigators have already developed
evidence that the transport of different ions across the junctional complex may be regu-
lated independently. Finally, a number of cases have revealed alterations in solute flux with-
out changes in resistance. It is possible that a specific ion barrier exists, but more likely
this apparent paradox reflects the differences in methods used for measuring large solute
flux and ion flux. Ion flux determinations are instantaneous measures of resistance while
solute flux measures are achieved by measuring accumulation of solute over time. Since
tight junctions are a series of strands, there may not be a complete apical to basolateral
pathway available at any given moment and thus a high resistance is maintained. However,
if the junctions are transiently opening and closing, then transport of even relatively large
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molecules may occur over time without an observed change in resistance (18). A simple
analogy may be the use of multiple revolving doors that allow the movement of people into
and out of an air-conditioned building with minimal change in air temperature. An excel-
lent review of TEER measures in epithelia is given in the literature (19). However, it should
be noted that the TEER of endothelial cells in vitro does not recapitulate the TEER of the
vasculature at the blood–brain or blood–retinal barriers as well as some epithelial models
are able to reflect in vivo resistance barriers.

8. A number of solutes have been used for flux rate determinations including smaller dex-
trans, as well as mannitol and inulin. The use of albumin is of physiologic relevance as it
crosses the blood–retinal barrier in various retinal pathologies and it is useful to compare
its rate of transport to that of dextran of a similar molecular weight since albumin may have
a transcellular and paracellular transport component. In addition, since the relationship
between fluorescence intensity and solute concentration is linear, a standard curve to deter-
mine the concentration of solute that crossed the barrier can be generated.
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Isolation and Characterization 
of Cerebral Microvascular Pericytes

Paula Dore-Duffy

1. Introduction
Although a plethora of information exists on the role of the endothelial cell (EC) in

vascular hemostasis and tissue homeostasis, little is known of the role played by the
microvascular pericyte (PC) (Fig. 1). This lack of substantial information is most evi-
dent in the understanding of the role played by the PC in blood–brain barrier (BBB)
function, and in the pathophysiology of central nervous system (CNS) disease.
Development of techniques for the isolation of defined populations of CNS microves-
sels (1–3), for the preparation of retinal PC (3,4), and for the preparation of cere-
brovascular PC (5–7) have enabled scientists to examine the function of this unique cell
in the brain (8). The subculture of PC from purified preparations of cerebral microves-
sels will be discussed below. All populations, isolated microvessels, enriched PC and
EC cultures, pure primary cultures, and experimentally derived co-cultures, are suit-
able in experimental protocols modeling BBB function.

2. Materials
All media, instruments and glassware should be sterilized prior to use.

1. Dulbecco’s Modified Eagles Medium (DMEM) (Gibco-BRL, Grand Island, NY).
2. Fetal bovine serum (FBS)/DMEM (Sigma, St. Louis, MO).
3. 17% Dextran/DMEM (85 g Dextran 500 mL final volume) (Sigma, St. Louis, MO).
4. 1% penicillin-streptomycin/1% nystatin/2.5 mM of L-Glutamine.
5. 0.1% collagenase (1 mg/mL) collagenase type II, no. LS004174 (Worthington Biochemical,

Lakewood, NJ).
6. 1% bovine serum albumin (BSA) (Sigma, St. Louis, MO).
7. 70% ethanol.
8. Guillotine (Harvard Apparatus, South Natick, MA).
9. Instruments: Scalpel holder and blades, forceps, scissors, and clamp/hemostats.

10. Homogenizer and teflon pestle (Wheaton, Millville, NJ) (shaved to allow a 0.25-µm clear-
ance between the inside radius of the glass surface and the outside radius of the teflon pestle).

11. Nitex mesh holders (Braerclif Manor, NJ) and 40-, 80-, and 118-µm Nitex meshes (Tetco,
Braerclif Manor, NJ).

12. Tissue culture dishes (Falcon no. 2098, Lincoln Park, NJ), 35- or 60-mm petri dishes.
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13. Circular glass coverslips (12-, 18-, or 25-mm) or treated tissue culture coverslips (Fisher
Scientific, Pittsburgh, PA).

14. 50-mL conical centrifuge tubes (Falcon, Lincoln Park, NJ).
15. Hemocytometer (American Optical, Buffalo, NY).
16. Sodium azide, Triton-X.
17. Fluorescence-activated cell sorter (Becton Dickinson, San Jose, CA).
18. Fluorescein isothiocyante (FITC)-conjugated Griffonia simplicifolia agglutinin I-B (GSA)

lectin (Sigma, St. Louis, MO).
19. Fixative for cells: 3% paraformaldehyde in PBS, pH 7.2.
20. Antibodies:

a. Anti-factor VIII antibody (Dako, Glostrup, Denmark).
b. Neu(F-11) Ig G2αclone (Santa Cruz Biotechnology Inc.).
c. Anti-glial fibrillary acidic protein (GFAP) antibody (Boehringer Mannheim GmbH,

Germany).
d. Rabbit or goat anti-mouse secondary antibody.

3. Methods
The technique described below details the isolation of cerebral microvessels and their

subculture to enrich primary PC, and EC. The use of fluorescent activated cell sorting
(FACS) technique for isolation of homogeneous populations is also described (7).

3.1. Isolation of Microvessels

A number of techniques is available for the isolation and/or culture of CNS microves-
sels (1–3,9). Our technique detailed below is a modification of methods used by Joó
and Karnushina (1) and Bowman and colleagues (2) for the isolation of microvessels
of definitive size using sequential sieving techniques (3). The isolation of pure microves-
sels is an extremely important part of the culturing procedure (see Note 1). The purity
of PC or EC subcultures depends on the isolation of pure microvessels devoid of neu-
ronal and glial cell contamination. A number of techniques is available that utilize whole
brain homogenates followed by enzymatic digestion. We have found that these meth-
ods result in greater cellular heterogeneity, and are thus unsuitable for most molecular
biological techniques. The presence of multiple cellular contaminants may complicate
interpretation of results.

1. Sacrifice 20–30 rats (6–8 wk age) by decapitation. The brain should be immediately
removed from the head using sterile technique.

2. Make a midline incision starting from the nose and extend this posteriorly to the edge of
the skull using a sterile scalpel. Make a second incision perpendicular to the first. Pull back
the skin and subcutaneous tissue to expose the skull. Remove the frontal and parietal bones
after cutting with sterile scissors. Be sure to use sterile technique. It is imperative that the
exposed brain be devoid of hair. The brain can be washed while still in the skull using alco-
hol or DMEM supplemented with antibiotics.

3. Insert the tip of a pair of sterile forceps under the cerebellum and cut the brain stem and
optic nerves. Carefully remove the brain and place it in a sterile petri dish containing cold
DMEM.

4. Thoroughly wash the brain with DMEM plus antibiotics and 10% fetal calf serum (FCS)
and remove the meninges, cerebellum, and large vessels. Special sections of brain may be
selected and treated similarly. For example, cortical tissue or white matter can be selected
and treated in the same manner. Weigh starting material in a beaker to obtain “wet weight.”
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Compare to the same size beaker with medium alone. This provides an estimate of gram
starting material.

5. Mince tissue and place in a 250 mL beaker in DMEM and keep cold. (Each brain is divided
into 6–10 small pieces.)

6. Pour 30 mL of tissue plus medium into a glass homogenizing tube. Insert the teflon pestle,
shaved to leave 0.25 µm between the plunger and the glass surface. Connect to a motor-
ized stirrer and homogenize for 9–12 up and down strokes at 420 rpm. Pour into a clean
beaker (keep cold). Repeat until all the tissue is homogenized.

7. Pour the homogenate into 50-cc sterile conical tubes, cap and centrifuge at 1700g for
10 min at 4°C. Pour off the supernatant carefully.

8. Mix supernatant with equal volumes of 15% Dextran/DMEM and vortex.
9. Centrifuge at 5000g for 10 min at 4°C.

10. Remove supernatant (fatty layer). This is called the dextran float.
11. Resuspend pellet in 5 mL DMEM. Transfer to a clean test tube and vortex thoroughly.

(Repeat the dextran float if necessary.)
12. Pour the microvessel solution through a sterile 118–120-µm mesh and wash with an addi-

tional 10–20 mL of DMEM. Save the filtrate. This step removes any large vessels and tissue
clumps.

13. Pour the filtrate through a sterile pre-washed 80-µm mesh (save filtrate if desired). Wash
the mesh thoroughly.

14. Invert the 80-µm mesh and wash off retained microvessels by vigorously forcing medium
through the mesh. A 60-cc syringe is useful in this step.

15. Pour the solution from the beaker into a sterile 50-cc conical centrifuge tube and centrifuge
at 1700g for 10 min at 4°C. Repeat steps 14 and 15 if microvessels remain attached to the
80-µm mesh. (The filtrate from step 13 can be passed through a 40 µm mesh to collect
smaller microvessels. Single cell aggregates also remain on this mesh so care must be taken
to vortex this suspension.)

16. Examine preparations by microscopy and determine the γ-glutamyltranspeptidase activity
as an indicator of purity (see Note 2). Yields should equal 0.2–0.25 mg microvessel/gram
starting material.

17. The pellet can be resuspended in defined medium if microvessels are to be cultured. We
recommend DMEM supplemented with 10% FBS and antibiotics. Microvessel cultures are
quite hardy and are viable ≥ 72 h. Small microvessel fragments do adhere to the plate over
long culture periods and EC begin to grow out. It is recommended to use microvessels
before 72 h.

3.2. PC and EC Subculture
1. Resuspend microvessels in 0.1% collagenase and vortex. Incubate at 37°C overnight

(18–24 h) in a shaker bath.
2. After incubation resuspend the cell suspension vigorously and dilute 1�1 in DMEM.
3. Centrifuge at 1700g for 10 min. Resuspend pellet in DMEM at 37°C and vigorously resus-

pend. Wash twice (total of three washes).
4. Resuspend the final pellet in 2 mL of DMEM and pipet vigorously to break up any clumps.
5. Count on a hemocytometer and adjust the volume with DMEM + 20% FCS to

5 × 105 cells/mL for a 35-mm dish or 1 × 106 cells/mL for a 60-mm petri dish.

3.2.1. Enriched PC Culture

1. Plate cells at the density listed in Subheading 3.2., step 5 on plastic petri dishes and allow
to incubate for 6 h. Cells can be incubated overnight but this may increase the number of
EC that will adhere to noncoated plastic.
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2. Remove nonadherent cells and fragments and wash well (if incubated overnight) with
tissue culture medium.

3. Replace with 2 mL defined medium and reincubate. PC adhere to noncoated plastic while
EC and microvessel fragments do not adhere or adhere loosely.

4. Following an overnight incubation most cells will have adhered to the petri dish although
they do not spread out to the extent of established cultures (see Note 3). EC will appear
more elongated than PC. PC will appear to be comparable to those shown in Fig. 1.

3.2.2. Enriched EC Cultures

Non-adherent cell suspensions from Subheading 3.2.1., step 2 can be plated on
collagen-coated dishes (35-mm) and/or coverslips and incubated overnight.
Non-adhered cells are removed and the plate washed. Cells can be cultured in 10% FCS
following the adhesion step or in 2% FCS for maintenance. Adherent cells are greater
than 90% EC which have the typical slightly elongated appearance of CNS EC.

3.3. Preparation of Pure Primary PC

The techniques utilized above yield enriched populations of either PC or EC. EC are
difficult to culture without PC contamination. We have tried a number of methods to
remove PC. These include antibody dependent complement mediated lysis, laser abla-
tion, panning and the use of magnetic beads. Our most successful preparations have
resulted from FACS. Details of this technique are available in the literature (7). Cell
yields are low, so a greater number of animals (30–40) will be required for the initial
isolation of microvessels.

1. Cells from Subheading 3.2., step 5 should be resuspended in DMEM with no serum and
incubated for 60 min at 37°C with DMEM + FITC-conjugated GSA lectin in the presence
of sodium azide. Cells are then washed. GSA should be used at a concentration to provide
saturation density as recommended by the manufacturer. We use a dilution of 1�100.

2. Cells are washed three times then resuspended in 2–4 mL DMEM without lectin.
Technicians who operate FACS machines have extensive training and are a valuable source
of information and should be consulted prior to any attempt at cell preparation. The tech-
nician should set the machine to negatively sort cells, collecting GSA-populations. The den-
sity of the starting cell suspension is not important although the FACS technician will likely
have a favored volume. However, total cell number is crucial, as the cell yield will be low
following a sort. We have used 5 × 106 total cells derived from 30 to 40 animals. Discuss
this with the FACS technician. It is important to get their recommendations as each machine
differs in the amount of cell loss. Sorting must be timed to immediately follow the stain to
ensure cell viability.

3. Collect GSA-cells and examine for EC or PC markers by immunocytochemistry. Take a
drop of the sorted cell suspension and smear it on a clean slide. Let it dry and fix in 3%
paraformaldehyde for 10 min. Wash slides and permeabilize with 0.01% Triton x-100 for
10 min at room temperature. Apply a 1�100 dilution of FITC conjugated anti-human factor
VIII for 60 min at 37°C. Ideally, you should run a concentration curve but the manufac-
turer’s recommended saturation density for most antibodies can be used. Anti Factor
VIII recognizes EC. Alternatively, you can use FITC-conjugated anti-GSA lectin. GSA-
negative cell suspensions should stain negatively for both markers.

4. Count cells using a microscope and a hemocytometer.
5. Resuspend GSA-viable PC in DMEM + 20% FCS and antibiotic supplements at a

minimum density of 5 × 104 cells/mL and plate in tissue culture dishes of desired size. (Use

378 Dore-Duffy



minimums of 1-mL/35-mm petri dish.) Incubate at 37°C for 24 h before changing the
medium (see Note 4).

6. We have also sorted cells after they have grown in culture. Add 10–4 M EDTA (1–2-mL/
35-mm plate) to each dish. Resuspend cells at 1 × 106 cell/mL. Minimums of 3 mL are
required. Stain and sort as detailed in Subheading 3.3.1.

3.4. Characterization of CNS Pericytes

The majority of markers used are not PC-specific. Not all markers described in
non-CNS PC have been tested on CNS PC.

1. We have observed that very few CNS rat PC and no mouse PC are alpha muscle actin
(αSMA) positive in vivo. In vitro, 100% of PC eventually become αSMA positive (10).

2. Nayak and colleagues have used an antibody (3G5) directed against a ganglioside (11).
Expression of the ganglioside recognized by this antibody has also been found on dermal
PC (12,13).

3. Others have reported PC-specific aminopeptidase (14,15).
4. We have reported that microvessels and freshly isolated rat PC express CD11b (αM) (7).

Using the OX-42 clone (Serotec, Oxford, England), we found that this marker was down
regulated in cultured PC by 72 h (see Note 5).

5. PC also express the receptor for the Fc portion of the immunoglobulin molecule (7).
6. Thus, the choice of marker must be determined according to the system being studied. For

example:
a. In purified microvessels, anti-CD11b and 3G5 can be used.
b. In tissue sections, CD11b cannot be used to label PC as other cells in the CNS express

this integrin. CD11b can be used to identify PC by electron microscopy where the mor-
phological location within the basal lamina can be observed.

c. In sections, dual and triple stains can be done to rule out astrocytes, glial cells or neu-
ronal cells.
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d. In cultured monolayers αSMA can be measured with dual label for EC markers.
e. Negative expression of EC markers such as Factor VIII, neuron specific markers, galac-

tocerebroside (oligodendrocytes), and GFAP (astrocytes) is also helpful.

3.4.1. Differential Stain to Rule Out the Astroglial and Neuronal Contaminants 
in Microvessel and/or Primary Cell Cultures

1. Microvessels are dried to a standard glass or plastic coverslip then fixed with 3% para-
formaldehyde for 10 min at room temperature.

2. Remove fixative and permeabilize with 0.01% Triton x100 for 10 min.
3. Add anti-GFAP antibody (1�1000 dilution) for 30 min at 37°C or as indicated by manu-

facturers recommendations. Anti-GFAP is available from numerous companies.
4. For neuronal contamination: fix and permeabilize as in step 2, then use the Neu (F-11)

(IgG2α) clone at a 1�100 dilution.
5. Secondary antibody is a rabbit or goat anti-mouse IgG, which can be purchased from

numerous companies.
6. Count stained cells using a fluorescent microscope.

3.4.2. Characterization of the EC Content

There is a large number of EC-specific markers. Antibodies to these markers are made
by a number of companies. We routinely use anti-factor VIII antibody at the manufac-
turer’s recommended concentration. As discussed in Subheading 3.3.1., FITC GSA
lectin can be used to identify EC. Divide the number of stained cells by the total cells
then multiply by 100 to obtain the percentage.

3.5. Concluding Remarks

The development of techniques for the isolation of microvascular PC from a number
of tissues has enabled scientists to study these intriguing cells at the cellular level. Our
knowledge of PC function has largely been derived from studies of noncerebral PC
(16–27). As we begin to decipher the complexities of the PC’s role in the brain, this
information has been invaluable. We learned that the PC has immune potential
(8,23–33). The PC can function as an antigen-presenting cell (APC) in the CNS (32).
The PC does not constitutively produce major histocompatibility complex class II mol-
ecules. However, these molecules can be induced with cytokine. The PC can stimulate
T-effector cells (32) and is phagocytic (28). PC become activated during experimental
autoimmune encephalomyelitis (EAE) and functionally alter T-cell cytokine-secreting
phenotype (29,30). Just as the PC recognizes the inflammatory milieu, it recognizes
stress stimuli such as hypoxia and excitotoxic stimuli in traumatic brain injury (34).
The pericyte also has an important role in angiogenesis both in CNS and non-CNS tissue
(17,24,35).

Taken together, data from our lab and from other laboratories indicate that the PC
may be a regulatory cell capable of sensing changes in the cellular environment. The
production of numerous signaling molecules enables the PC to engage in complex,
cross-talk mechanisms geared at maintenance of homeostasis and hemostasis.

4. Notes
1. Preparation of pure microvessel suspensions is essential. Alternative methods for their

preparation have been published and may also be used. Time should be taken to master this
technique first as the PC purity depends on pure microvessel starting material.
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2. Microvessel preparations should be checked for cellular contaminates before enzymatic
digestion. This is an additional step in determination of microvessel purity.

3. PC are not contact inhibited while in culture. Examine for purity before cultures become
confluent.

4. Passaging pericytes: In our hands, using the culture medium described, the PC does not
passage well. Passage of enriched cells usually results in EC survival. PC morphology
changes dramatically after passage. Addition of growth factors and/or PC-conditioned
medium and passaging at low density may aid in survival. It is possible that passage selects
for a subset of PC. We use only primary cultures.

5. Serotec has changed the antibody it still calls OX-42. This antibody now stains PC in cul-
ture less brightly. Serotec has not been able to justify clonal changes. A number of other
companies make anti-CD11b antibody. We have not yet tested all of them.
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Molecular Biology of the Blood–Brain Barrier

William M. Pardridge

1. Introduction
The blood–brain barrier (BBB) is formed by the microvasculature of the brain (1).

The permeability properties, per se, of the BBB are regulated by the capillary endothe-
lial cell (2). However, there are at least four different cells that comprise the brain
microvasculature (Fig. 1), and all contribute to the regulation of the cerebral microvas-
culature and, indirectly, to the regulation of BBB permeability (3). The endothethial
cell and the pericyte share a common capillary basement membrane. There is approx-
imately one pericyte for every two to four endothelial cells. More than 99% of the brain
surface of the capillaries is invested by astrocytic foot processes (4). There is innerva-
tion of the capillary by nerve endings of either intra- or extra-cerebral origin (5,6). The
distance between the astrocyte foot process and the capillary endothelial cell and the
pericyte is only 20 nm (7). Therefore, the interrelationships between the endothelium,
the pericyte, and the astrocyte foot process are as intimate as any cell–cell interactions
in biology. The space filled by the basement membrane and situated between the
endothelium/pericyte and the astrocyte foot process forms the interface between blood
and brain.

The actual transport of a ligand or substrate in either the direction of brain to blood,
or blood to brain, requires movement across the capillary endothelial plasma mem-
branes. The luminal and abluminal membranes of the capillary endothelium are sepa-
rated by 100–300 nm of endothelial cytoplasm. Therefore, solute transfer across the
capillary endothelial barrier is a process of transport through two membranes in series.
However, in order for a molecule to move from blood to the brain interstitial space
beyond the astrocyte foot process, the molecule must also escape the immediate perivas-
cular space bordered by the plasma membranes of the capillary endothelial cell, peri-
cyte, and astrocytic foot processes. Many “enzymatic BBB” mechanisms may operate
within this space. The actual transport of nutrients or drugs across the BBB may be the
result of a complex interplay between active efflux systems located on the endothelial
plasma membrane, active transporters within the astrocytic foot process, and ecto-
enzymes present on the pericyte plasma membrane. Although there is little direct evi-
dence to date, it is likely that gene expression within the capillary endothelial cell, the
capillary pericyte, or the capillary astrocytic foot process is highly interdependent.
Expression within the capillary endothelium may be influenced by changes in either
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astrocyte or pericyte signal transduction phenomena, and vice-versa. Therefore, the
study of the molecular biology of the BBB is actually an investigation of the molecu-
lar biology of the cerebral microvasculature, which in turn is the study of the molecu-
lar biology of the capillary endothelial cell, the pericyte, and the astrocyte foot process
all working in concert. Frequently, brain microvascular functions are ascribed to the
capillary endothelial cell when, in fact, the pericyte or astrocyte foot process is actu-
ally the cellular site of the enzymatic or transport function under investigation. For
example, the ecto-enzyme, aminopeptidase M, was originally localized to the brain
microvasculature, and assumed to be endothelial in origin (8). However, subsequent
studies showed this gene product was selectively produced by the pericyte (9). Other
ecto-enzymes or amino-peptidases may be expressed at the endothelial surface. The
active efflux system, p-glycoprotein, is localized to microvessels when examined by
immunocytochemistry of brain sections (10,11). However, it is often difficult with light
microscopy to differentiate the astrocytic foot process from the capillary endothelium.
Although this differentiation of cells comprising the microvasculature is difficult to
make in tissue sections of brain, the cell differentiation can be made with isolated brain
capillaries that are cyto-centrifuged to slides and immunostained with antigen-specific
antibodies (3). Moreover, the application of confocal microscopy and double immuno-
labeling of cytocentrifuged brain capillaries can lead to an unambiguous differentia-
tion of capillary endothelial cells, pericytes, and astrocyte foot processes.

2. Gene Technologies and the BBB
There are at least two primary reasons for studying the molecular biology of the BBB.

First, an understanding of the tissue-specific gene expression within the cells comprising
the cerebral microvasculature can lead to a greater understanding of the pathogenesis
of neurologic diseases, many of which have pathogenetic starting points at the brain
microvasculature. For example, the earliest pathologic change in multiple sclerosis is
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Fig. 1. The cells comprising the brain microvasculature are the capillary endothelium, the
capillary pericyte, and the astrocyte foot process. In addition, nerve endings directly contact the
capillary endothelial surface on the brain side of the microvasculature. From ref. 3.



a perivascular cuffing of lymphocytes (12). An early change in Alzheimer’s disease (AD)
is the elaboration of extracellular β-amyloid, owing to abnormal processing in microvas-
cular smooth muscle cells and capillary pericytes (13). Second, progress in the mole-
cular biology of the BBB enables the development of new strategies for drug and gene
targeting through this barrier for the treatment of neurologic disease. These two plat-
forms on which gene technologies and molecular biology are adapted to BBB biology
are illustrated in Fig. 2.

The detection of tissue-specific gene expression at the BBB is possible with genomics
and proteomics platforms as discussed later in this chapter. This work can enable the
molecular cloning of BBB-specific genes as discussed below. An understanding of the
tissue-specific gene expression at the BBB in neurologic disease can create new under-
standing of the pathogenesis of neurologic disorders. However, the understanding of
tissue-specific gene expression at the BBB can also lead to the development of new
approaches to targeting drugs and genes through the BBB, using endogenous receptor-
mediated transport systems expressed at the BBB (see Fig. 2). The development of new
brain drug and gene targeting technologies invariably requires the application of mol-
ecular biology (14). For example, the development of nonviral, noninvasive methods
for targeting gene medicines through the BBB leads to new forms of brain gene ther-
apy that does not require the use either of viral vectors or craniotomy for gene deliv-
ery to the brain (15). The development of gene-targeting technology requires the genetic
engineering of expression plasmids, and production of recombinant proteins as target-
ing ligands. Gene expression in the brain can be imaged in vivo with antisense radio-
pharmaceuticals that are targeted through the BBB via endogenous transport systems
within the capillary endothelium (16). The development of targeted antisense agents
requires information on the nucleotide sequence of the target mRNA, and the genetic
engineering of recombinant transport vectors (17). The genetic engineering of recom-
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Fig. 2. Application of gene technologies to blood–brain barrier (BBB) research for both drug
and gene targeting to the brain and for analysis of tissue-specific gene expression at the BBB.



binant fusion proteins enables the development of neurotherapeutics, which have the
dual function of transport through the BBB via an endogenous transport system and
binding to specific receptors on brain cells to evoke intended therapeutic effects. In sum-
mary, brain gene therapy, imaging gene expression of the brain in vivo with targeted
antisense radiopharmaceuticals, and the use of genetic engineering to produce recom-
binant neurotherapeutics are all various applications of molecular biology applied to
BBB transport problems (see Fig. 2).

3. Molecular Cloning of BBB-Enriched Genes
3.1. Overview

BBB-enriched genes are genes that are expressed in brain selectively at the microvas-
culature, either capillary endothelial cells, pericytes, or at astrocytic foot processes.
BBB-enriched genes may be expressed in peripheral tissues, but in brain, the cellular
location of the gene expression is primarily at the microvasculature (14). Some BBB-
specific genes are expressed only at the brain microvasculature and are not expressed
in either brain cells or in cells in peripheral organs. There are dual benefits to the dis-
covery of tissue-specific gene expression at the BBB. First, the identification of tissue-
specific gene expression at the brain microvasculature provides a platform for
understanding the pathogenesis of neurologic diseases that originate from the brain
microvasculature. Second, the molecular analysis of tissue-specific gene expression at
the BBB can lead to the identification of new targets for the delivery of genes, recom-
binant proteins, antisense agents, or drugs through the BBB in vivo.

3.1. Brain Capillary RNA Isolation

The cloning of BBB-enriched genes must start with the initial isolation of microves-
sels from either fresh animal or human brain (Fig. 3). An intact capillary preparation
can be obtained from human autopsy brain and this preparation can be used for analy-
sis of receptors at the BBB using methodology directed at the protein (18). However,
it is unlikely that investigations of the ribonucleic acid (RNA) products at the microvas-
culature can be routinely performed on capillaries obtained from autopsy human brain
that has undergone many hours of postmortem autolysis. Conversely, brain removed at
neurosurgery can be used for the isolation of human brain capillary-derived mRNA (19).

Microvessels can be isolated from fresh brain with either a mechanical homoge-
nization or an enzymatic homogenization technique. Either methodology results in a
metabolic impairment of the capillaries. Freshly isolated brain capillaries obtained
with either a mechanical or an enzymatic homogenization technique do not exclude
trypan blue. It is often claimed that capillaries obtained with the enzymatic homoge-
nization technique do exclude trypan blue but, to date, no laboratory has demonstrated
that brain capillaries obtained with an enzymatic homogenization technique have normal
cellular adrenosine triphosphate (ATP) levels. The ATP content in freshly isolated brain
capillaries obtained with either a mechanical or enzymatic homogenization technique
is less than 10% of the expected cellular ATP content, indicating the capillaries are meta-
bolically impaired (20). Nevertheless, if the capillaries are isolated with an efficient pro-
cedure using ribonuclease (RNase)-free conditions, it is possible to obtain brain
capillary-derived polyA+ RNA in high yield without degradation (21). Unfortunately,
few laboratories have established protocols for the isolation of polyA+ mRNA from iso-
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lated brain capillaries, although these methods were described more than 10 yr ago (21).
It is straightforward to isolate polyA+ RNA from whole brain or other organs. However,
a more demanding task is to first isolate the capillaries from brain and then isolate the
capillary-derived polyA+ RNA. The reason this task is more difficult is that the capil-
lary component of the brain is such a small fraction of the entire organ. The intraen-
dothelial water volume in the brain is approx 0.8 µL/g brain, which is 1�1000 parts of
the total water volume in brain. Therefore, more than 99% of the brain tissue is dis-
carded during the process of isolating brain capillary-derived polyA+ RNA.
Approximately 15 to 20 µg of polyA+ RNA can be isolated from 1 g of whole brain
(21). However, in order to obtain a comparable amount of brain capillary derived
polyA+ RNA, it is necessary to first isolate the microvessels from 200 g brain.
Nevertheless, it is possible to obtain amounts of brain capillary-derived polyA+ RNA
that are adequate for many molecular biology studies from the pooled brains of 20 rats.
Once the brain capillary polyA+ RNA is obtained, then capillary-derived cDNA can be
generated with reverse transcriptase (RT) using priming with oligodeoxythymidine
(ODT). This complementary deoxyribonucleic acid (cDNA) can then be inserted into
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Fig. 3. Outline of pathways for molecular cloning of blood–brain barrier (BBB)-enriched
genes. All methodologies start with the purification of polyA+ RNA from capillaries isolated
from fresh human or animal brain. The cloning of novel transporters is outlined further in
Fig. 4. The use of cloned RNA (cRNA) and the frog oocyte expression system to investigate the
Michaelis-Menten kinetics of BBB transporters is outlined further in Fig. 5. The results of BBB
genomics programs are outlined in Fig. 7. The methodology for subtractive antibody expres-
sion cloning and a BBB proteomics program is shown in Fig. 8.



a variety of expression vectors depending on the application, as outlined in Fig. 3.
Insertion of the brain capillary-derived cDNA in the pSPORT vector places the cap-

illary cDNA in frame with an RNA polymerase promoter so that cloned RNA (cRNA)
can be prepared with in vitro transcription. This cRNA can then be injected into frog
oocytes for expression cloning of novel transporters (Figs. 3–5). Once a BBB trans-
porter cDNA has been cloned, the production of cRNA allows for injection of trans-
porter cRNA in the oocytes (22). The Michaelis-Menten kinetics of substrate transport
via the cloned BBB transporter can be measured. These transport parameters can be
obtained with classical in vivo physiologic methods (23). However, the advantage of
the frog oocyte system is the site-directed mutagenesis (SDM) of amino acid residues
within the transporter protein that are believed to play a critical role in substrate trans-
port. A typical 12-transmembrane region transporter protein expressed at the BBB
forms a stereo-specific pore. Within that pore, certain amino acid residues constitute
the substrate binding site. These important amino acid residues can be identified with
SDM using the frog oocyte expression system and cRNA obtained from a BBB library
in the pSPORT vector.

Alternatively, the brain capillary cDNA may be subcloned in a transient mammalian
expression vector such as pcDNA1.1 to enable expression cloning in mammalian cells
such as COS cells (24). BBB-specific gene products that react with a BBB-specific anti-
body can be cloned in this system using a subtractive antibody-expression-cloning
approach to the problem of brain vascular proteomics or BBB proteomics (see Fig. 3),
as discussed later in this chapter.

The brain capillary cDNA may be cloned within appropriate vectors for preparing
tester cDNA that are used in conjunction with driver cDNA and polymerase chain reac-
tion (PCR)-based subtractive suppressive hybridization (SSH) techniques (see Fig. 3),
as discussed below.

Apart from molecular cloning investigations, the polyA+ RNA isolated from brain
capillaries may be used in either Northern analysis or reverse transcriptase polymerase
chain reaction (RT-PCR) (see Fig. 3). In order to obtain a measurable signal, it is fre-
quently necessary to apply 1–5 µg/lane of polyA+ RNA in the agarose gel elec-
trophoresis for Northern blotting. Because this can consume essentially all of the RNA
that is available following a brain capillary isolation, investigators frequently use
RT-PCR to investigate the expression of gene products at the brain capillary. The caveat
with RT-PCR is that this highly sensitive technique can detect low-level transcripts that
are produced at the BBB at a constitutive level, which contributes relatively little to BBB
function. For example, RT-PCR can be used to detect albumin transcripts in whole brain
(25). This does not mean that brain is an important source of albumin production.
RT-PCR is a qualitative technique that should not be used for quantitative interpreta-
tions of gene expression at the BBB, unless steps are taken to make the RT-PCR method
quantitative (26). This requires the measurement of the PCR product at different cycle
iterations, such as 10, 20, 30, and 40 cycles of PCR of both the test product and a house-
keeping gene such as actin. The introduction of newer methodologies such as real-time
RT-PCR also allows for a quantitative approach to measuring BBB-specific gene expres-
sion with relatively small amounts of brain capillary derived polyA+ RNA.

3.2. Expression Cloning of BBB Transporters

There are three types of BBB transport systems, and these include carrier-mediated
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transporters (CMT), active efflux transporters (AET), and receptor-mediated trans-
porters (RMT). Some of the CMT, AET, and RMT systems that have been cloned at the
BBB are shown in Fig. 4. However, as outlined in Fig. 4, the vast majority of BBB trans-
porters of either the CMT, the AET, or the RMT class have yet to be cloned. The Glut1
glucose transporter (27), the LAT1 large neutral amino acid transporter (22), and the
CNT2 adenosine transporter (28), have all been cloned from BBB-specific cDNA
libraries. Important BBB CMT systems that have not been cloned to date include the
adenine or nucleobase transporter, the choline transporter, the BBB thyroid hormone
transporter, and numerous BBB vitamin transporters. Many of these transporters could
be cloned routinely with expression cloning systems such as the frog oocyte method in
conjuction with cRNA produced from BBB-specific libraries. Brain microvessel AET
systems that have been cloned include p-glycoprotein, organic anion transporting
polypeptide type 2 (oatp2) (29), and BBB-specific anion transporter type 1 (BSAT1)
(30). There are numerous other AET systems localized in the microvasculature that have
not been cloned (see Fig. 4). Many of the AET systems, like P-glycoprotein, may actu-
ally function at the pericyte or astrocyte foot process plasma membrane, rather than the
brain capillary endothelial membrane. Indeed, many of these AET systems may work
in harmony. For example, the entry of blood-borne xenobiotics into the brain intersti-
tial fluid may be prevented by AET systems localized at the astrocyte foot process.
Astrocyte foot process AET systems could cause an accumulation of the drugs within
the tiny interstitial compartment between the astrocyte foot process and the brain
side of the capillary endothelial cell. The drug may then be rapidly cleared from this space
by different and complementary AET systems expressed within the plasma membrane
of the brain capillary endothelial cell. BBB RMT systems that have been cloned include
the transferrin receptor (TfR) (30), and the leptin (OB) receptor (OBR) (31). The OBR
expressed at the BBB is primarily the short form leptin receptor that is involved in OB
transport. In contrast, the long form, which contains a longer cytoplasmic tail involved
in signal transduction processes, is selectively expressed in brain cells.

The frog oocyte expression system is particularly suited to the cloning and then the
quantitative investigation of substrate transport on BBB CMT or AET systems. A pho-
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Fig. 4. Blood–brain barrier (BBB) transport systems are comprised of CMT, AET, or RMT
systems. A few of these have been cloned to date, but the vast majority of CMT, AET, or RMT
systems expressed at the BBB remain to be identified.



tomicrograph of purified frog oocyte is shown in Fig. 5, along with the volume of dis-
tribution (µL/oocyte) of [14C]-tryptophan in the oocyte injected with bovine BBB LAT1
cRNA (22). This study shows that only large neutral amino acids, such as leucine or
phenylalanine competitively inhibit the uptake into the oocyte of the tryptophan. A sim-
ilar substrate inhibition profile is generated with isolated human brain capillaries (32),
as shown in the bottom panel of Fig. 5. The uptake or clearance (µL/min/mg protein)
of [3H]-phenylalanine by isolated human brain capillaries is competitively inhibited only
by the large neutral amino acids. The substrate profiles for amino acid uptake in human
brain capillaries, which is used as an in vitro model system of human BBB transport of
amino acids, is virtually identical to the substrate profile of amino acid transport into
oocytes injected with BBB-derived LAT1 cRNA (see Fig. 5). The examination of sub-
strate profiles, however, is not the real value of the frog oocyte system since these pro-
files can be obtained with isolated brain capillaries as shown in Fig. 5. Rather, the value
of the frog oocyte expression system is that this method allows for the SDM of key
amino acid residues that are hypothesized to play a critical role in substrate transport
via the BBB CMT or AET system. The frog oocyte expression system allows for mol-
ecular studies of the structure-function relationships of the various BBB CMT or AET
transporter proteins.
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Fig. 5. (Top panel) Frog oocytes are shown in the micrograph. The volume of distribution
(µL/oocyte) of [14C]-tryptophan in frog oocytes injected with blood–brain barrier LAT1 cRNA
is shown in the presence of various unlabeled competing amino acids. (Bottom panel) Capillaries
isolated from autopsy human brain are shown in the micrograph. The uptake or clearance
(µL/min/mg protein) of [3H]-phenylalanine by the human brain capillaries is shown in the pres-
ence of various unlabeled competing amino acids. From refs. 18,22,32.



3.4. BBB Genomics

The tissue-specific gene expression within whole brain has been analyzed with gene
microarray methodology, and one could ask, given the existing investment in brain func-
tional genomics, why start over with a BBB genomics program? However, the brain
microvasculature comprises only 10–3 parts of total brain, and the sensitivity of most
gene microarray systems is 10– 4 (14). Therefore, the analysis of the gene microarray
for the whole brain will not be particularly effective in identifying the majority of
genes that are selectively expressed in the brain microvasculature. Owing to the small
volume of brain that is occupied by the capillary endothelial intracellular space, all of
the BBB-specific gene products are essentially diluted out in a whole brain gene
microarray by the vastly more abundant brain cell gene products. Therefore, to initiate
a BBB genomics program, it is necessary to start with the isolation of brain capillaries
and then the isolation of capillary-derived polyA+ RNA.

Once brain capillary-derived polyA+ RNA and cDNA is obtained, the investigator
must choose whether the genomics investigation is going to use a subtraction or non-
subtraction methodology (Fig. 6). Nonsubstration methodologies employ gene chips
and are derived from the original expressed sequence tag (EST) approaches to organ
genomics. This nonsubtraction approach attempts to locate BBB-specific gene prod-
ucts amongst the many capillary endothelial cell gene products common to a wide vari-
ety of cell types. In contrast, the common housekeeping genes can be eliminated with
a subtraction approach to BBB genomics. Suppression subtractive hybridization (SSH)
or differential display methods can be used, and SSH is well-suited for analyzing gene
expression at the brain microvasculature and for subtracting out commonly expressed
genes widely expressed in peripheral tissues (see Fig. 6). The SSH methodology applied
to BBB genomics is reviewed elsewhere in this book by Dr. Ruben J. Boado. The SSH
approach to the investigation of BBB genomics has thus far been applied to control rat
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Fig. 6. Subtractive and nonsubtractive approaches to blood–brain barrier (BBB) proteomics
and BBB genomics.



brain (30), and to human brain removed at neurosurgery for cerebral dysplasia (19). In
the case of either the rat BBB genomics or the human BBB genomics program, only a
small fraction of the subtracted cDNA libraries have been analyzed to date. In both cases,
a pool of cDNA derived from either rat liver/kidney or human liver/kidney was used as
driver cDNA, whereas rat or human brain capillary-derived cDNA was used as tester
cDNA. A partial list of the gene products and the grouping of these genes into families
of common function is shown in Fig. 7. Each one of these BBB-enriched genes plays
a complex role in the regulation of brain capillary function. Many of these genes were
not known previously to be selectively expressed at the BBB. The investigator can soon
become overwhelmed at the diversity of molecular targets that a BBB genomics pro-
gram reveals with respect to known genes that are now found to be selectively expressed
in the brain at the BBB. This sense of being overwhelmed at the body of new knowl-
edge only continues when the investigator starts to tabulate the many novel genes of
unknown function that are found to be selectively expressed at the BBB. Thus far, more
than a dozen novel genes have been detected at either the human or rat BBB (19,30),
and the function of these genes at the BBB is not known.

3.5. BBB Proteomics

The typical proteomics approach involves isolation of cell-derived proteins on two-
dimensional (2-D) gels (see Fig. 6). A cell extract is initially run in a nondenaturing
detergent through an isoelectric focusing (IEF) gel, followed by electrophoresis on a
denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
There are certain limitations to the 2-D gel approach to proteomics. First, because the
initial cell extract is prepared in a nondenaturing detergent for the IEF phase, most mem-
brane proteins are eliminated due to insolubility of membrane proteins in the 2-D gel
system (33). 2-D gels select for soluble cytosolic proteins. However, the proteins that

394 Pardridge

Fig. 7. Clustering of brain microvascular gene products by function. Gene grouping is a com-
posite of genes with known function isolated for the human or rat brain microvasculature. The
gene products identified at the human blood–brain barrier (BBB) have no asterisk, and the gene
products identified from the rat BBB are noted by an asterisk. From ref. 19.



are of interest to the analysis of BBB transport function are invariably membrane pro-
teins. Second, since no subtractive approach is used with the 2-D gel analysis (see
Fig. 6), the majority of proteins on the 2-D gel are common cellular proteins found in
many tissues. A subtractive approach to BBB proteomics has been developed (24), and
subtractive proteomics parallel the SSH approach to BBB genomics (see Fig. 6). A sub-
tractive antibody-expression cloning method for the analysis of brain vascular pro-
teomics or BBB proteomics has been recently developed (Fig. 8). In this methodology,
brain capillaries are initially isolated (see Fig. 8A) and the brain capillary membrane
fraction is then used to immunize rabbits to produce anti-BBB antisera (24). Such anti-
sera invariably bind to many cellular structures in immunocytochemistry. However,
absorption of the anti-BBB rabbit antiserum with acetone powders of peripheral organs,
such as liver or kidney, removes the antibodies directed at widely expressed proteins
(34). The liver/kidney subtracted anti-BBB antiserum reacts with brain capillary spe-
cific proteins (BSP). The subtracted anti-BSP antiserum results in continous immunos-
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Fig. 8. Scheme for subtractive antibody expression cloning of brain vascular proteomics. (A)
Isolated bovine brain microvessels. (B) β-galactosidase histochemistry of COS-1 cells trans-
fected with a β-galactosidase expression plasmid using DEAE dextran as the transfection agent.
(C) Bovine microvessels stained with the rabbit polyclonal antiserum raised against bovine brain
microvascular membrane proteins that have been subtracted with acetone powders of rat liver
and rat kidney. (D) Immunocytochemistry of COS-1 cells transfected with a bovine brain cap-
illary cDNA library in the pcDNA1.1 expression vector and labeled with a subtracted anti-BSP
antiserum. BSP, brain capillary specific protein. From ref. 24.



taining of cyto-centrifuged brain capillaries in immunocytochemistry as shown in
Fig. 8C. The continuous immunostaining pattern provides evidence for an endothelial
origin of the BSP antigens in the brain capillary preparation.

In parallel to the production of the subtracted anti-BBB antiserum, brain capillary
cDNA is inserted in a transient expression cloning vector, such as pcDNA1.1 (see
Fig. 3). Mammalian cells, such as COS-1 cells, are transfected with transfection agents
such as diethylaminoethyl (DEAE) dextran. β-galactosidase histochemistry of COS cells
transfected with a β-galactosidase expression plasmid and DEAE dextran show that
approx 10% of the cells are transfected with the gene (Fig. 8B). A much higher per-
centage of cell transfection can be achieved with other transfecting agents, such as lipo-
fectamine (24). However, a very high efficiency of a cell transfection makes it difficult
to isolate the immuno-positive cells, and for this reason, the low efficiency transfection
agent (i.e., DEAE dextran) is preferred for transfection of the COS cells. The COS cells
that are transfected with the brain capillary cDNA library in the pcDNA1.1 expression
vector are then screened with the subtracted anti-BSP antiserum and immunocyto-
chemistry (Fig. 8D). The cell monolayer is scanned with a dissecting microscope, and
a small forceps is used to scrape the immuno-positive cells from the dish. This usually
requires the removal of 10–20 neighboring cells. The floating cell layer is then removed
with a small pipet tip, and the plasmid DNA is purified from the cell extract with the
Hirt extraction method (24). The recovered plasmid DNA is then used to transform bac-
teria to amplify the selected plasmid DNA, and the enriched pool of DNA is retrans-
fected in COS cells, and iterative cycles of immunocytochemistry are performed until
the single clone is identified. The anti-BSP antiserum reacts with many different pro-
teins that are selectively enriched at the BBB, and these are cloned one gene at a time.
Thus far, this methodology has led to the detection of the Lutheran glycoprotein (24)
and the CD46 complement cofactor protein (35). Both of these proteins are membrane
proteins that are selectively expressed in brain at the BBB. Numerous other BBB-
specific proteins could be identified with the subtractive antibody expression cloning
method and the subtractive anti-BSP antiserum.

4. Summary
Molecular biological studies of the BBB should start with the purification of polyA+

RNA from capillaries isolated from fresh animal or human brain (see Fig. 3). While it
is simpler to use in vitro BBB systems for analysis of brain microvascular function, the
in vitro approach may not be an efficient way to investigate tissue-specific gene expres-
sion at the BBB. The tissue-specific gene expression that exists at the BBB and brain
microvasculature in vivo is nearly lost when brain capillary endothelial cells are grown
in primary tissue culture even in the presence of astrocyte co-cultures. There is at least
a 100-fold down-regulation of gene expression of either the Glut1 glucose transporter
or the LAT1 large neutral amino acid transporter when brain capillary endothelial cells
are grown in tissue culture (27,36). The value of the in vitro BBB tissue culture system
may actually be in the identification of the down-regulation of tissue-specific gene
expression at the BBB. For example, the use of freshly isolated brain capillaries to pro-
duce tester cDNA and the use of cultured brain capillary endothelial cells to produce
driver cDNA in an SSH methodology could allow for the identification of BBB-
specific genes that are turned off in tissue culture.
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The adaptation of molecular biology techniques to capillaries isolated from fresh
human brain could lead to an expanded body of knowledge on the pathogenesis of cer-
tain neurologic diseases which involve the brain microvasculature. However, despite
the potential of molecular biological investigations of the human BBB, this area has
essentially been completely ignored by the molecular neurosciences. Although this is
very unfortunate, it does provide significant opportunities for young neuroscientists that
have been trained in the molecular neurosciences to adapt molecular techniques to inves-
tigations of the human BBB and human brain microvasculature using methodologies
similar to that outlined in Fig. 3.

The introduction of genomics or proteomics programs to BBB research can only
accelerate our understanding of the molecular biology of the brain microvasculature.
Investigators may find that the subtractive-based genomics or subtractive-based pro-
teomics methodologies are more efficient at the idenfication of BBB-specific gene
expression. Virtually all present-day functional genomics programs involve either cul-
tured cells or whole organ extracts. There are few functional genomics programs focused
on the organ vasculature. It is likely that organ vascular genomics, and in the case of
the brain, BBB genomics, will take on increasing significance in the future. This is
because the vascular-specific transcripts are diluted in whole organ gene microarrays.
Therefore, a vascular genomics program must start with the initial isolation of the
organ vasculature.

The regulation of molecular and cellular events of the brain microvasculature is a
complex function of the paracrine interactions between capillary endothelial cells, cap-
illary pericytes, and astrocyte foot processes (see Fig. 1). The molecular and cellular
biology of the brain microvasculature and the specifics of these cell–cell interactions
have not been widely studied to date. Nevertheless, the redirection of molecular bio-
logical methodologies to the brain microvasculature provides new opportunities to
young investigators in either the molecular neurosciences, the molecular physiological
sciences, or the molecular pharmaceutical sciences.
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Blood–Brain Barrier Genomics

Ruben J. Boado

1. Introduction
The application of the suppressive subtraction hybridization (SSH) technique to

blood–brain barrier (BBB) genomics has accelerated the discovery and identification
of BBB-specific genes in humans and in experimental animals (1–3). This procedure
allows for the development of gene arrays based on gene products derived from iso-
lated brain capillaries, which represents the BBB in vivo (4). The brain capillary volume
is 10–3 or less than 0.1% of the total brain (4). Because the sensitivity of a typical gene
microarray of the brain approximates 10– 4 (5), the identification of BBB-specific genes
from gene arrays derived from whole brain is statistically unlikely, even for BBB highly
expressed transcript with relative abundance ranging 0.01–0.02% (i.e., actin, LAT1)
(6,7). In addition, the levels of low abundant BBB-specific genes, like the p80 BBB-
GLUT1 mRNA-binding protein, are less than 0.0005% of total cell proteins (8), which
is several log orders below the limit of detection of deoxyribonucleic acid (DNA)
microarrays (5). However, BBB-specific genes can be identified with a gene array
derived from gene products initially obtained from isolated brain capillaries (Fig. 1).

Serial gene expression analysis (SAGE) was used for identification of genes
expressed in tumor endothelium of human malignant colorectal tissue (9), and it may
also be applicable to BBB genomics. However, SAGE requires a comprehensive
sequence analysis to compare gene expression profiles in two different tissue samples
(9), i.e., normal and tumor endothelium. On the contrary, the SSH protocol only ana-
lyzes differentially expressed genes (10); for example, BBB-specific genes. The SSH
procedure was successfully used in this laboratory to identify and isolate BBB-specific
genes in humans and rats (1–3). The identified clones encode proteins of known and
unknown functions that are involved in angiogenesis, neurogenesis, molecular trans-
port, and maintenance of BBB tight junctions or cytoskeleton. Because only a small
percentage of BBB-SSH cDNA libraries has been screened (i.e., 0.1–5%) (1–3), it is
anticipated that BBB genomics programs based on SSH cloning may provide a com-
plete BBB-specific gene array to investigate mechanisms of brain pathology at the
microvascular level.

The complete BBB-SSH protocol is described in this chapter as summarized in
Fig. 1. The BBB-SSH procedure begins with the isolation of brain capillaries
(Fig. 1, II). Poly-A+/mRNA is purified from isolated brain capillaries, kidney, and liver
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(Fig. 1, IV and V, Subheading 3.1.). Isolated ribonucleic acids (RNAs) are used for
the construction of BBB-specific cDNA libraries using the suppression subtractive
hybridization technique (Subheading 3.2.). The BBB cDNA library is used for screen-
ing and isolation of BBB-specific transcripts by differential hybridization using sub-
tracted and unsubtracted BBB cDNA label with 32P (Fig. 1, VII, and Subheading 3.3.).
Clones of interest are characterized with restriction endonuclease mapping and DNA
sequencing (Subheading 3.4. and 3.5.). The identity of BBB-specific clones is con-
firmed by Northern blot analysis or reverse transcriptase polymerase chain reaction
(RT-PCR) using brain microvascular RNA, total brain RNA, and RNA isolated from
peripheral tissues; e.g., liver, kidney, lung, and heart (Subheading 3.6.). DNA sequenc-
ing of isolated clones is used to search cDNA databases at the National Center for
Biotechnology Information (NCBI). This allows for identification of genes of known
function, expressed sequence tag (EST) clones, and novel sequences. Clones corre-
sponding to novel BBB-specific gene sequences may be used to screen a brain microvas-
cular cDNA library for isolation of full-length transcripts (Fig. 1). Full-length novel
sequences allow for obtaining open reading frames and deduced amino acid sequences,
which are then used to screen protein databases to find similarities with proteins of
known function, i.e., BBB-specific anion transporter type 1 (BSAT1) (1).
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Fig. 1. Diagram of the blood–brain barrier genomics program. BSP, blood–brain barrier spe-
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2. Materials
2.1. Isolation of Poly-A+ RNA

1. Disposable 50-mL Falcon tubes (cat. no. 352098, Becton Dickinson Labware, Franklin
Lakes, NJ), ribonuclease (RNase)/deoxyribonuclease (DNase)-free, 1.5-mL microtubes
(cat. no. 3622) and Spin-X filter units (cat. no. 8162, Costar-Corning, NY).

2. Oligo d(T) cellulose (cat. no. O3131, Sigma-Aldrich, St. Louis, MO).
3. Lysis Buffer: 0.01 M Tris-HCl, pH 7.5, 1 mM EDTA, 0.2 M NaCl, 2% SDS, and 400 µg/mL

proteinase K).
4. Binding Buffer: 0.01 M Tris-HCl, pH 7.5, 1 mM EDTA, and 0.5 M NaCl.
5. Low Ionic Strength Binding Buffer: 0.01 M Tris-HCl, pH 7.5, 1 mM EDTA, and 0.1 M NaCl.
6. Elution Buffer: 0.01 M Tris-HCl, pH 7.5, and 1 mM EDTA.
7. Proteinase K (cat. no. 300141, Stratagene, San Diego, CA).
8. Low speed and micro centrifuges.
9. Polytron homogenizer (Littau, Switzerland).

10. Orbital shaker (New Brunswick Scientific, Edison, NJ).

2.2. Suppressive Subtraction Hybridization

1. Polymerase chain reaction (PCR) Select cDNA Subtraction System and Advantage 2 PCR
enzyme system (Clontech, Palo Alto, CA).

2. α32P-dCTP (800 Ci/mmol) (Perkin Elmer, Boston, MA).
3. First strand Buffer: 50 mM Tris-HCl, pH 8.5, 8 mM MgCl2, 30 mM KCl, and 1 mM DTT.
4. Second Strand Buffer: 100 mM KCl, 10 mM ammonium sulfate, 5 mM MgCl2, 0.15 mM

β-NAD, 20 mM Tris-HCl pH 7.5, and 50 µg/mL BSA.
5. Rsa I (Clontech).
6. RsaI buffer: 10 mM bis Tris propane-HCl, pH 7.0, 10 mM MgCl2, and 0.1 mM DTT.
7. Ligation buffer: 50 mM Tris-HCl, pH 7.8, 10 mM MgCl2, 2 mM DTT, and 50 µg/mL BSA.
8. 0.5-mL microtubes (cat. no. 05 408 1A, Fisher Scientific, Pittsburgh, PA).
9. Temperature cycler (iCycler, BioRad, Richmond, CA).

10. 96 well dot-blot apparatus (BioRad).
11. Hybridization Buffer (Clontech cat. no. S0693).
12. E. coli supercompetent cells (Invitrogen, San Diego, CA).
13. Glycogen, 20 mg/mL solution (Roche Applied Science, Indianapolis, IN).
14. Chemicals: Phenol, chloroform, isoamylalcohol and ethanol.

2.3. Differential Hybridization

1. Differential screening blocking solution (Clontech cat. no. 8210-1).
2. Luria-Bertani (LB) culture broth and agar plates containing 100 µg/mL ampicillin

(LB/amp), respectively.
3. α32P-dCTP and GenScreen Plus membranes (Perkin Elmer).
4. DNA Labeling Kit (Amersham Megaprime cat. no. RPN1607).
5. Sephadex G-25 spin columns (cat. no. 1273990, Roche).
6. Disposable 15-mL Falcon tubes (cat. no. 352097).
7. Whatman DE81 filter paper.
8. 20 × SSPE solution (1 × SSPE has 0.15 M NaCl, 0.01 M NaH2PO4, 0.1 mM EDTA,

pH 7.4).
9. Hybridization incubator (Robbins Scientific, Sunnyvale, CA).

10. QIAquick PCR Purification and QIAprep Spin Miniprep kits (Qiagen, Valencia, CA).
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2.4. DNA Sequencing and Northern Blot Analysis

1. Oligodeoxynucleotides primers, i.e., M13 forward and reverse.
2. Agarose, DNA/RNA electrophoresis equipment (BioRad).
3. 20 × SSC solution (1 × SSC = 0.15 M NaCl, 0.015 M Na citrate, pH 7.0).
4. Chemicals and reagents: formaldehyde (Fisher), formamide (Ambion, Austin, TX), SDS

(BioRad), tRNA (Invitrogen), EcoRI (New England Biolabs, Boston, MA), Denhardt’s solu-
tion, denatured salmon sperm DNA, and dextran sulfate (Sigma).

3. Methods
3.1. Isolation of Brain Capillary Poly-A+ mRNA

Methods for isolation of brain capillaries from human, rat, rabbit, and bovine brain
have been extensively described by this and other laboratories (1,2,7,11,12). For the
successful completion of the subtraction cloning procedure it is essential that the iso-
lation of brain capillaries be conducted under RNase-free conditions (see Note 1).
Poly-A+ mRNA is isolated from brain capillaries or tissue samples using a single step
method previously described in this laboratory (13). This method utilizes a combina-
tion of sodium dodecyl sulfate (SDS) and proteinase K for cellular lysis and digestion
of proteins, respectively. SDS, as well as urea, markedly stimulates the activity of the
proteinase K and inhibits the activity of cellular RNases (14).

1. Brain capillaries isolated from 20 rat brains, or 1 g of fresh rat tissue (i.e., brain, kidney,
or liver) are placed in a 50-mL Falcon tube, and 25 ml lysis buffer are immediately added
(see Note 2).

2. The sample is rapidly homogenized in a Polytron homogenizer at room temperature at full
speed for 5–10 s until smooth and no pieces of tissue are evident.

3. RNases and other cellular proteins are completely digested for 45 min at 45°C in an orbital
shaker at approx 600 rpm.

4. Following incubation, the NaCl concentration of the solution is adjusted to 0.5 M
using 5 M NaCl stock solution (e.g., add 1.5 mL 5 M NaCl to 25 mL homogenate) (see
Note 3).

5. The selection of Poly-A+ RNA is performed in the same tube with the addition of 50 mg
washed oligo d(T) cellulose (see Note 4).

6. The lysate-cellulose suspension is mixed for 30 min at room temperature in an end-over-
end mixer.

7. The sample is then centrifuged for 2 min at 1500g at room temperature, and the supernatant
aspirated and discarded.

8. The Poly-A– RNA (i.e., ribosomal and transfer RNA) is washed off the resin twice with
25 mL of binding buffer containing 0.5 M NaCl. The sample is vortexed to suspend the
resin and spun as described in step 7.

9. A final wash with 25 ml low ionic strength binding buffer (0.1 M NaCl) is also performed.
10. The cellulose pellet is transferred to a 0.45-µm Spin-X filter unit with the aid of a

tapered 1 ml RNase free pipet tip and a small volume of low ionic strength binding buffer
(i.e., 400 µL).

11. The remaining low ionic strength binding buffer is removed by centrifugation for 1 min,
1500g at room temperature in a microcentrifuge and discarded.

12. The Poly-A+ RNA is eluted with two aliquots of 400 µL elution buffer. The cellulose is
gently mixed following addition of the elution buffer aliquot with a pipet tip and centrifuged
as described in step 11.
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13. The Poly-A+ RNA (total volume = 800 µL) is collected in the microtube of the filter unit.
The yield of brain capillary Poly-A+ mRNA isolated from 20 rat brains ranges from
2–5 µg of mRNA with an OD260/280 of 1.8–2.0.

14. The sample is precipitated with Na acetate and ethanol to reduce the volume (15).
15. The mRNA is dissolved with RNase free water to a concentration of 1 µg/µL.

The quality of the isolated Poly-A+ RNA is determined by Northern blot analysis
using a housekeeping cDNA probe, i.e., actin (see Subheading 3.6.). Probing with actin
cDNA is of particular use because this shows both the β/γ cytoplasmic actin (2.1 kb)
and the microvascular α-actin isoform (1.7 kb) transcripts (Fig. 2). The material may
be used for SSH (see Subheading 3.2.) if both actin transcripts are seen in brain cap-
illary RNA and no signs (smear) of degraded RNA are evident. Isolated Poly-A+ RNA
has also been successfully used for the construction of cDNA libraries and cloning of
full length transcripts, i.e., BBB-LAT1 and BSAT1 (1,6).

3.2. Suppressive Subtraction Hybridization

This is performed using the PCR-select cDNA subtraction system according to the
manufacturer’s instructions (Clontech) (10). The rat brain capillary Poly-A+ RNA is used
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Fig. 2. Northern blot analysis. The identity of isolated blood–brain barrier (BBB)-specific
clones was confirmed by Northern blot analysis using a panel of rat tissue mRNA. Two µg
Poly-A+ RNA were resolved in 1.5% agarose/2.2 M formaldehyde gels, blotted onto a GenScreen
Plus nylon membranes and hybridized with the 32P-labeled clone of interest. Membranes were
stripped and reprobed as described in Note 10. (Left) Films were exposed 1 d for 4F2hc, K-1
and K-2; and 5 d for the remaining clones. (Right) Film exposure time: 3 h for K-2, 4 h for
K-1, 24 h for actin and LK-6, and 5 d for LK-7 and -9. Clone K2 (BSAT1) encodes for a true
BBB-specific clone selectively expressed at the BBB. The BSAT1 signal in rat brain (on
the left panel) represents BSAT1 from BBB origin seen in total brain following an exposure
time of 5 d. Clones K-1, LK-6, -7 and -9 are highly enriched at the BBB and also expressed in
either rat brain (IGF-2) or peripheral tissues (K-1, LK-7 and -9). From ref. 1 with permission.



to produce tester cDNA, and the subtraction procedure is completed using either rat liver
and/or kidney mRNA to generate driver cDNA (1–3). The SSH procedure results in a
BBB-specific population of cDNAs wherein BBB-mRNAs that are also expressed in
liver and kidney have been subtracted. Double-stranded cDNA is synthesized from both
tester (i.e., BBB) and driver (i.e., liver and kidney) Poly-A+ RNA using the cDNA syn-
thesis primer [5′-(T)4-RsaI-HindIII-(T)29-(N)2-3′], which was designed to anneal with
the PolyA+ tail of mRNAs and to introduce RsaI and HindIII restriction endonuclease
sites at the 3′-end.

1. In a nuclease-free thin-wall 0.5-mL microtube, 1 µg tester or driver Poly-A+ RNA is
annealed with 2 µM cDNA synthesis primer in a total volume of 5 µL water for 2 min at
70°C in a thermal cycler.

2. Samples are cooled on ice for 2 min and briefly spun.
3. The synthesis of the first strand of cDNA is carried out by dilution of the samples to 10 µL

with first strand buffer to a final concentration of 50 mM Tris-HCl, pH 8.5, 8 mM MgCl2,
30 mM KCl, 1 mM dithiothreitol (DTT). The solution also contains 2 mM dNTPs, 4 U AMV
reverse transcriptase and 1 µCi 32P dCTP to monitor the reaction.

4. Samples are incubated at 42°C in an air incubator for 1.5 h.
5. The synthesis of the second strand of cDNA is completed by dilution of the samples to

80 µL with second strand-buffer to a final concentration of 100 mM KCl, 10 mM ammonium
sulfate, 5 mM MgCl2, 0.15 mM β-NAD, 20 mM Tris-HCl pH 7.5, 50 µg/mL BSA, and con-
taining 0.45 mM dNTPs, 24 U DNA polymerase I, 1 U RNase H, and 4.8 U E. coli DNA ligase.

6. Samples are incubated 2 h at 16°C, and the reaction is completed with 6 U T4 DNA ligase
and with an additional incubation of 30 min at 16°C.

7. The synthesis is stopped with 4 µL 0.2 M EDTA/1 mg/mL glycogen.
8. Proteins are extracted with phenol�chloroform�isoamylalcohol (25�24�1) and synthe-

sized cDNA is purified from unincorporated deoxynucleotides and degraded RNA by
ethanol precipitation with ammonium hydroxide by using standard protocols (15).

9. cDNAs are dissolved in 50 µL nuclease-free water, and an aliquot of 6 µL is obtained for
analysis of synthesized cDNAs by agarose gel electrophoresis and autoradiography
(Fig. 3). In a representative experiment, the expected smear corresponding to rat BBB-
cDNAs ranging from 9 to 0.3 kb is seen following autoradiography of a dried agarose gel
(see Fig. 3).

3.2.1. Normalization of cDNAs

In order to obtain shorter and blunt-end cDNA fragments suitable for the SSH pro-
cedure, the entire tester and driver cDNA samples are normalized by digestion with RsaI. 

1. cDNAs are digested in a total volume of 50 µL RsaI buffer with 15 U RsaI for 1.5 h
at 37°C.

2. A 5-µL aliquot is taken at this point to confirm the completion of the restriction endonu-
clease digestion by agarose gel electrophoresis.

3. The reaction is stopped with EDTA/glycogen, and the samples extracted with phenol:chlo-
roform and precipitated with ethanol as described above. An autoradiogram of the agarose
gel corresponding to the RsaI-digested BBB-cDNA sample demonstrates the expected
reduction of the size of cDNAs to 2–0.3 kb (see Fig. 3).

3.2.2. Preparation of Tester cDNA

To proceed with the suppression subtractive protocol, two populations of tester
cDNA are created by ligation of two different linkers named adaptor 1 and adaptor
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2R. The adaptor 1 is comprised of the T7 promoter (5′-CTAATACGACTCAC
TATAGGGC-3′) followed by a 22-mer named Nested PCR primer 1 (5′-TCGAGCG
GCCGCCCGGGCAGGT-3′), which encompasses restriction endonuclease sites for
NotI, SrfI/SmaI, and 1/2 site of RsaI. Therefore, cDNAs carrying the Adaptor 1 may
be PCR amplified by either T7 or Nested PCR primer 1. The Adaptor 2R contains the
T7 promoter followed by a 20-mer named Nested PCR primer 2R (5′-AGCGTG
GTCGCGGCCGAGGT-3′), which carries RE sites for EagI/EaeI and 1/2 site for RsaI.
cDNAs with adaptor 2R are PCR-amplified with either T7 or Nested PCR 2R primers.

1. The ligation of Adaptor 1 or 2R is performed in parallel in a total volume of 10 µL liga-
tion buffer containing 400 U T4 DNA ligase and 3 mM ATP in the presence of 2 µL RsaI-
digested BBB-tester cDNA and 2 µM Adaptor (i.e., 1 or 2R), for 16 h at 16°C.

2. The ligation is stopped with EDTA/glycogen, and the DNA ligase is inactivated for 5 min
at 72°C.

3. At this point, 1-µL aliquots are taken and diluted with 1 ml water. This solution is named unsub-
tracted BBB-tester cDNA and it is used in the SSH protocol, described in Subheading 3.2.5.
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Fig. 3. Autoradiogram of an agarose gel of synthesized rat blood–brain barrier (BBB)-
cDNA. Aliquots of 32P-labeled cDNA (i.e., 2.5 µL prior and 5 µL following digestion with RsaI)
were resolved by electrophoresis in a 1.2% agarose gel. Gel was dried in a gel dryer at 22°C
for 1 h, and autoradiogram was exposed for 3 d at 22°C. The expected smear corresponding to
rat BBB-cDNAs ranging from 9 to 0.3 kb is seen, the size of BBB-cDNAs is reduced to
2–0.3 kb following digestion with RsaI. The migration of DNA standards is shown on the left
side of the figure.



3.2.3. Efficiency of Ligation

The efficiency of the ligation of adaptors is determined by PCR amplification using
G3PDH and T7 primers. cDNA samples are amplified using forward and reverse
G3PDH primers (G3PDH-5′, 5′-ACCACAGTCCATGCCATCAC-3′; and -3′,
5′-TCCACCACCCTGTTGCTGTA-3′, respectively), which amplify a cDNA fragment
of approx 1.2 kb rat G3PDH. In addition, samples are also amplified with G3PDH
reverse primer and the T7 primer (also known as PCR primer 1) located at the ligated
adaptor. Using the latter combination of primers, PCR products would be seen only if
the ligation of adaptors was successful.

1. PCR amplification is performed using the Advantage 2 PCR enzyme system in a total
volume of 25 µL Advantage 2 PCR buffer containing 2 µL tester cDNA ligated to adaptor
1 or 2R, 0.2 mM dNTPs, 0.4 µM primers of interest (i.e., G3PDH-3′ and G3PDH-5′ or T7)
and 0.5 µL Advantage 2 polymerase mix.

2. Samples are extended for 5 min at 75°C in a temperature cycler, and the PCR amplifica-
tion is carried out for 30 cycles of denaturing at 95°C for 30 s, annealing at 65°C and
30 s, and extension at 68°C for 2.5 min. In a representative experiment, the PCR amplifi-
cation of rat BBB-cDNA produced two expected major bands corresponding to the approx
1.2 kb rat G3PDH and the approx 0.5 kb G3PDH-T7 (linker/adaptor) fragment (Fig. 4).
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Fig. 4. Ligation efficiency of adaptors 1 and 2R into blood–brain barrier (BBB)-tester
cDNAs. The efficiency of the ligation was determined by PCR amplification using G3PDH and
T7 primers. Aliquots of 5 µL were resolved by electrophoresis in a 2% agarose gel, and the ethid-
ium bromide staining of the gel is shown in the figure. The combination of primers used in the
PCR protocol are indicated in the bottom of the figure, and the migration of DNA standards on
the left side. The PCR amplification of BBB-cDNA 1 or 2R with G3PDH primers produced the
expected approx 1.2-kb band corresponding to an internal cDNA fragment of rat G3PDH.
Amplification with T7 and G3PDH-3′ primers yielded an approx 0.5-kb PCR product in both
samples, which corresponds to the G3PDH-adaptor cDNA fragment. The intensity of the bands
are comparable, suggesting that ligation of adaptors was successfully performed.



The intensity of the bands are comparable, suggesting that ligation of adaptors was suc-
cessfully performed. If the intensity of the 0.5 kb G3PDH-T7 fragment represents less than
25% of the 1.2 kb G3PDH, ligation of adapter should be repeated to ensure a successful
SSH procedure.
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Fig. 5. Diagram of different blood–brain barrier (BBB)-tester and liver/kidney-driver cDNA
hybrids. (A) The BBB-tester is subjected to linear amplification in a tester-driver cDNA hybrid
following PCR amplification with either T7 or Nester 1 or 2R primers. (B) Double stranded
tester cDNA hybrids possessing both adaptors (i.e., 1 and 2R) are exponentially amplified in
two successive PCR amplification steps performed with T7, and nested 1 and 2R primers,
respectively. (C) BBB-tester-tester hybrids carrying the same adaptor (i.e., 1 or 2R) are sup-
pressed during the PCR amplification because the kinetics of annealing favors the formation
intramolecular panlike structures over annealing a shorter primer. Pool of hybrids comprised
of driver-driver double stranded cDNA lacking adaptors, as well as single stranded tester cDNA,
are not amplified (not shown).



3.2.4. Hybridization of Tester (BBB) and Driver (Liver–Kidney) cDNAs

To enrich for differentially expressed sequences, the SSH protocol proceeds with the
hybridization of the two populations of tester BBB-cDNA prepared as described above
with adaptor 1 or 2R with the driver liver and kidney cDNA.

1. Aliquots of 1.5 µL BBB-tester-adaptor 1 and -adaptor 2R cDNAs are independently
hybridized with 1.5 µL of driver cDNA in a total volume of 4 µL hybridization buffer in a
temperature cycler at 98°C for 1.5 min followed by 8 h at 68°C.

2. The hybridization step is completed in a second incubation wherein a new aliquot of 1 µL
RsaI-digested cDNA is heat-denatured for 1.5 min at 98°C, immediately mixed with the
already hybridized samples tester-adaptor 1-driver and tester-adaptor 2R-driver, and incu-
bated overnight at 68°C.

3. Following incubation, the sample is diluted with 200 µL 20 mM HEPES-HCl, pH 8.3,
50 mM NaCl, 0.2 mM EDTA, and stored at –20°C.

3.2.5. Suppressive Subtraction PCR

The hybridization procedure creates tester-driver cDNA hybrids with transcripts
expressed in both tissues (i.e., BBB, liver, and kidney) (Fig. 5A). Because the sup-
pressive PCR step begins by fill-in of the ends followed by amplification with the T7
primer, tester-driver hybrids are just subjected to linear amplification. On the contrary,
double stranded tester cDNA hybrids possessing both adaptor 1 and 2R sequences are
exponentially amplified in two successive PCR amplification steps performed with T7,
and nested 1 and 2R primers, respectively (Fig. 5B). This procedure results in the selec-
tive amplification of BBB-specific transcripts and suppression of mRNAs commonly
expressed in BBB, liver, and kidney. Pools of hybrids comprised of driver-driver double
stranded cDNA lacking adaptors, as well as single stranded tester cDNA, are not ampli-
fied. Tester-tester hybrids carrying the same adaptor (i.e., 1 or 2R) are suppressed
during the PCR amplification because the kinetics of annealing favors the formation
intramolecular panlike structures over annealing a shorter primer (Fig. 5C) (10). The
suppressive subtraction procedure is performed in two successive PCR steps.

1. A first PCR run is performed to amplify differentially expressed BBB-tester sequences with
the T7 primer. The PCR reaction is carried out in 0.5-mL nuclease-free microtubes in a
total volume of 25 µL PCR buffer (i.e., Advantage 2 PCR kit, Clontech) containing 1 µL
subtracted (hybridized) or unsubtracted (obtained above immediately after ligation of
adaptors) tester cDNA, 0.2 mM dNTPs, 0.4 µM T7 primer and 0.5 µL Advantage 2 poly-
merase mix.

2. The ends of double stranded cDNAs are filled by incubation at 75°C for 5 min, and PCR
amplification is performed for 30 cycles (denaturation, 94°C for 30 s; annealing, 68°C for
30 s; extension, 72°C for 1.5 min).

3. An aliquot of the samples is taken (i.e., 8 µL) and analyzed by agarose gel electrophore-
sis (see below).

4. A second PCR run is performed to further enrich differentially expressed BBB-cDNA
sequences and to suppress background of linearly amplified cDNAs (Fig. 5A). The second
PCR is performed for 15 cycles with 1 µL 1/10 v/v diluted samples obtained in the first
PCR run in a total volume of 25 µL as described above for the first PCR run, but with
0.4 µM Nested PCR 1 and 2R primers in lieu of the T7 primer. Figure 6 shows the expected
increase in the PCR products following first and second PCR amplification of both BBB
and a control subtracted cDNA, respectively.
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5. The efficiency of the subtraction procedure may be determined by PCR analysis of glyc-
eraldehyde-3-phosphate dehydrogenase (G3PDH) as previously described in this labora-
tory (2). In a typical BBB-SSH experiment, G3PDH PCR products are seen at 18 and 33
cycles of PCR with unsubtracted and subtracted BBB-tester cDNA, respectively (2).

3.2.6. Construction of Subtracted cDNA Libraries

Subtracted cDNA libraries are constructed with aliquots of 1 µL of products of the
second PCR products in the pCR 2.1 or pCR II vectors (Invitrogen) using standard
cloning techniques in the E. coli INVαF competent cells (1–3). A typical yield approx-
imates 500 to several thousand recombinants, with a nonrecombinant background activ-
ity of less than 10% (1–3).

3.3. Differential Hybridization

Positive clones are identified by a differential hybridization procedure in which ran-
domly selected colonies are hybridized with subtracted and unsubtracted 32P-labeled
BBB-cDNA probes (1–3). Clones that show a strong signal with the subtracted cDNA
probe compared to the unsubtracted one (i.e., ratio >2–10, Fig. 7, LK3) are selected for
DNA sequencing and confirmation of its BBB-specificity by Northern blot analysis.

1. Bacterial colonies are randomly selected and cultured in 96-well plates in LB/amp medium.
2. Colonies (i.e., 100-µL culture) are individually blotted on the GenScreen Plus membrane

using a 96-well dot-blot system. Duplicate membranes may allow for simultaneously prob-
ing with subtracted and unsubtracted BBB-cDNA.
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Fig. 6. Blood–brain barrier (BBB)-PCR products following SSH. BBB-tester cDNA 1 and
R2 were hybridized with liver/kidney-driver cDNA as described in text, and subjected to two
successive PCR amplification steps with T7, and nested 1 and 2R primers, respectively. Aliquots
of 5 µL were resolved by electrophoresis in a 2% agarose gel, and the ethidium bromide stain-
ing of the gel is shown in the figure. The migration of DNA standards is indicated on the left
side of the figure. Samples were (1) BBB-tester cDNA following SSH, and (2) control subtracted
cDNA (Clontech). The expected increase in the PCR products following first and second PCR
amplification of both BBB and control subtracted cDNA is seen.



3. DNA is denatured by incubation of the membranes (face up) on Whatman 3-mM paper
soaked in 0.5 M NaOH for 2 min at 22°C, followed by neutralization with 1 M Tris-HCl,
pH 7.4.

4. Membranes are prehybridized with 20 mL hybridization solution [1.5 × SSPE, 1% SDS,
0.5% nonfat dry milk and 10 µL/mL PCR select differential screening blocking solution
(Clontech) for 2 h at 65°C in a hybridization incubator.

5. Following prehybridization, the solution is discarded and the membranes are hybridized
in 5 ml fresh hybridization solution containing 1 × 106 cpm/mL 32P-labeled subtracted or
unsubtracted BBB-tester cDNA probe for 16 h at 65°C.

6. 32P-labeled probes and blocking solutions are heat-denatured immediately before use (see
Note 5). cDNAs are labeled with α32P-dCTP to a specific activity = 1 × 109 cpm/µg using
the random primer labeling technique (see Note 6).

7. Membranes are successively washed with increasing stringency washing solutions (see
Note 7).

8. Positive clones are identified by film autoradiography (see Note 8). In a representative
experiment, visual analysis of the subtracted and unsubtracted autoradiograms allows for
the unequivocal identification of clones with hybridization signals that are markedly aug-
mented with the subtracted probe compared with the unsubtracted one (see Fig. 7, LK-1
to LK-6). Autoradiograms may also be quantified using the NIH Image program 1.54 in a
Macintosh G4 computer, and the subtracted/unsubtracted ratio may be calculated for each
clone using the integrated density values. In order to validate the differential hybridization
protocol, the specific activity of the subtracted and unsubtracted 32P-cDNAs probes ought
to be similar (see Note 9). Probing of membranes with 32P-labeled subtracted and unsub-
tracted cDNAs of non-comparable specific activities may result in isolation of false posi-
tive clones.

3.4. Isolation and Characterization of Clones

Clones of interest (i.e., LK3, Fig. 7) are amplified in LB/amp medium and plasmid
DNA isolated using the Qiagen mini-prep kit (see Note 11). Clones are sequenced in
either one or both directions with M13 forward and reverse primers (see below). The
size of the cDNA inserts are determined by digestion with EcoRI, sites located at both
5′- and 3′-flanking region of the insertion site in pCR vectors, followed by 1.5% agarose
gel electrophoresis and staining with ethidium bromide (15). cDNA inserts are then iso-
lated from the gel using the QIAquick PCR purification kit (see Note 11), and used to
probe Northern blot filters containing a panel of tissue RNA, including BBB, brain, and
peripheral tissues (Fig. 2) (see Subheading 3.6.).

3.5. DNA Sequencing and BLAST Analysis

DNA sequencing of isolated clones is performed in either one or both directions using
M13 forward and reverse primers (1–3). Sequences are performed at university or pri-
vate DNA sequencing Core Facilities using DNA sequencing protocols provided by
those laboratories. Similarities with other genes deposited in GenBank are investigated
using the BLAST program (NCBI, http://www.ncbi.nlm.nih.gov/BLAST/). Searching
of the nonredundant (NR) database is used to identify known genes, whereas screen-
ing of the expressed sequence tags database (EST) is used to identify genes of unknown
function. If screening of both NR and EST databases, as well as genomic survey
sequence (GSS) and high throughout genomic sequences (HTGS), is negative, the
sequence is considered a novel BBB-specific transcript (Table 1). BBB-SSH novel
clones may be used for screening of a rat BBB cDNA library for isolation of full length
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cDNA clones (1). A partial list of clones isolated in a representative rat BBB-SSH is
shown in Table 1. Clone K2 was novel and not found in any databases. This clone was
used for isolation of a full-length cDNA from a rat BBB cDNA library, and later named
BBB-specific anion transporter type 1 (BSAT1) (1). The BSAT1 gene expression is spe-
cific to the BBB and is not detected in brain or peripheral tissues (Fig. 2). Other iso-
lated clones were expressed in brain only at the BBB and in peripheral tissues, i.e.,
organic anion transporter type 2 (Oatp2, clone K1), vascular endothelial growth factor
receptor (Flt-1, clone LK-7) and a rat EST (clone LK-9) (Table 1, Fig. 7).

3.6. Northern Blotting

Northern blot analysis is performed with 2 µg Poly-A+ RNA isolated from rat brain
capillaries, rat brain, and peripheral tissues including rat heart, lung, liver, and kidney.
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Fig. 7. Autoradiogram of brain–blood barrier (BBB)-specific clones following Southern
blot hybridization with (A) 32P-labeled subtracted and (B) unsubtracted BBB-tester cDNA.
Bacterial colonies were randomly selected and cultured in 96-well plates in LB/amp medium.
Aliquots of 100 µL bacterial culture were individually blotted on the GenScreen Plus membrane
using a 96-well dot-blot system. Membranes were hybridized with 32P-labeled subtracted or
unsubtracted blood–brain barrier (BBB)-tester cDNA, and the autoradiogram was exposed for
16 h at 22°C. Comparison of the subtracted and unsubtracted autoradiograms allows for the iden-
tification of BBB-specific clones showing augmented signals with the subtracted cDNA probe
(i.e., LK-1 to LK-6).



Table 1
Rat BBB-SSH, Partial List of Isolated Clones

Insert size Nucleotides mRNA Size Northern Origin of Nucleotide no.
Clone name Identity Accession no. (kb) sequenced (kb) category EST/Clone (% Identity)

K-1 Oatp2 U88036 0.8 800 4.1 2 rat 2573-3230(98)
K-2 BSAT1 AF306546 0.6 572 2.6 1 Rat BBB *
LK-6 IGF2 X14834 0.5 600 3.3 & 1.5 2 rat 2717-3170(100)
LK-7 Flt-1 D28498 0.5 500 6.4 2 rat 2191-2474(97)
LK-9 EST AI231826 0.8 400 4.1 2 rat heart 165-525(99)

Northern blot category: 1, gene expression is specific to the BBB and is not detected in brain or peripheral tissues; 2, gene is expressed in brain only at the BBB
and in peripheral tissues. * Clone K2 was novel and not found in any database. This clone was used for isolation of a full length cDNA of 2.6 kb later named BBB-
specific anion transporter type I (BSAT1)(1), because of distant sequence similarity with a liver-specific anion transporter (15). From ref. 1.
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RNAs are resolved in 1.5% agarose, 2.2 M formaldehyde gels, are blotted onto a
GenScreen plus nylon membranes using standard capillary-blotting procedures with
20 × SSC solution overnight at room temperature (15). Membranes are rinsed with
6 × SSC, dried for 30 min at RT, and baked 2 h at 80°C in a vacuum oven. The hybridiza-
tion is performed as follows:

1. The nylon membrane is placed in a membrane hybridization tube, rinsed with approx
20 mL RNase-free H2O and incubated with 10 mL prehybridization solution (50%
formamide, 1% SDS, 1 × Denhardt’s solution, 2 × SSPE, 200 µg/mL tRNA, 200 µg/mL
denatured salmon sperm DNA) for 42°C and constant rotation for approx 2 h.

2. Discard the prehybridization buffer and add 5 mL hybridization solution, which is com-
prised of prehybridization solution supplemented with 5% dextran sulfate and containing
1 × 106 cpm/mL 32P-labeled DNA (see Note 5).

3. Hybridization tubes are incubated overnight at 42°C in a hybridization chamber.
4. Hybridization tubes are removed from the incubator and the hybridization solution is

drained into a radioactive waste container.
5. Membranes are successively washed with solutions of increasing stringency (see

Note 7).
6. Membranes are briefly blotted on filter paper and wrapped in plastic wrap (i.e., Saran wrap)

(see Note 10).
7. Membranes are placed in cassette with intensifying screens and exposed to a Kodak X-ray

film for autoradiography (see Note 8).

3.7. Application

A representative Northern blot analysis performed with cDNA clones isolated in a
rat BBB-SSH protocol is shown in Fig. 2. Clone K1 was isolated in a BBB-SSH pro-
cedure preformed with rat kidney as driver, and it represents an isolate of the rat organic
anion transporting polypeptide type 2 (oatp2, accession no. U88036). Oatp2 is 4.1 kb
mRNA highly enriched at the BBB that is also expressed in rat liver. Clone K2 encodes
a novel protein that was not deposited in GenBank prior to this BBB-SSH cloning pro-
cedure (1). This clone is specifically expressed as a 2.6-kb transcript at the BBB. Clone
K2 was named BSAT1 (accession no. AF306546) (1) because of distant sequence sim-
ilarity with a liver-specific anion transporter (16). Clone LK-6 is the rat insulin-like
growth factor (IGF)-2 (accession no. X14834). IGF2 is expressed as two transcripts of
3.3 and 1.5 kb at the rat BBB, and rat brain. Clone LK-7 encodes the vascular endothe-
lial growth factor (VEGF, accession no. D28498) receptor, also called flt-1. This is a
6.4 kb transcript enriched at the BBB that is also expressed in lung. Clone LK-9 rep-
resents an isolate of a rat EST of unknown function (accession no. AI231826), which
is highly enriched at the BBB and also expressed in rat heart and lung. The integrity of
the mRNAs applied on the gels for Northern blot analyses is investigated with cDNA
for two commonly expressed genes, actin and 4F2hc. The latter encodes the heavy chain
of the amino acid transporter heterodimer (6).

4. Notes
1. Brain capillaries are isolated under RNase-free conditions at 4°C. All solutions are pre-

pared with nuclease-free water (i.e., DEPC-treated water) (15). Glassware ought to be baked
at 230°C for 16 h, and gloves worn during the isolation procedure to prevent contamina-
tion with RNases.
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2. Original method described the use of 1% SDS in the lysis buffer (13). Two percent SDS is
now routinely used to increase the yield, especially with samples containing high lipid con-
tent (i.e., brain).

3. 0.5 M NaCl represents the optimal ionic concentration for binding of Poly-A+ mRNA to
oligo d(T) cellulose (17). The homogenate solution should be colored depending on the
tissue used, but clear. If the solution appears turbid, centrifuge it for 10 min at 2000 rpm
and room temperature, and transfer the supernatant to a new 50-mL Falcon tube.

4. The oligo d(T) cellulose is washed and equilibrated as follows: a) 50 mg oligo d(T) cellu-
lose are washed with 2.0 mL 0.1 M NaOH/5 mM EDTA in a 50-mL Falcon tube. The solu-
tion is gently vortexed and centrifuged for 2 min, 1500g at 22°C. b) The supernatant is
aspirated and discarded, and the resin rinsed with 50 mL RNase-free H2O. Centrifuge and
discard supernatant as described above. The resin is now ready for binding of Poly-A+ RNA.
The pH of the oligo d(T) cellulose should be less than 7.5, if not, repeat wash with water.

5. Denaturation of 32P-labeled probes is performed for 2 min in boiling water, followed by
incubation on ice for 2 min. For Northern blot analysis, probes are boiled in 50% v/v for-
mamide. For Southern blot hybridization, probes may be boiled in water.

6. Random primer labeling of cDNA probes. cDNAs of interest (i.e., subtracted BBB-tester
cDNA) are purified with the QIAquick PCR purification kit (Qiagen, see Note 11) prior
to labeling. The labeling procedure is performed using the Amersham Megaprime DNA
Labeling Kit and 32P-dCTP by the method of Feinburg and Volgestein (18) with minor
modifications:
a. Mix in a 1.5-mL microfuge tube the following reagents: 20–25 ng cDNA (i.e., subtracted

driver, 1.0 µL), 5 µL primer solution, and 27 µL RNase-free H2O.
b. Boil for 5 min to denature cDNA, then cool to RT for 5 min to anneal primers.
c. To this mixture, add: 10 µL nucleotide mix, 5.0 µL (50 µCi) 32P-labeled dCTP, and

2 µL Klenow enzyme.
d. Incubate at 37°C for 60 min.
e. Stop the reaction with 4.0 µL 0.5 M EDTA pH 8.0, and remove unincorporated

nucleotides by Sephadex G-25 spin column as per the manufacturer’s instructions (see
Note 12).

f. Calculate specific activity and concentration of activity (see Note 9) and proceed with
dot-blot Southern blot hybridization.

7. Membranes are successively washed in the same hybridization tube for 8 min at RT with
50 mL of the following solutions: a) 2 × SSC, 0.1% SDS, b) 0.5 × SSC, 0.1% SDS, and c)
0.1 × SSC, 0.1% SDS. A final wash is performed with 50 mL 0.1 × SSC, 1.0% SDS for
30 min at 50°C. Washing steps are performed in an end-over-end rocker, with the excep-
tion of the final wash, which is performed in a water bath with shaking.

8. Kodak X-Omat AR film is suitable for most autoradiograms. Kodak BioMax MS or blue
films are more sensitive, and may be used for low signals (i.e., signals not detected with
Geiger counter). In this case, intensifying screens are needed, and exposures are performed
at –70°C. For strong signals detectable with Geiger counter (i.e., >500 cpm), intensifying
screens are not necessary and autoradiograms may be performed at room temperature.

9. The specific activity of 32P-cDNA probes is calculated using Whatman DE81 filters, pos-
itively charged filter papers that strongly bind negatively charged DNA (15).
a. A 1.0 µL aliquot of the labeling reaction mixture is taken before purification through

Sephadex spin column and it is diluted with 200 µL of 0.2 M EDTA (1�200).
b. Duplicate 5 µL aliquots are applied onto Whatman DE81 filters and dried for 10 min at

room temperature.
c. One filter is transferred to a scintillation vial containing scintillation cocktail (i.e.,

Packard UltimaGold) and counted in a liquid scintillation counter (total cpm).
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d. The second filter is washed to remove free unincorporated nucleotides with 3 × 50 mL
0.5 M phosphate buffer pH 7.0 followed by 50 mL of 70% ethanol for 30 s. The filter
is dried and counted as described in steps b and c (bound cpm).

e. The specific activity is calculated as follows: bound cpm × 50 µCi 32P/total
cpm × 100 × ng DNA (i.e., 20 ng). The specific activity usually obtained approximates
1–2 µCi/ng DNA. A 1.0 µL-aliquot of the Sephadex spin column eluate is also taken
and processed as described (i.e., binding to Whatman DE81 filters). These samples are
used to calculate concentration of activity of the labeled probe (i.e., cpm/µL), and the
efficiency of the spin column (generally >95%).

10. Do not allow the membrane to dry completely; labeled-DNA may bind irreversibly to the
membrane and stripping off may not be possible. Following autoradiography, membranes
are unhybridized with 200 mL 0.01% SDS/0.01 × SSC at 98°C for 30 min. The efficacy
of the unhybridization protocol ought to be confirmed by autoradiography. Membranes may
be reprobed several times (i.e., six times).

11. cDNAs and plasmid DNA are purified prior to labeling using Qiagen purification kits as
per the manufacturer’s instructions.
a. PCR reaction mixture (i.e., 25 µL) is diluted with 5 volumes of PB buffer, and passed

through the QIAquick micro-spin column for 1 min at 11,200g and 22°C.
b. The column is washed with 0.75 ml of PE buffer and spun as described above in

step a.
c. cDNA is recovered with 50 µL EB elution buffer and centrifugation, and quantified by

OD260 (i.e., 1 OD260 = 50 µg/mL).
d. For Northern blot analysis, cDNA inserts of interest are purified from agarose gels

using the QIAquick gel extraction protocol. DNA insert bands are excised from the
gel using and razor blade and dissolved in 3 volumes of QG buffer (i.e., dissolve
100 mg gel in to 300 µL QG buffer). The sample is incubated for 10 min at 50°C to
dissolve the agarose gel, and mixed with 1 gel volume of isopropanol (i.e., 100 µL).
DNA is purified with the QIAquick micro-spin column and quantified as described
in step a.

e. Mini-prep scale isolation of plasmid DNA is performed using the QIApep miniprep iso-
lation kit. Aliquots of 1.5-mL overnight bacterial cultures are pelleted in a microcen-
trifuge (i.e., 30 s and 16,100g), and suspended in 250 µL P1 buffer. Cells are lyzed with
250 µL lysis buffer P2 and mixed by inversion five to six times. Samples are incubated
for 2–3 min at 22°C and neutralized with 350 µL buffer N3. Tubes are mixed by inver-
sion five to six times, and bacterial DNA and proteins are pelleted by centrifugation for
10 min at 16,100g and 22°C. Plasmid DNA is purified with QIApep micro-spin columns,
washed, eluted and quantified as described above.

12. Sephadex G-25 spin columns are prepared as per the manufacturer’s instructions (Roche).
a. Gently mix the column several times by inversion.
b. Remove the top cap first and then remove bottom cap to avoid formation of air bubbles.
c. Allow buffer to drain by gravity and discard.
d. Place column in a 15-mL Falcon tube and spin at 1100g in a Sorvall or equivalent low-

speed centrifuge equipped with a swing-bucket rotor at RT for 2 min.
e. Discard the collection tube and the flow through.
f. Place the column on top of the provided second collection tube and insert both into the

Falcon tube.
g. Apply the radioactive mixture in the center of the column gel and centrifuge as described

in step d.
h. Discard the radioactive column in an appropriate radioactive waste, and use the eluate

(purified 32P-cDNA) for calculation of specific activity and hybridization.
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Dynamic In Vitro Model of the Blood–Brain Barrier

Gene Profiling Using cDNA Microarray Analysis

Matteo Marroni, Kelly M. Kight, Mohammed Hossain, Luca Cucullo,
Shailesh Y. Desai, and Damir Janigro

1. Introduction
Cell culture techniques provide a useful tool to study the physiological functions that

any given cell type provides to the host organ. Isolation and culturing techniques have
developed dramatically in the past decades and an increasing number of cellular fac-
tors have been discovered, which allow growth of differentiated cells on plastic sub-
strates or filters (1). Purified cells exposed to differentiating, or otherwise permissive
factors, have been shown to grow and develop a more complex phenotype in the absence
of normally occurring cell–cell signals. This approach to cell biology, however, does
not usually provide the natural environment and aspects of cellular responses to the
physiologic environment that are present in vivo. This is particularly true for special-
ized cell types such as the blood–brain barrier (BBB) endothelium, which is continu-
ously exposed to both cellular (astrocytes, neurons, and blood cells) and physical stimuli
(shear stress). As a result, cultured brain endothelial cells (ECs) lose their physiologi-
cal properties and fail to reproduce the numerous known properties of the BBB in vivo.

The limitations of the purified cell culturing approach have been overcome by the
development of a quasi-physiological cell culture apparatus that allows for endothelial
cell growth and differentiation in the presence of both glia and intraluminal flow (2).
In this system, cerebral ECs are cultured in the lumen of hollow fibers inside a sealed
chamber while astrocytes are seeded in the extraluminal compartment. We used astro-
cytes and ECs of human origin, isolated and purified from surgical specimens. Although
for most cell types, chemical signals play a pivotal, if not unique, role in determining
cell physiology, vascular EC differentiation depends on simultaneous exposure to both
cellular (glia) and physical (shear stress, cyclical strain) signals. We have developed a
quasi-physiological cell culture apparatus that allows for endothelial cell growth and
differentiation in the presence of both glia and intraluminal pulsatile flow (shear forces
of 3–20 dyne/cm2). We used complementary deoxyribonucleic acid (cDNA) array
expression profiling and protein analysis to evaluate the responses of human EC to both
cellular and physical signals.
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The main advantage of this model is that it replicates the physiologic properties
of the BBB in vivo. The main disadvantage is that establishment of this dynamic cell
culture apparatus is significantly more laborious than the traditional static counter-
part (3–18).

2. Materials
2.1. Isolation of Human EC and Astrocytes

1. The artificial cerebrospinal fluid (ACSF) solution: 120 mM NaCl, 3.1 mM KCl, 3 mM
MgCl2, 1 mM CaCl2, 1.25 mM KH2PO4, 26 mM NaHCO3, 10 mM dextrose; pH 7.4 when
bubbled with 5% CO2 + 95% O2.

2. Astrocytes culture medium: Dulbecco’s modified essential medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 2 mM glutamine, 100 U/mL penicillin and
100 µg/mL streptomycin.

3. Cytosine arabinoside (Sigma-Aldrich, MO), stock solution 10–2 M in phosphate-buffered
saline (PBS).

4. L-leucine methyl ester (Sigma-Aldrich, MO): Stock solution of 5 M in PBS.
5. Dissection Medium (DM): 1 liter contains 4.6 mL of 7.5% NaHCO3, 20 mL of 1 M HEPES,

100 U/mL penicillin and 100 µg/mL streptomycin, 100 mL Medium 199 with Hank’s salts
and Glutamine (10X), Sterile Water (5% serum added when needed).

6. Rabbit polyclonal antibody against glial fibrillary acidic protein (GFAP), 1�100 dilution
(Dako Corporation, Carpentaria, CA).

7. Vectashield mounting medium for fluorescence with DAPI (Vector Laboratories, Inc.,
Burlingame, CA).

8. Protease 3 mg/mL (Boehringer, Ridgefield, CT).
9. Collagenase 2 mg/mL and 10 mg/mL (Worthington Biochemical, Freehold, NJ).

10. Percoll gradient solution (400 mL): 20 mL of Medium 199 with Hank’s salts and Glutamine
(10X), 170 mL Percoll (Biomedical Inc., Aurora, OH), 6 mL HEPES 1 M, 195 mL dis-
section media 5% serum, 10 mL serum, 100 U/mL penicillin and 100 µg/mL streptomycin.
Percoll gradient solution has to be centrifuged at 26,000g for 70 min before use.

11. EC Medium (1 L): 14.8 g MCDB 105 Medium Complete with trace elements
(Sigma-Aldrich, MO), 150 g Heparin (Sigma-Aldrich, MO), 200 mg Endothelial Cell
Growth Supplement (ECGS, Biomedical Technologies Inc., Stoughton, MA), 100 mL
FBS, 100 U/mL penicillin and 100 µg/mL streptomycin, sterile water, pH 7.3.

2.1.1. Plasticware and Coating

1. 150 cm2 Flasks and Multiwell plates (Becton Dickinson, Franklin Lakes, NJ). Before use,
plasticware is coated with poly-L-lysine for astrocytes, or fibronectin for endothelial cells.
The amount of each coating reagent required is related to the area to be coated.

2. Poly-L-lysine (Sigma-Aldrich, MO): Concentration of the stock solution is 1 mg/mL in H2O.
Astrocytic cell cultures require 2.5 µg of poly-L-lysine per cm2. For example, coating a
150-cm2 flask will require 375 µg of poly-L-lysine (375 µL of stock solution is added to
any amount of Millicure sterile water, and is an appropriate amount to cover the entire sur-
face of the flask).

3. Fibronectin (Biomedical Technologies Inc., Stoughton, MA). Concentration of the stock
solution is 2 mg/mL in PBS. Endothelial cell cultures require 1 µg of fibronectin per cm2.
For example, coating a 150-cm2 flask will require 150 µg of fibronectin (150 µL of stock
solution is added to any amount of PBS and is appropriate to cover the entire surface of
the flask).

420 Marroni et al.



4. Once the flasks or multiwell plates have been coated, they must remain in the incubator
for at least 30 min and washed with the appropriate solution (Millicure sterile H2O or PBS)
twice.

2.2. Cell Cultures for the DIV-BBB System

1. Dynamic in vitro (DIV)-BBB System, CELLMAX Cartriges (Spectrum Cell Culture
Products, Laguna Hills, CA).

2. Trypsin/Versene 0.05% (BioWhittaker, Rockland, ME).
3. Ca++-free and Mg++-free PBS (Sigma-Aldrich, MO).
4. Beckman Glucose Analyzer 2, Beckman Glucose Standard (Beckman, Brea, CA).
5. Lactate enzymatic assay, Sigma Lactate Standard Solution (Sigma-Aldrich, MO).
6. Microsoft Excel Program.

2.3. Extraction of RNA and Protein from Endothelial Cells

1. Trypsin 0.05% (Sigma-Aldrich, MO).
2. TRIzol (Gibco Labs-Life Technologies, Rockville, MA).
3. RIPA buffer: 150 mM NaCl, 0.5% NP-40, 0.5% sodium deoxycholate, 50 mM Tris-HCl

(pH 7.5), 50 µg/mL phenyl sulfonyl fluoride, and 2 µg/mL leupeptin.

2.4. cDNA Arrays

1. 0.5% sodium dodecyl sulfate (SDS).
2. GENEFILTERS™ (Research Genetics Inc., Huntsville, AL).
3. Hybridization roller tube (35 × 150 mm, Midwest Scientific, St. Louis, MO).
4. MicroHyb hybridization solution (Research Genetics Inc., Huntsville, AL).
5. Cot-1 DNA (Human Cot-1 DNA, Life Technologies, Rockville, MA).
6. Poly dA: 1 µg/µL, (Research Genetics Inc., Huntsville, AL).
7. DEPC H2O (Research Genetics Inc., Huntsville, AL).
8. Oligo dT: 1 µg/µL, 10–20 mer mixture (Research Genetics Inc., Huntsville, AL).
9. 5X First Strand Buffer (Life Technologies, Rockville, MA).

10. 0.1 M DTT (Life Technologies, Rockville, MA).
11. dNTP mixture containing dATP, dGTP, dTTP 20 mM (Amersham Pharmacia Biotech,

England).
12. Reverse Transcriptase Superscript II (Life Technologies, Rockville, MA).
13. 33P dCTP (10 mCi/mL with a specific activity of 3000 Ci/mmol, ICN Radiochemicals, Costa

Mesa, CA).
14. Bio-Spin 6 Chromatography Column (Bio-Rad Laboratories, Hercules, CA).
15. Hybridization roller oven (Hybaid, Inc. Roller Oven, Midwest Scientific, St. Louis, MO).
16. Polyvinylidene difluoride membranes (Millipore Corporation, Bedford, MA).
17. Blotto solution: PBS, 1% milk powder and 0.05% Tween-20.
18. Saline Sodium Citrate (SSC) 20×: 3 M NaCl, 0.15 M Sodium Citrate, pH 7.0.
19. Tris EDTA Solution (TE): 10 mM Tris-HCl, 1 mM EDTA.
20. SDS-polyacrylamide gel electrophoresis equipment (Bio-Rad Laboratories, Hercules, CA).
21. Antibodies:

a. Mouse antihuman GAPDH, 1:250 dilution (BIODESIGN of Saco, ME).
b. Anti-Mouse IgG Peroxidase Conjugate, 1�5000 dilution (Gibco Laboratories-Life

Technologies, Rockville, MA).
22. Enhanced Chemiluminescence Reagent (Amersham Pharmacia Biotech, UK).
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3. Methods
The methods describe 1) isolation of human ECs/astrocytes from surgical specimens

and their culture conditions, 2) cells culturing in the DIV-BBB system, 3) extraction of
ribonucleic acid (RNA) and protein from ECs seeded in a hollow fiber-based tissue cul-
ture device, 4) evaluation of human ECs responses by cDNA array expression profil-
ing, and 5) protein analysis.

3.1. Isolation of Human ECs and Astrocytes from Surgical Specimens

1. EC/astrocytic cell cultures are established from cerebral cortex biopsies of patients who
underwent brain surgery.

2. The investigation conforms to the principles outlined in the Declaration of Helsinki. Patient
consent was obtained as per the Institutional Review Board instructions before collection
of the specimens.

3. Tissue is resected en bloc when possible, and care is taken to minimize trauma to the tissue
during and after resections.

4. Brain resections are collected in an ice-cold solution mimicking cerebrospinal fluid com-
position (ACSF solution) and bubbled with 5% CO2/95% O2.

5. After gentle trituration, tissue is homogenized in 5% dissection media (see Subhead-
ing 2.1.).

6. The homogenate is then briefly centrifuged (200g for 5 min) and filtered through 100 µm
nylon sieves and is ready to be processed for EC or astrocyte isolation.

7. Since the amount of tissue collected varies, it is hard to predict the number of cells that
will be isolated. Before plating, count the cells in order to determine what size flask or mul-
tiwell plate to use (e.g., a 150-cm2 flask will hold approx 4 million cells).

3.1.1. Isolation of Astrocytes

1. After a second filtration through 70-µm nylon sieves, cells are recovered from the
homogenate by centrifugation (800g for 5 min), suspended in glial culture medium and
seeded in poly-L-lysine coated flasks or in multiwell plates (see Subheading 2.1.1.).

2. After reaching confluence, cultures should be agitated overnight at 37°C. In order to obtain
a highly purified astrocytic population, cells must be treated with cytosine arabinoside and
L-leucine methyl ester (19).

3. Add 1 µL of cytosine arabinoside stock solution for each ml of medium used to obtain a
final concentration of 10–5 M. Cells should be treated for 48 h twice.

4. Next add 1 µL L-leucine methyl ester stock solution for each ml of medium used to obtain
a final concentration of 5 mM for 2 h.

5. Immunohistochemistry performed with rabbit polyclonal anti-GFAP antibody demon-
strated that about 95% of living cells (as visualized by DAPI) were indeed astrocytes.

3.1.2. Isolation of Endothelial Cells

1. The homogenate prepared as described in Subheading 3.1. is centrifuged (800g for 7 min)
and the supernatant is aspirated.

2. The pellet is suspended in serum-free DM to a final volume of 27 mL.
3. Then 3 mL of protease solution (5 mg/mL) is added and the solution incubated in a shak-

ing water bath for 1 h at 37°C.
4. The homogenate is then transferred to a centrifugation tube. The solution is rinsed to a final

volume of 40 mL (for this step and subsequent steps use 5% DM).
5. After centrifugation (800g for 7 min), the supernatant is aspirated and the pellet is suspended

in 25 mL of 15% dextran.
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6. The tube is vortexed for at least 2 min and then spun at 3450g for 10 min (brake=1) at 4°C.
7. The pellet is then suspended in a solution containing 9 mL of 5% DM and 1 mL of colla-

genase 10 mg/mL.
8. The solution is incubated in a shaking water bath for 2 h at 37°C and then spun (800g for

7 min) and the supernatant aspirated.
9. The pellet, suspended in 2 mL of 5% DM, is then added to 35 mL of a percoll gradient

solution. The solution is centrifuged at 860g for 10 min (brake=0) at 4°C.
10. The gradient section below the fat ring is collected, diluted with 5% DM and spun (800g

for 7 min).
11. The pellet is finally suspended in EC Medium and cells are then seeded in fibronectin- coated

flasks or in multiwell plates and incubated at 37°C for at least 1 h and washed with PBS.

3.2. Cell Cultures for the DIV-BBB System

This procedure describes the main steps involved in the establishment of
endothelial–astrocytic co-culture under dynamic (i.e., intraluminal flow) conditions
(Fig. 1). The initial steps are variable and depend on the cellular source that one
desires to study. The first decision to be made by the investigator is whether to rely on
cell lines available commercially or primary cultures of animal or human origin. The
example outlined in Subheading 3.2.1. utilizes human cells isolated from surgical
specimens (see Subheadings 3.1.1. and 3.1.2.).

3.2.1. Establishment of Endothelial and Astrocytic Cultures and Cell Harvesting

1. Astrocytes and endothelial cells are grown in 150-cm2 flasks coated with poly-L-lysine and
fibronectin respectively to confluence.

2. Before plating astrocytes in the DIV-BBB model, they need to acclimitize to the EC
medium (see Note 1).

3. Cells are dissociated as follows. Cells are rinsed one time in 5–7 mL Versene or Ca++-free
and Mg2+-free PBS and then covered with 4–5 mL Trypsin/Versene at 37°C or at room tem-
perature until cell soma begin to round up.

4. Once detached, the cells are pipetted into complete EC medium, spun gently (800g for
6 min) and the pellet resuspended in EC medium with serum by triturating with a pipette
bulb until no more cellular aggregates are present.

3.2.2. Procedure to Load Endothelial Cells in the Intracapillary Space

Endothelial cells are harvested from the tissue culture flasks as described in
Subheading 3.2.1. and loaded into the lumen of the hollow fibers as follows:

1. The capillary bundle/ECS (cartridge) is detached from the flow path and medium is removed
from the interior of the lumen via 5-mL syringes attached to the end ports (see Note 2).
This medium is tested for glucose levels, as is a sample from the media source and the ECS
(for cell growth monitoring, see Subheading 3.2.4.).

2. Four to 5 million cells are loaded in the intracapillary space. Cells are suspended in 5 mL
of medium, which is sufficient to fill the entire luminal volume of the hollow fibers appa-
ratus, which is also 5 mL.

3. The cells are aspirated into a 10-mL syringe and flushed back and forth (another 10-mL
syringe having been placed on the outlet end) until all bubbles are forced out and the cap-
illaries are completely filled (see Note 3).

4. Excess media are forced out through the pores into the ECS and collected in a 5-mL
syringe via the side ports, which are then recapped (Fig. 2A).
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5. The cartridge is placed lying on one side in the incubator and then rotated along its long
axis at 45–60 min intervals (for 4–6 h) to allow cells to settle down and begin attachment
to the intraluminal surface of the hollow fibers.

6. After 4–6 h, the syringes are detached and the cartridge is reconnected to the flow
path with the pump responsible for intraluminal perfusion set on the lowest speed (i.e.,
1 mL/min) for 24 h so as not to pull cells off the capillary walls.

3.2.3. Procedure to Load Astrocytes in the Extracapillary Space (ECS)

The following procedure is performed after successful growth of intraluminal
endothelial cells is achieved (period ranging from 24 h up to 10 d). 200-µL samples of
the lumen and ECS are taken at this time and analyzed for glucose content (see
Subheading 3.2.4.).

1. Astrocytes are detached in the same manner as endothelial cells with Trypsin/Versene as
described in Subheading 3.2.2.

2. The cell pellet containing at least five million cells is resuspended in 3 mL of complete
medium that is the volume equal to the ECS, including the side port tubing. The cells are
collected in a 3-mL syringe with a blunt 18-G needle and the cell/media-filled syringe is
placed upstream. An empty 3-mL syringe is placed on the downstream side port.

3. Using equal push-pull pressure, the cells are injected into the space, mixed back and forth
to chase bubbles back up the side port tubing and allowed a short period of rest before the
flow is turned back on (see Fig. 2B).

4. Side ports can then be closed with serum caps to facilitate future sampling via 22-G
needles attached to 1-mL syringes. It is not necessary to rotate the cartridge after loading
the ECS since these cells are not exposed to pulsatile flow.

5. Media are decanted and replaced 24–48 h post loading to remove unattached cells.

3.2.4. Monitoring Cell Growth

As the cells inside the cartridge are visible by microscopy, indicators of cell metab-
olism monitor cell expansion (see Note 4). Depletion of the main carbohydrate com-
ponent of the feeding mix (glucose) and accumulation of metabolically produced lactic
acid are used as indicators of cell growth.

1. The calculations for glucose consumption (mg/d) and lactate production rates (mg/d) are
detailed elsewhere (6,11).
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Fig. 1. (see opposite page) Description of the DIV-BBB. This system has been developed to
closely mimic the in vivo BBB phenotype as assessed by morphological, biochemical, and mol-
ecular techniques (3,5–9,11–15,17). A, In this system, cerebral or peripheral endothelial cells
are cultured intraluminally in the presence of astrocytes cultured abluminally (ECS) using
hollow fibers (artificial capillaries) inside a sealed chamber. B, The porous nature of the hollow
fibers (diameter 0.5 µm) does not allow migration of cells, but astrocytic endfeet have been shown
to approach the luminal compartment and reach proximity with the abluminal side of endothe-
lial cells which is located intraluminally. C, The capillaries are exposed to luminal pulsatile flow,
which has been shown to be crucial for induction and maintenance of endothelial differentia-
tion (3,18,20). SEM examination revealed that 1) cells grown under flow conditions adhere
tightly to the substrate (C, right panel; the arrow points to an individual EC, unpublished
results), and 2) healthy growth of both luminal (L) and extracapillary (ECS) cells occurs (C,
left panel). D, The whole apparatus is hosted on a plastic stand that allows easy manipulation
and housing in conventional tissue culture hoods.



2. The glucose consumption and lactate production formulas are determined based on media
replacement, volume of nonreplaced media and previous values.

3. Glucose levels are then measured using a Beckman Glucose Analyzer 2 with a Beckman
Glucose Standard of 150 mg/dL as a reference, but any commercially available glucose
detector can be used if consistent readings are obtained. Less reliable results are obtained
with glucose sticks (those commonly found in drug stores), and the use of these should be
avoided.

4. Carbohydrate metabolism produces lactic acid, which can be measured as lactate in an enzy-
matic assay using Sigma Lactate Standard Solution (40 mg/dL) as a reference. Standards
and samples are read on a spectrophotometer at wavelength 540 nm and converted to
mg/mL, which is used in the following formula to calculate lactate production.

Lactate (mg/dL) = (absorbance test/absorbance STD) × 40

5. Glucose consumption rate (mg/d) is calculated based on the concentration of glucose in
fresh and unreplaced media in the system, according to the following equation:

(Vn × Gn) + (Vo × Gp) – (Vtotal × Gc)
——————–————————

Tc – Tp

Where V represents added volumes of media (mL), G is the glucose concentration (mg/dL),
T is time of sampling (in fractions of days; c and p indicate the immediate and previous
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Fig. 2. (A) Loading endothelial cells into the lumen: the capillary bundle/ECS (cartridge) is
detached from the flow path and media removed from the interior of the lumen via 5-cc syringes
attached to the end ports. Cells are suspended in a volume of endothelial medium, which is 10
times the concentration of that in the lumen. The cells are aspirated into a 10-cc syringe and flushed
back and forth (another 10-cc syringe having been placed on the outlet end) until all bubbles are
forced out and the capillaries are completely filled. Excess media are forced out through the pores
into the ECS and collected in a 5-cc syringe via the side ports, which are then recapped. (B) The
cell pellet is resuspended in complete media (volume equal to the ECS not including the sideport
tubing) and collected in a 3-cc syringe with a blunt 18-G needle. An empty 3-cc syringe is placed
on the downstream side port and the cell/media-filled syringe placed upstream. Using equal push-
pull pressure, the cells are injected into the space, mixed back and forth to chase bubbles back
up the side port tubing and allow a short period of rest before the flow is turned back on.



samples respectively), n represents fresh media added after previous sampling, while o rep-
resents old, unreplaced media.

6. Lactate production rate (mg/day) was calculated similarly:

(Vt × Lc) – (Vn × Ln) + (Vu × Lp)
——–———————————

Tc – Tp

where L refers to the concentration of lactic acid in mg/mL.
7. To rapidly determine the mg/d values of glucose consumption and lactate production, a

spreadsheet program is recommended. We use Microsoft Excel to automatically determine
the desired values.

3.2.5. Functional Assessment of BBB Integrity

Measurement of drug permeability is time consuming and costly because radioac-
tive tracers are expensive and their disposal is also expensive. An alternative approach
can be used to indirectly obtain a rough estimate of the degree of endothelial cell dif-
ferentiation. This technique takes advantages of one of the many quasi-physiological
features of the DIV-BBB.

1. Under steady-state conditions, and in the presence of a good barrier, the levels of plasma
vs ECS glucose are not equal, owing to the preferential distribution of glucose transporters
at the abluminal plasma membrane. Thus, by simply measuring the ECS and lumenal con-
centration of glucose, one may detect changes in BBB integrity over time.

2. If glucoseplasma/glucoseECS equals 1, there is probably no barrier formed because all the
fluxes are paracellular (leak pathway); conversely, when the ratio becomes greater than 1,
BBB formation is occurring.

3. An acceptable value is usually around 0.7 (plasma glucose higher) (6), roughly corre-
sponding to a Psucrose of 10–6 cm/s.

4. Using similar considerations, one may decide to use other compounds that at steady state
are asymmetrically distributed when the BBB is endowed with tight junction-dependent
exclusion properties. For example, the physiological ion potassium is similar to glucose and
is more concentrated in the plasma. Potassium can be measured by a number of different
analytical techniques. If a department of laboratory medicine is located nearby, the sample
can be measured in the analyzers used to measure potassium in plasma samples (9).

3.3. Extraction of RNA and Protein from ECs Seeded in Hollow Fibers
1. Endothelial cells are purged from the cartridges by gentle enzymatic dissociation using

trypsin and 2 mg/mL collagenase and are collected by centrifugation.
2. The entire cell pellet is extracted for total RNA using TRIzol per the manufacturer’s

protocol.
3. The integrity of the total RNA is analyzed on a formaldehyde agarose gel.
4. Total cellular protein is isolated by lysing the cells in RIPA buffer, which is placed on ice

for 30 min with intermittent mixing.
5. Extracts are prepared by centrifugation at 27,000g for 60 min at 4°C.
6. Protein concentration is estimated according to the Bradford Assay Method (Bio-Rad

Laboratories, Hercules, CA).

3.4. cDNA Arrays

This procedure describes the main steps involved in evaluation of gene transcript
changes and responses by cDNA array technique (Fig. 3). For gene expression analy-
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Fig. 3. (A) Change in expression of genes related to cell cycle and glucose metabolism. The
data obtained for GAPDH were confirmed by Western blotting (see inset), demonstrating that
the observed changes correlate well with protein expression. (B) Dramatic changes in gene
expression related to cytoskeletal proteins were also observed. Note that the changes are con-
sistent across all the cytoskeleton-related genes present on the filter. (C,D) Schematics of the
steps used to determine the significance of gene filter findings. The numbers above the histogram
indicate the magnitude of changes (in × fold). Frequency distribution of gene expression changes
from the experiments described in (A) and (B) above. The spreadsheet including all changes in
gene expression was replotted in a histogram format and the SD value determined for each exper-
iment. Note the consistency of the observed changes (positive numbers indicate upregulation
induced by flow). Data were then plotted cumulatively (D) and the level of significance boxed
by using the average 3 × SD values obtained. Individual genes with significant changes accord-
ing to this procedure can be easily visualized by plotting all the changes on an XY plot (E). Larger
symbols represent changes outside the 3 × SD area. The software used (ORIGIN 5.0) allows
inspecting the name of individual genes correlated to the symbols by a mouse click. Note that
the results shown in A,B were obtained after applying the criteria listed in the text and illus-
trated in C–E.



sis, we used human GENEFILTERS™. Each filter membrane contains approx 4000
known human genes.

1. New GENEFILTERS membranes are washed in 0.5% SDS before use.
2. The 0.5% SDS solution is heated until it boils and then it is poured over the membranes in

a plastic box.
3. The mixture is agitated for 5 min to completely wash the membrane for a more accurate

hybridization.

3.4.1. Prehybridization

1. The GENEFILTERS membranes are placed in a hybridization roller tube with the DNA
side facing the interior of the tube so that the DNA does not touch the glass. The side with
the DNA is always the side that is labeled with the lot number and the catalog number of
the GENEFILTERS microarrays.

2. 5.0 mL of MicroHyb hybridization solution is added to the tube containing the
membranes.

3. The tube is then rolled to saturate the membrane so that it adheres to the inside of the tube.
4. The following blocking reagents are added to the tube containing the membrane: 5.0 µg

Cot-1 DNA and 5.0 µg Poly dA (1 µg/µL). The tube is vortexed to mix thoroughly.
5. Bubbles are carefully removed from between the GENEFILTERS microarrays and inside

of the tube by using forceps to lift the membrane.
6. If more than one membrane is hybridized in a single tube, they are placed so that they do

not overlap.
7. The membranes are then prehybridized at 42°C for 2 h (see Note 5).

3.4.2. Labeling RNA

1. One to 10 µg total RNA suspended in <8.0 µL DEPC H2O and 2.0 µL Oligo dT are placed
in a 1.5-mL microcentrifuge tube at 70°C for 10 min and then chilled on ice for 2 min.

2. The total volume should equal 10.0 µL. If needed, the volume can be raised to 10.0 µL
with DEPC-treated H2O.

3.4.3. Elongation

1. 6 µL of 5X First Strand Buffer, 1.5 µL of 0.1 M DTT, 1.5 µL of dNTP mixture containing
dATP, dGTP, dTTP at 20 mM, 1.5 µL Reverse Transcriptase and 10.0 µL 33P dCTP are added
to the 1.5-mL tube containing the primed RNA from Subheading 3.4.2.

2. It is mixed thoroughly by pipetting and then pulse centrifuged to collect all the droplets
from the sides of the tube.

3. It is then incubated for 90 min at 37°C (see Note 6).

3.4.4. Probe Purification

1. The probe is purified by passage through a Bio-Spin 6 Chromatography Column. The
column will remove any unincorporated nucleotides. Prior to purification, the sample
volume is brought up to 100 µL with DEPC H2O.

2. The entire volume is loaded to the center of the column.
3. Both centrifugation steps (removing the packing buffer and sample purification) are

5 min each.

3.4.5. Hybridization

1. The purified probe from Subheading 3.4.4. is denatured for 3 min in a boiling water
bath.
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2. The probe is pipetted into the roller bottle containing the GENEFILTERS membranes and
the prehybridization solution, taking care not to pipet probe directly onto the membrane.

3. After the probe is added, the solution is mixed thoroughly by vortexing. It is important to
hybridize with a homogenous mixture for most accurate results.

4. The GENEFILTERS are hybridized overnight, or for at least 12–18 h at 42°C.
5. Hybridizing in a hybridization roller oven with the rotation set at approx 0.007g to 0.01g

is recommended.

3.4.6. Washing

1. The washes are done twice at 50°C in 2× SSC with 1% SDS for 20 min and once at 55°C
in 0.5% SSC with 1% SDS for 15 min.

2. The washes should be performed in the hybridization oven roller tube that was used
throughout the experiment. First, the hybridization mixture is discarded and replaced with
approximately 30 mL of wash solution. The roller tube is then returned to the hybridiza-
tion oven and rotated (0.015g to 0.023g) at the appropriate temperature.

3. If washing more than one membrane per tube, special care should be taken so that the mem-
branes do not overlap.

4. After the washing, the GENEFILTERS membranes are placed on a piece of filter paper
moistened with deionized H2O and wrapped in a plastic sheet to prevent drying out.

5. Avoid creases and bubbles, which may interfere with the imaging (see Note 7).

3.4.7. Exposure

1. The wrapped GENEFILTERS membranes are placed in the cassette and the phosphor-imag-
ing screen is carefully aligned so that the membranes are either parallel or perpendicular
to the screen.

2. This allows the image to be accurately aligned with Pathways software.
3. Exposure time varies depending on the type of phosphor-imaging screen being used. Please

see the manufacturer’s instructions for the particular type of phosphor-imaging system for
further information regarding exposure times.

4. A short exposure time is recommended at first and then exposure times are increased based
on the results.

5. It is important to use the best resolution available on the particular phosphor-imaging
system. Pathways analysis software requires, at most, 70-µm resolution for accurate results
(see Note 8).

3.4.8. Stripping

1. A 500-mL solution of 0.5% SDS is prepared and heated to a boil (7–10 min in a microwave
oven). This solution is then poured into a plastic box with a lid.

2. The GENEFILTERS membranes are placed in this solution, covered, and agitated briskly
for 1 h.

3. The stripping efficiency should be checked with a Geiger counter or by imaging the stripped
membranes and comparing the intensity labels to that of the hybridized images (calculated
intensity ranges should be considered).

4. Preventing the membranes from drying out between hybridizations will increase the strip-
ping efficiency.

5. One round of stripping should be sufficient.

3.4.9. Storage

1. The GENEFILTERS membranes should be stored moist at 4°C.
2. After the membranes have been stripped they should be wrapped in plastic sheets.
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3. To wrap the membranes, a piece of filter paper is cut slightly larger than the GENE-
FILTERS membrane and then moistened with TE solution, pH 7.4.

4. The membranes are then placed on top of the moistened filter paper (DNA facing up) and
wrapped with a plastic sheet.

3.5. Protein Analysis

1. Total proteins (30 µg/lane) are separated by SDS-Polyacrylamide Gel Electrophoresis and
electro-blotted on polyvinylidene difluoride membranes overnight at 40 mA constant current.

2. After blocking with Blotto solution for 2 h, membranes are probed with primary antibod-
ies against the protein of interest (i.e., mouse monoclonal anti-human GAPDH, 1�250) (see
inset, Fig. 3A).

3. After a series of washes, Anti-Mouse IgG peroxidase conjugate at 1�5000 dilution is added
for 2 h.

4. Specific protein bands are visualized by enhanced chemiluminescence reagent.

3.6. Application

3.6.1. Background and Hypothesis

ECs are exposed to cytotoxic reactive oxygen species and oxidation products of NO,
yet they are characterized by low apoptotic rates and have an average life-span of many
years. EC exposure to flow has been shown to down-regulate cell cycle-related genes
and cause cytoskeletal rearrangement (20). We hypothesized that exposure to flow also
causes molecular and physiological changes that induce antioxidant properties in EC.
We used cDNA array expression profiling and protein analysis to study the responses
of human EC exposed to flow in a hollow fiber apparatus and the same EC grown under
static conditions.

Our results show that shear-induced synchronized expression of processes that con-
trol oxidant production such as up-regulation of NADH-producing enzymes (Krebs
cycle dehydrogenases and GAPDH) accompanied by simultaneous decrease in NADH-
depleting pathways (e.g., LDH) and diminished production of lactate. In addition,
exposure to flow up-regulates cytoskeletal genes. Our results suggest that in addition
to inhibition of cell cycle, exposure to flow influences EC by controlling expression of
enzymes involved in the generation of antioxidant intermediates and in adaptive con-
trol of cell shape. These changes may explain longevity and antioxidant efficiency of
EC and may provide insight in mechanisms leading to pathological conditions such as
arteriosclerosis.

3.6.2. Results

In order to analyze the information obtained from the gene filter assay three differ-
ent approaches have been used. In this way we were able to reduce these numbers to a
manageable size by setting criteria to segregate the most important genes:

1. Magnitude of percentile changes: Increase or decrease in expression that fell within
three times the standard deviation (SD) of the total changes were not considered to be
significant.

2. Magnitude of absolute changes: In addition to critically evaluating differences between
homogeneous populations of cells exposed to different but controlled experimental con-
ditions (e.g., flow or no flow), the absolute levels of expression are also quantified. Data
points that were significant according to criterion 1, but in which the absolute intensity
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values determined by the plate reader were less than 1000, were not included in this ini-
tial analysis as per the recommendation of the manufacturer.

3. Criterion of consistency across different observations: All experiments were repeated in
triplicate on comparable cell populations isolated from different patients or sources. Only
changes greater than three times the SD and consistently occurring in these cell popula-
tions were considered significant (Fig. 3C–E). EC were obtained from aneurysm and
epileptic surgeries (n = 3 each) and exposed to flow (3 or 20 dyne/cm2) or grown under
static conditions. The families of genes that showed the most consistent changes accord-
ing to our criteria were related to cell cycle, glucose metabolism, and cytoskeletal func-
tions (Fig. 3A,B). The data obtained were then confirmed by Western blotting (inset,
Fig. 3A), demonstrating that the observed changes correlate well with protein expression.

4. Notes
1. In a co-culture, both cell populations are fed the same media by design. If a cell line has

been grown in a different media it must be weaned over to the new formula before it is
added to the cartridge. Generally, the feed media of choice is the one in which the more
fastidious cell population grows. In this example it is the human endothelial cells lining
the lumen that require their own specific medium, therefore, astrocytes, which are a less
demanding population, are weaned over prior to loading in the ECS. As a rule, feeding the
astrocytic flasks first with one-third endothelial medium and two-thirds glial medium fol-
lowed by two-thirds endothelial medium and one-third glial medium and finally 100%
endothelial medium will prepare astrocytes to grow in the endothelial medium present in
the cartridge.

2. It is essential to be meticulous about maintaining the sterility of the system. Wipe all
connections with alcohol swabs before and after disconnection and use sterile syringes
for each sample. Do all sampling in a laminar flow hood if at all possible. Once contami-
nated, the cartridge is useless as antibiotics alone are usually not sufficient to kill bacteria
or fungi.

3. Care must be taken to avoid bubble formation in the tubing, as bubbles travel to the lumen
of the capillaries and strip off cells, leaving bare areas. Bubble formation leads to cell loss,
capillary drying, and also decreases the flow rate which deprives cells of adequate nour-
ishment, and thus interferes with normal cell growth and differentiation. All connections
must be tightened to prevent air leaks. A several-day priming of the system with complete
media allows all spaces to fill and bubbles can then be chased into the bottle before any
cells are added. Pre-warming media to 37°C is helpful both for the comfort of the cells and
to lessen bubble formation.

4. Cells need to be monitored frequently for glucose consumption when first set up in
order to establish a satisfactory feeding schedule, as the cell demands in a cartridge
may be very different from those in a flask. Generally the medium is replaced two to
three times per week. Extra glucose may be added to help survival when media replace-
ment is not possible. Starved cells may begin to die, fall off the capillary walls, and dis-
rupt the barrier formation. A sign of underfeeding is the presence of an acid pH shift
(solutions turn yellow), but hypoglycemia may occur even in the absence of any signifi-
cant pH change.

5. When removing bubbles from between a membrane and the hybridization tube, it is best
to grasp the corner of the membrane and remove the bubbles by lifting or pulling the mem-
brane around the tube. Care should be taken not to scratch the membrane’s surface.

6. Utilizing 32P labeled probes could cause blossoming or bleeding to occur when hybridized
with GENEFILTERS microarrays. Because of this phenomenon, 32P hybridized GENE-
FILTERS membranes should not be analyzed using Pathways™ software.
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7. Avoid drying of the membranes between hybridizations and washes since this increases
the stripping efficiency. Wrap the moist membranes with plastic sheets (e.g., Cling Wrap)
but not with mylar, due to the low energy emittance of 33P.

8. It is recommend that you determine the exposure time empirically based on the specific
activity of your probe. To maximize the effectiveness of Pathways™ analysis software we
recommend that you compare only those images that have a similar range of intensity.
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Phage Display Technology for Identifying Specific
Antigens on Brain Endothelial Cells

Jamshid Tanha, Arumugam Muruganandam, and Danica Stanimirovic

1. Introduction
The development of efficient ways to deliver large molecules such as peptides, pro-

teins, and nucleic acids across the blood–brain barrier (BBB) is crucial to future ther-
apeutic strategies for treatment of central nervous system (CNS) disorders. The principal
approach to deliver macromolecules across the BBB is the development of chimeric
peptides (1). Ligands to various receptors that undergo transcytosis across brain capil-
lary endothelium and are essential for physiological transport of proteins, including
transferrin, insulin growth factor, and low-density lipoprotein, into the brain are used
as vectors to deliver drugs or therapeutic peptides chemically linked to the ligand (1,2).
This process is known as receptor-mediated endocytosis/transcytosis. An anti-transferrin
receptor antibody (OX-26), for example, has been used to deliver endorphin, vasoac-
tive intestinal peptide, and brain-derived neurotrophic factor (1), as well as oligonu-
cleotides and plasmid deoxyribonucleic acid (DNA) (2) into the brain parenchyma.
Further development of this approach requires rapid discovery of other suitable recep-
tors/antigens expressed on human BBB endothelium that undergo transcytosis upon
ligand binding.

In this chapter, we will describe an application of antibody-phage display technol-
ogy in discovery of new antigens that undergo transcytosis across the BBB endothe-
lium. The same approach can be used to develop novel vectors for brain drug delivery.

1.1. General Principles of the Phage Display Approach

Phage display libraries of peptides, proteins, and antibodies have previously been
used to identify binders to biological targets in vitro and in vivo (3), including purified
antigens, whole cells, and tissues. The technology is based on the observation that a
polypeptide (capable of performing a function, typically the specific binding to a target
of interest) can be displayed on the filamentous bacteriophage surface by inserting the
gene coding for the polypeptide in the phage genome (4). Various formats and sizes of
polypeptides have been displayed in phage libraries including peptides, small proteins,
or antibody fragments (4). If one is able to select and purify a phage particle that dis-
plays binding specificity to a target from a large repertoire of phage particles (e.g., phage
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library), the genetic information (i.e., sequence) coding for the binding protein can be
extracted and the corresponding phage can be amplified by bacterial infection.

The process of selection of specific binders from a library is called panning. The
selection can be done against purified immobilized baits, cells, tissues, or by in vivo
injection of the library. In a typical round of panning, a phage display library is applied
onto a support coated with the antigen of interest; only some binding specificities are
retained on the surface after washing and these can be selectively eluted (3). The eluted
phage is then amplified by bacterial infection and used for a further round of panning.
Typically, several rounds of panning are necessary to select and amplify rare binding
specificities present in large repertoires.

In protocols described here, we used a non-immunized llama single-domain antibody
(sdAb) phage display library derived from the VHH of the heavy chain IgGs that occur
naturally in the absence of light chain (5). The library was constructed and character-
ized at the Institute for Biological Sciences (NRC, Ottawa) as described in detail in
Tanha et al. (6). The average molecular weight of sdAbs displayed in the library is about
13 kDa, approximately half the size of a scFv, and 10 times smaller than conventional
IgG (150 kDa). The library exists in an fd-based filamentous phage vector and contains
5.6 × 108 antibody species. Each antibody is expressed in three to five copies on the
surface of the phage. The main properties of the phage display library used in the
described protocols are shown (Fig. 1). Other antibody- or peptide-phage display
libraries (some of which are commercially available) can be used instead.
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Fig. 1. Llama single-domain antibody (sdAb) phage display library. A nonimmunized llama
sdAb phage displayed library is derived from the VHH of the heavy chain IgGs that occur nat-
urally in the absence of light chain. The sdAb library genes are constructed as described (6) and
fused to Gene III and leader sequence gene (L) as shown. Only two genes, III and VIII, out of
11 genes in phage genome are shown. TET-tetracycline resistance gene cassette. The sdAbs are
expressed as N-terminal fusion to GIIIp and exposed for binding at the tip of the phage. The
library is constructed using a phage vector allowing for a multivalent display of sdAbs. The aver-
age molecular weight of sdAbs is about 13 kDa, as compared to 150 kDa for an IgG. The library
contains 5.6 × 108 different sdAb species.



The selection in this protocol was done against two endothelial cell types: human
lung microvascular endothelial cells (HLMEC) and human cerebromicrovascular
endothelial cells (HCEC). Protocols for isolation, culturing, and maintenance of human
brain microvascular endothelial cells are described elsewhere (7). Other cell types can
be used instead. The phage library was first preabsorbed onto HLMEC to remove
common endothelial binders, and unbound phage was then applied to HCEC to
identify BBB-specific binders (Fig. 2). HCEC express BBB-specific antigens such as
γ-glutamyl transpeptidase that are not expressed in peripheral endothelial cells (7). After
removing unbound phage, phage bound to HCEC was dislodged by three rounds of
highly stringent stripping washes (S1, S2, and S3) to favor the selection of sdAbs with
higher affinity. HCEC were then lysed to capture the internalized (i.e., endocytosed)
phage (Int). This approach is called subtractive selection, and is repeated for four
rounds (see Fig. 2).

After enriching the library for HCEC-specific binders, this enriched library was
passed through an in vitro BBB model to identify phage that transmigrate HCEC mono-
layer. Phage clones that transmigrated HCEC were sequenced and sdAbs coded by these
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Fig. 2. A subtractive panning protocol to enrich llama sdAb phage display library for anti-
bodies that bind selectively to human cerebromicrovascular endothelial cells (HCEC). The
library (1012 pfu) was first applied to human lung microvascular endothelial cells (HLMEC) to
subtract common endothelial binders; non-bound phage was then applied to HCEC. Phage
bound to HCEC was dislodged by three stripping washes, and internalized phage was recovered
by cell lysis. Each stripping and internalized fraction was analyzed by plaque PCR; the fraction
containing the highest percent of full-length clones was amplified and used as input phage in
the next round of panning. Enrichment was done in four rounds of panning.



sequences were expressed, purified, and tagged with markers that allow for their purifi-
cation and detection in in vitro and in vivo experimental systems.

For the purpose of this chapter, the llama sdAb phage display library and human cell
cultures used in selection procedures are considered starting materials.

2. Materials
2.1. Cells

1. HLMEC (Mandel Scientific Company Ltd., Guelph, ON, Canada).
2. HCEC (passage 2-3) (7).
3. Fetal human astrocytes (FHA) (8).
4. E. coli strain TG1 (Stratagene, La Jolla, CA).

2.2. Phage Display Library

Llama single-domain antibody phage display library (or other antibody or peptide
phage display library).

2.3. Media and Buffers

1. Phosphate-buffered saline (PBS).
2. Luria-Bertani (LB), 2 × YT and Induction media (Terrific Broth with no salts).
3. Agarose top media: 10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl, 1 g MgCl2•6H2O,

and 7 g agarose (per liter).
4. Protein purification starting buffer: 10 mM HEPES (N-[2-hydroxyethyl]piperazine-N′-[2-

ethanesulfonic acid]) buffer, 10 mM imidazole, 500 mM NaCl, pH 7.0.
5. Protein purification elution buffer: 10 mM HEPES buffer, 500 mM imidazole, 500 mM

NaCl, pH 7.0 in Hank’s balanced salt solution (HBSS).
6. Stripping buffer: 50 mM glycine pH 2.8, 0.5 M NaCl, 2 M urea, 2% polyvinyl pyrolydine.
7. Neutralizing buffer: 1 M Tris-HCl buffer pH 7.4.
8. Triethanolamine.
9. Autoclaved PEG/NaCl solution: 20% (w/v) polyethylene glycol 6000 or 8000, 2.5 M

NaCl).
10. Transport buffer: 10 mM HEPES pH 7.4, 5 mM MgCl2 and 0.05% bovine serum albumin

(BSA) in HBSS.
11. Autoclaved deionized water.

2.4. Antibodies

1. ALP- or HRP-conjugated monoclonal anti-c-myc antibody (Sigma Chemical Co., Oakville,
ON, Canada).

2. HRP-conjugated anti-M13 monoclonal antibody (Amersham Pharmacia Biotech, Baie
d’Urfé, QC, Canada).

2.5. Other Chemicals, Columns, and Kits

1. Ampicillin.
2. Isopropyl-β-D-thio-galactopyranoside (IPTG).
3. TMB peroxidase substrate and H2O2 (KPL, Gaithersburg, MD).
4. Oligonucleotide primers.
5. Restriction enzymes and T4 DNA ligase (New England Biolabs, Inc., Mississauga, ON,

Canada) and AmpliTaq™ DNA polymerase (Perkin Elmer, Mississauga, ON, Canada).
6. pSJF2 expression vector (Fig. 3) (19).
7. Durex™ 13 × 100-mm borosilicate glass tubes (VWR Scientific, Mississauga, ON, Canada).
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8. QIAquick Gel Extraction™ kit (QIAGEN Inc., Mississauga, ON, Canada).
9. Hi-Trap™ chelating column (Amersham Pharmacia Biotech).

10. His Microspin™ purification module (Amersham Pharmacia Biotech).
11. Ni-NTA HisSorb strips (QIAGEN Inc., Mississauga, ON, Canada).

2.6. Equipment

1. Agarose gel electrophoresis equipment.
2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) equipment.
3. DNA sequencing equipment.
4. Chromatography equipment.
5. Thermal cycler.
6. Multiwell enzyme-linked immunosorbent assay (ELISA) plate reader.
7. Sorval high-speed and swinging bucket bench-top (RT6000B Refrigerated) centrifuges or

their equivalents.
8. Spectrophotometer.
9. Gene Pulser™ electroporator (Bio-Rad Laboratories, Mississauga, ON, Canada).

3. Methods
The methods described in this chapter will outline: 1) procedures for enrichment of

llama sdAbs phage display library for HCEC-specific binders by subtractive panning,
2) methods for monitoring the enrichment of HCEC-specific phage clones, 3) proce-
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Fig. 3. Periplasmic expression of VHHs in E. coli. (A) Schematic drawing of the expression
vector pSJF2 cloning site. The vector is constructed by replacing the EcoR I-BamH I polylinker
fragment, located within lac Z gene, in pUCE8 (18) with the EcoR I-BamH I expression
cassette shown in A. Cloning between the Bbs I and BamH I sites places the sdAb genes pre-
cisely between the ompA signal peptide gene (ompA) and c-myc-His5 genes (c-myc and His5).
The arrow in the diagram shows the direction of lac Z expression in pUCE8. (B) Schematic draw-
ing of the mature VHH. Following translation, the signal peptide directs the transport of sdAb-
c-myc-His5 to periplasm where the signal peptide is cleaved and the tagged protein folds into
its native state.



dures for further selecting clones that fulfill predetermined functional criteria (i.e.,
transcytosis across the in vitro BBB model) from the HCEC-enriched phage display
library, 4) sequencing of selected clones, and 5) the expression, tagging, and purifica-
tion of selected antibodies.

3.1. Enrichment

Subheadings 3.1.1.–3.1.4. describe protocols used for enrichment of sdAb phage
display library for sdAbs that specifically bind to HCEC and internalize into HCEC and
includes descriptions of 1) the recovery of HCEC-specific phage by subtractive pan-
ning, 2) the amplification of the recovered phage, 3) the purification of the recovered
phage, and 4) titer determination of the amplified phage.

3.1.1. Phage Recovery by Subtractive Panning

A phage displayed llama sdAb library was used as input in the first round of
panning. Subcultured HLMEC and HCEC were used as reference and target cells,
respectively, in each round of panning.

1. Wash HLMEC grown in two 100-mm tissue culture dishes three times in PBS, scrape in
1 mL PBS, and count in hemocytometer.

2. Transfer approx 1 × 106 cells into an Eppendorf tube, centrifuge at 100g for 5 min (room
temperature), and resuspend the cell pellet in 100 µL of PBS containing 1% (w/v) BSA
(1% BSA-PBS). Incubate for 30 min at 37°C to block nonspecific sites.

3. Add 1012 pfu (plaque forming units) (see Subheading 3.1.2. for description of phage
amplification) from the naïve llama sdAb phage displayed library directly to HLMEC
in blocking BSA-PBS solution, and incubate for 1 h at 37°C. Pellet the cells (5 min at
100g), retain supernatant and discard the cells. Discarded cells contain bound phages that
recognize common endothelial antigens (i.e., subtracted phage).

4. Wash and block HCEC as described in steps 1 and 2.
5. Pellet the cells (100g, 5 min) and resuspend them in the supernatant (nonadsorbed phage

from HLMEC) solution collected in step 3. Incubate for 1 h at 37°C.
6. Pellet the cells (100g, 5 min), discard the supernatant (unbound phage) and resuspend the

cells in 200 µL ice cold PBS. Repeat the washing step in PBS six times.
7. Dislodge HCEC surface-bound phage by resuspending the cells in 500 µL of stripping

buffer (stripping buffer used in this study may not be suitable for all cell types). Centrifuge
(100g, 5 min), collect supernatant (i.e., dislodged phage) into new tube and add
250 µL of neutralisation buffer. Keep the recovered phage on ice (see Note 1). Repeat the
elution/neutralization steps two more times and keep each stripping wash (S) in a separate
tube. Second and third stripping washes contain tighter-bound phage species and/or less
nonspecific binders.

8. At the end of stripping procedures described in step 7, lyse the cells in 200-µL freshly made
100 mM triethanolamine to recover internalized phage (Int). Add 100 µL of neutralization
buffer and mix. Keep on ice.

3.1.2. Phage Amplification

1. Inoculate 15 ml of LB medium in a sterile 50-ml culture flask with a single colony from
a stock plate of TG1 cells (see Note 2). Incubate at 37°C in a rotary bacterial shaker at
200 rpm. Remove aliquots from the culture flask at different time intervals and measure
the A600 in a spectrophotometer in disposable cuvettes using LB medium as blank. Stop
incubation at A600 of 0.5–1 (2–3 h).
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2. In sterile disposable 50-mL conical tubes containing 10 mL of exponentially growing bac-
terial cells from step 1, add 375 µL of stripped phage (Subheading 3.1.1., step 7) from
stripping washes (i.e., S1, S2, or S3) or 150 µL of Int fraction. Mix, and infect by incu-
bating at 37°C for 30 min, without shaking. Store the remaining phage at –80°C for future
reference.

3. Remove small aliquot from each tube and use it to determine the phage titer (as described
in Subheading 3.1.4.). Spin the remainder in a bench-top centrifuge at 700g for
12 min at 4°C.

4. Resuspend the cell pellet in 900 µL 2 × YT. Add 300-µL aliquots to three sterile borosili-
cate glass tubes containing 3 mL of agarose top (see Note 3) warmed to 50°C. For nega-
tive control, mix 300 µL of uninfected cells with 3 ml agarose top. Vortex and pour
immediately onto solid 2 × YT Petri dishes, spreading the mixture over the entire surface
of the dish. Leave the dishes half open for 5 min for the agarose top to solidify. Cover and
invert the plates, and incubate at 37°C overnight (see Note 4).

3.1.3. Phage Purification

1. In the morning, add 5 mL of sterile PBS to each of the three Petri dishes (there should be no
phage on the negative control plate; if there are any colonies, the experiments should be
stopped) and elute phage particles by gently shaking the plates at 4°C for 2.5–3 h on a rotator.

2. Collect the phage-containing PBS with a sterile disposable pipet and rinse the plates with
an additional 5 mL PBS. Combine the two supernatants in a centrifuge bottle and centrifuge
at 5000g in a JA-17 rotor for 15 min at 4°C.

3. Decant the supernatant into a sterile centrifuge bottle, determine the volume and add 1/5
volume PEG/NaCl. Mix and incubate on ice for 1 h.

4. Centrifuge at 14,000g in a JA-17 rotor for 30 min at 4°C to recover the phage. Discard the
supernatant (see Note 5).

5. Resuspend the phage pellet in 4 mL sterile water and add 0.8 mL PEG/NaCl. Mix and incu-
bate on ice for 30 min. Centrifuge as done in step 4 and discard the supernatant.

6. Dissolve the pellet in 500 µL sterile PBS, transfer to a sterile 1.5-mL tube and vortex few
times to ensure no phage aggregates remain in the solution. Centrifuge in a microfuge at
maximum speed for 2 min to pellet any remaining cell debris.

7. Transfer the phage supernatant to a new sterile tube, remove a small aliquot to determine
the titer (see Subheading 3.1.4.), and store the remaining at –80°C for use as input phage
in the next round of panning.

3.1.4. Phage Titer

1. Prepare exponentially growing TG1 cells as described in Subheading 3.1.2.
2. Make 106, 108, and 1010 dilutions of phage by adding an appropriate amount of purified

phage in 500 µL sterile PBS. Vortex.
3. Infect 200 µL of the exponentially growing TG1 cells with 10 µL of diluted phage or PBS

(negative control) as described in Subheading 3.1.2.
4. Add TG1 cells to 3 mL of 50°C agarose top, pour onto plates, and incubate overnight as

described in Subheading 3.1.2.
5. In the morning, count the plaques and calculate the titer based on dilutions used.

(Also examine the negative control plate for the presence of any contaminating plaques.)
Use 1012 pfu of the frozen purified phage (see Subheading 3.1.3.) as input phage for the
second round of panning.

Subheadings 3.1.1.–3.1.4. constitute the first round of panning. The next rounds of
panning are identical except that for each round the input phage is the amplified phage
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from the previous round (Fig. 2) (see Note 6). Typically, three to four rounds of pan-
ning are performed to enrich for the binders, although occasionally more rounds may
be necessary to obtain enrichment.

3.2. Monitoring the Enrichment

Subheadings 3.2.1.–3.2.3. describe three approaches employed during panning
experiments to monitor the enrichment of HCEC-specific sdAbs: 1) determining the
titer of the recovered phage, 2) performing plaque polymerase chain reaction (PCR),
and 3) performing phage ELISA on the plaques from the recovered phage (see
Subheading 3.1.1.). Enrichment monitoring is done at the end of each round of pan-
ning. The input phage fraction for the subsequent round of panning was selected based
on the evaluation of enrichment (i.e., panning progress).

3.2.1. Phage Titer

1. Prepare exponentially growing TG1 cells as described in Subheading 3.1.2.
2. Make 102, 104, and 106 dilutions of infected cells from step 3 (Subheading 3.1.2.) in

500 µL exponentially growing cells and use 200 µL to determine titres of output phage
fractions as described above (steps 4 and 5, Subheading 3.1.4.).

3. Keep the plates at 4°C as the plaques from these plates, are also used for plaque PCR and
phage ELISA (see Subheadings 3.2.2.–3.2.3.).

In a typical panning experiment the titer drops after the first round, gradually
increases after the second round, and reaches a plateau in later rounds. The higher titer
in the first round is attributed to the higher background resulting from a very high non-
binder phage to binder phage ratio. In cases where the input phage varies from round
to round, the ratio of output phage titer to input phage titer is a more accurate measure
of enrichment.

3.2.2. Plaque PCR

During each round of panning plaques from titer plates, prepared in Subheading
3.2.1., were randomly chosen for PCR analysis.

1. Cut the agarose-top layer around the individual plaques (by gently pressing, with a dis-
posable loop, against the agarose top) and transfer plaques to tubes containing 50 µL of
autoclaved H2O (see Note 7).

2. After a brief vortexing, use 1 µL of the plaque solution as template for PCR amplification
using vector-specific primers fdTGIII, 5′(GTGAAAAAATTATTATTCGCAATTCCT)3′
and -96GIII, 5′(CCCTCATAGTTAGCGTAACG)3′ in a total volume of 10 µL. The PCR
mixture contains 10 pmol/µL each of the two primers, 1 X buffer (Perkin Elmer,
Mississauga, ON, Canada), 200 µM each of the four dNTPs and 0.05 unit/µL AmpliTaq
DNA polymerase (Perkin Elmer). PCR protocol includes an initial denaturation step at 95°C
for 5 min followed by 30 cycles at 94°C for 30 s, at 53°C for 30 s, and at 72°C for 1 min,
and a final extension step at 72°C for 10 min.

3. Resolve the amplified products on 1% agarose gel against the appropriate DNA molecu-
lar weight marker. Enrichments are assessed by the percent of plaques that yield an approx
550 bp full-length gene product.

3.2.3. Phage ELISA

ELISA against phage coat protein P8 (phage ELISA) was used to determine the bind-
ing of selected phage clones to various human endothelial cells in culture.
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1. Transfer the individual plaques from titer plates, prepared in Subheading 3.2.1., to sepa-
rate wells of a sterile 96-well microtiter plate containing 200 µL of LB in each well (see
Note 7). Incubate overnight at 37°C in a rotary shaker at 100 rpm.

2. Grow monolayers of HCEC and HLMEC in 96 well plates to confluence, and wash two
times in 300 µL PBS. Block by adding 300 µL 4% BSA-PBS and incubate for 1 h at room
temperature. Aspirate the contents of the wells and add 75 µL 4% BSA-PBS using a mul-
tichannel pipet.

3. Spin the infected TG1 cells from step 1 at 600g for 10 min in a swinging bucket bench-
top centrifuge. Transfer 75 µL aliquots from each supernatant to duplicate wells of HLMEC
and HCEC monolayers in 4% BSA-PBS (prepared in step 2). Mix gently on a belly dancer
and incubate at 37°C for 1 h.

4. Remove the supernatants and wash the cells six times with PBS-0.05% (v/v) Tween-20.
Add 100 µL of a 1�1000 dilution of horseradish peroxidase (HRP)-conjugated anti-M13
monoclonal antibody in 2% BSA-PBS to each well and incubate at 37°C for 1 h.

5. Wash the wells as described in step 4 and blot the plates on a paper to remove any remain-
ing liquid. Detect the binding of phage to the cells colorimetrically by adding 100 µL of
the TMB peroxidase substrate and H2O2 mixture at room temperature for 5–10 min. A blue
color should appear.

6. Terminate the reaction by adding 100 µL of 1 M H3PO4 (the blue will change to yellow)
and read the optical density at 450 nm using an ELISA plate reader.

Each subsequent round of panning should produce higher percentage of clones that
bind selectively to HCEC and do not bind to HLMEC.

3.3. Selection by Functional Criteria

After four rounds of panning, a library of sdAbs that selectively bind and internal-
ize HCEC was obtained. Because the goal of the study was to identify species that trans-
migrate across the BBB, the next round of selection from the enriched library was done
based on the ability of phage clones to transmigrate HCEC monolayers. For this pur-
pose, a compartmentalized in vitro BBB model consisting of HCEC monolayer grown
on a porous membrane positioned to separate two media compartments as shown in
Fig. 4 was used. HCEC were seeded at 3 × 105 cells/cm2 on a 0.5% gelatin coated Falcon
tissue culture inserts (pore size 1 µm; surface area 0.83 cm2) in 1 mL of growth medium.
The bottom chamber of the insert assembly contained 2 mL of growth medium sup-
plemented with the fetal human FHAs-conditioned media (10). The FHAs-conditioned
medium was obtained by incubating confluent FHAs in a serum free DME for 72 h.
The model has been characterized in detail previously (10).

3.3.1. Phage Transmigration

1. Replace growth media in both chambers of the in vitro BBB model with the transport buffer
and equilibrate the cells for 30 min at 37°C (see Note 8).

2. Add 1011 pfu of phage library enriched for HCEC binding (fourth round S3 and Int frac-
tions) clones to the upper compartment (50 µL). Phage expressing unrelated sdAb and
empty phage (same pfu) are used as negative controls (Fig. 4). At specified times (Fig. 4),
collect 10-µL aliquots from the bottom compartment and infect 200 µL of TG1 cells as
described in Subheading 3.1.4. Grow infected TG1 cells as plaques overnight as described
in Subheading 3.1.4.

3. In the morning count the plaques and determine the titer. Keep the plates at 4°C
as the plaques from these are also used for performing plaque PCR (as described in
Subheading 3.2.2.).
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4. Plaques containing full-length clones (determined by plaque PCR from 5–15 min titer-
plates when no wild-type phage transmigration was observed) were then sequenced (see
Subheading 3.4.).

3.4. Sequencing
1. Prepare sequencing templates for selected phage clones by PCR using the same set of

primers and condition used for plaque PCR.
2. Purify the amplified products with QIAquick PCR Purification™ kit (see Note 9), and

sequence the amplified template by the dideoxy method (11) using the AmpliTaq DNA
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Fig. 4. Selection of sdAbs that transmigrate HCEC monolayer from the phage-display library
enriched for HCEC-binding sdAbs. An in vitro BBB model consisting of HCEC grown as a
monolayer on the membrane of the tissue culture insert was used. Media conditioned by FHAs
(FHAs-CM) are applied to the bottom compartment to induce BBB phenotype of HCEC. 1011

pfu of the wild type phage (open bars), the unrelated sdAb, NC11 displaying phage (grey bars)
and phage library enriched for HCEC binding and HCEC internalizing phage (black bars) were
applied to the top chamber of triplicate BBB assemblies and the phage titer was determined from
10-µL aliquots of the bottom chamber at the indicated time points. Plaque PCR was done on
more than 100 colonies from these titer plates to identify clones with full-length inserts. These
clones were then sequenced yielding two distinct sdAb species, named FC5 and FC44.



Polymerase FS kit, fdTGIII and -96GIII primers and 373A DNA Sequencer Stretch (PE
Applied Biosystems) or its equivalent (see Note 10).

Sequencing revealed that all full-length clones recovered from the bottom chamber
of the in vitro BBB model belonged to two different sequences, FC5 and FC44
(Fig. 4), indicating that these two antibodies are capable of transmigrating HCEC
monolayer.

3.5. Expression, Tagging, and Purification
3.5.1. Expression and Tagging

All the cloning steps were performed essentially as described previously (12).

1. Amplify the sdAb genes out of the phage vector in a total volume of 50 µL by plaque PCR
using the primers, VHBbs, 5 ′(TATGAAGACACCAGGCCGATGTGCAGCT
GCAGGCG)3′ and VHBam, 5′(TATGGATCCTGAGGAGACGGTGACCTG)3′ which
introduce Bbs I and BamH I sites at the ends of the amplified fragments (underlined).

2. Purify the sdAb genes with QIAquick PCR Purification kit in a final volume of 50 µL water.
3. Cut the purified DNA sequentially with BbsI and BamHI restriction endonucleases and

purify again with QIAquick Gel Extraction™ kit in 50 µL water.
4. Ligate the cut fragment to the Bbs I/BamH I-treated pSJF2 expression vector that, at the

protein level, adds C-terminal c-myc and His5 tags (Fig. 3).
5. Prepare electrocompetent E. coli strain TG1 cells (13) and use small aliquot of the ligated

product to transform the cells using the BIO-RAD Gene Pulser™ or its equivalent.
Alternatively, cells can be transformed employing chemical transformation method (12).

6. Following transformation, spread 100 µL of cells on LB plates containing 100 µg/mL ampi-
cillin and leave the plates with lids half open for 5–10 min on the clean bench. Cover, invert
and incubate overnight at 32°C.

7. In the morning, identify the positive clones (i.e., clones with sdAb gene) by colony PCR
and agarose gel electrophoresis. Transfer the cells to the PCR mixture by gently touching
the surface of the colonies with a sterile pipet tip and swirling the tip directly in PCR mix-
ture. Perform colony PCR with primers, RP, 5′(CAGGAAACAGCTATGAC)3′ and FP,
5′(GTAAAACGACGGCCAGT)3′ using the same conditions as for plaque PCR. Determine
the size of the amplified product on a 1% agarose gel.

8. Perform a second colony PCR on the positive clones in a total volume of 25 µL. Purify and
sequence the PCR template as described in Subheading 3.4., using RP and FP as primers.

9. For expression, use a single positive clone to inoculate 25 mL of LB containing 100 µg/mL
ampicillin. Incubate in a rotary bacterial shaker at 240 rpm overnight at 37°C.

10. Transfer the entire overnight culture to 1 L of M9 medium supplemented with 5 µg/mL
vitamin B1, 0.4% casamino acid and 100 µg/mL ampicillin. Incubate while shaking
the culture at 180 rpm for 30 h at room temperature, and then supplement the culture with
100 mL of 10 × induction medium and 100 µL of 1 M IPTG and incubate for another 60 h.

11. Extract the periplasmic fraction by osmotic shock method (14) and verify expression by
detecting the presence of sdAb in the extract by Western blotting against the c-myc tag (15).
Dialyze the periplasmic fraction extensively against 10 mM HEPES buffer, pH 7.0, 0.5 M
NaCl. Following dialysis, add imidazole to a final concentration of 10 mM.

3.5.2. Purification

The presence of the C-terminal His5 tag in sdAbs allows for one-step protein purifi-
cation by immobilized metal affinity chromatography using 5-ml HiTrap chelating
column (Fig. 5).
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1. Charge the column with Ni2+ by applying 30 mL of a 5 mg/mL NiCl2·6H2O solution and
subsequently wash with 15 mL deionized water.

2. Carry out purification as described (15) using the starting buffer (see Subheading 2.), and
elute the bound protein with a 10–500 mM imidazole gradient (Fig. 3).

3. Examine the fractions corresponding to the eluted peaks on the chromatogram for the
presence/purity of the sdAb proteins by SDS-PAGE (16). Pool the sdAb fractions and
dialyze extensively against PBS. Add sodium azide at a final concentration of 0.02% and
keep the proteins stored at 4°C.

3.6. Antibody Characterization

Purified sdAbs can be used and/or further characterized in various in vitro and in
vivo systems. For example, binding and/or internalization of antibodies (in)to various
cells or tissues in vivo can be tested (17). C-myc tag allows for sdAb detection using
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Fig. 5. Purification of sdAbs using immobilized metal affinity chromatography using HiTrap™

chelating column. A, The 5-mL column was charged with Ni2+ by applying 30 mL of a 5 mg/mL
NiCl2 × 6H2O solution and subsequently washed with 15 mL deionized water. The periplasmic
extract of bacterial cultures expressing sdAb-c-myc-His5 fusion protein was applied onto the
column. His5 tag allows the sdAb to bind to the Ni2+ charged column. Unbound fraction (non-
specific proteins) was washed out from the column, and bound protein (sdAb) was eluted from
the column by applying 10–500 mM imidazole gradient. B, Each eluate fraction was resolved
on 12% SDS-PAGE, transferred to nitrocellulose membrane, and detected in a Western blot
analysis with primary mouse anti-c-myc IgG and secondary anti-mouse IgG antibody conjugated
to ALP. Molecular weight of sdAb-c-myc-His5 fusion protein is approx 15 kDa.



either indirect immunocytochemistry or ELISA with anti-c-myc antibodies. SdAbs can
also be labeled with fluorescent or radiolabeled tag(s) to facilitate quantitative phar-
macokinetics studies.

sdAbs derived from naïve phage-display library are considered lead targeting moi-
eties. Further improvement of their affinity, avidity, and pharmacodynamic properties
can be done by genetic engineering and structural studies.

3.7. Concluding Remarks

We have used the described protocols (see flow chart in 17) to identify two sdAbs,
FC5 and FC44, that selectively bind to HCEC, transmigrate across the in vitro BBB
model, and target the brain in vivo (17). The principles of the technique described here
are also applicable to in vivo biopanning of antibody or peptide phage-display libraries
to select species that home to specific tissues, including the brain.

Described protocols can be coupled with down-stream chemical and genetic
engineering of selected antibodies to design appropriate linkers for nonpermeable small
molecules, peptides, and oligonucleotides targeted to the brain. In addition, selected
sdAbs could be used to vector other transport vehicles such as liposomes and polymers
encapsulating large particles (e.g., plasmids, vaccines). Drug and gene delivery could
be targeted specifically to the cerebrovascular compartment to, for example, prevent
stroke by stimulating anticoagulant properties of endothelium, treat migraine, transiently
disrupt tight junctions, reduce the expression of adhesion molecules, stimulate
re-vascularization, and so on. sdAbs coupled to appropriate radioactive ligand(s) may
find application in cerebrovascular imaging or can be used in laboratory research pro-
tocols for a large-scale affinity purification of brain microvascular endothelial cells or
immunochemical staining of brain endothelium in vitro and in vivo.

Finally, identification of binding partners for selected sdAbs and their functional roles
in endocytosis, transcytosis, and BBB permeability will be of seminal importance in
future development of strategies to modulate BBB functions.

4. Notes
1. Always keep the phage on ice to prevent a possible enzymatic cleavage of the gIIIp, due

to protease contamination. gIIIp cleavage results in the loss of infectivity as well as bind-
ing activity of the phage particles.

2. To grow colonies on the stock plate, streak out frozen stock of TG1 onto a minimal plate
(12) supplemented with thiamine. Incubate at 37°C for at least 24 h. Seal the plate with
parafilm and store at 4°C for up to 1 mo. It is recommended to grow the TG1 cells on min-
imal media to ensure that F pilus, which mediates phage infection, is maintained within
the cells. Thiamine is added to the media since TG1 cells are auxotrophic for thiamine.

3. Agarose top media are stored at room temperature, in 50–100 mL aliquots, and, when
needed, can be melted in a microwave oven. The media can be re-solidified and reused many
times. Before pouring onto the plates, however, the molten agarose top needs to be equi-
librated to 50°C. This is done by transferring the media, in 3-mL aliquots, to sterile borosil-
icate glass tubes, closing the tubes with metal caps and placing them in a 50°C-temp block
for 30–60 min.

4. Following the overnight growth, discrete plaques are formed in the background of the unin-
fected cells. Very frequently, however, lawn of plaques is formed especially during the later
rounds of panning. This has a rough appearance in contrast to the lawn of the uninfected
cells (negative control plate), which has a smooth appearance.
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5. Unlike cell pellets, phage pellets are loose and streak along the side of the tube. Therefore,
during removal of the supernatant care must be taken to minimize phage losses.

6. Second and third round of panning in this study was done using S3 and Int fractions from
previous rounds. The fourth round of panning was performed using S1 fraction. The input
phage fraction for each round of panning was chosen from the output fraction that con-
tained the highest percent of phage with the full-length VHH. However, a more general rule
can be applied for choosing an input fraction for the subsequent round of panning: increas-
ing the stringency of stripping will reduce non-specific binders and favor selection of
higher affinity binders. However, overly stringent stripping protocols may result in a loss
of many specific binders with low affinity.

7. Alternatively, a toothpick, which has touched the surface of the plaque, can be used to trans-
fer phage by dipping the toothpick directly in PCR mixture. In the case of phage ELISA,
however, the toothpick method occasionally fails to initiate the overnight growth in
microtiter culture plates possibly because it does not transfer enough phage-infected cells
to the wells.

8. The barrier integrity was assessed by measuring the passage of sodium fluorescein
(MW=376 Da, 25 µg/mL), fluorescently labeled dextran (MW=10 kDa), and 14C dextran-
carboxyl (MW=70 kDa) across triplicate HCEC monolayers, and across 0.5% gelatin-
coated inserts without cells. Samples were collected from the bottom chambers over a
5- to 90-min period. The fluorescence was measured using Cytofluor 2350 (Millipore) and
the radioactive counts were measured in Wallac microbeta liquid scintillation counter.
Clearance values were determined using previously described protocols (18).

9. In instances where the PCR preparation contains a significant amount of non-specific
products, the sdAb gene can be purified away from nonspecific products by QIAquick Gel
Extraction™ kit or equivalent kits. Alternatively, single-stranded phage DNA, purified by
standard procedures (12), can be used as a template for manual or automated sequencing.

10. The AmpliTaq DNA Polymerase FS kit contains instructions for performing cycle sequenc-
ing. Cycle sequencing is the preferred method for sequencing PCR templates as traditional
methods of sequencing gives poor results with respect to PCR template denaturation. The
method involves repeated cycles of template denaturation, annealing and extension using
Taq DNA polymerase. This provides ample opportunities for template denaturation and
extension resulting in adequate detection signals. For manual sequencing, cycle sequenc-
ing method can be used in conjunction with radiolabeled dNTPs.
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mRNA Detection in Cerebral Vessels 
by Nonradioactive In Situ Hybridization

David Zagzag and Wai Chan

1. Introduction
In situ hybridization (ISH) has become a critical tool for studying gene expression

in the central nervous system (CNS) (1–6). ISH has advantages over immunohisto-
chemistry, because ISH identifies the cells that make the antigen of interest, rather than
just contain it. ISH has been used to assess the cellular distribution of messenger ribonu-
cleic acids (mRNAs) encoding many important proteins during neural embryogenesis,
and in reactive and neoplastic pathological conditions in the brain (6–10). In recent
years, the sensitivity of ISH techniques has increased, using both radioactive and non-
radioactive probes to allow the detection of mRNAs that encode various molecules
(3,5,6,10–17) and there is increasing use of nonradioactive ISH to identify a number
of genes related to vasculogenesis and angiogenesis in the brain (18–24).

Historically, ISH methods utilized radioisotope-labeled complementary deoxyri-
bonucleic acid (cDNA), complementary ribonucleic acid (cRNA), or oligonucleotide
probes (2,25). Although these techniques are highly sensitive and reproducible, the use
of radioactive isotopes is associated with several intrinsic and extrinsic difficulties. A
critical issue is the poor spatial and structural resolution of the signal and the compar-
atively lower degree of cellular resolution obtained using 32P- and 35S-labeled probes.
The long exposure times required to obtain suitable high-resolution autoradiographic
images with emulsion-coated sections is another important disadvantage. For example,
autoradiography may require 4–10 wk with 3H- and 35S-labeled probes. Other problems
include the safety measures required because of the health risks associated with han-
dling radioactive material, and the high costs of their disposal. Other major limitations
of radiolabeled probes include their high cost and instability.

For these reasons, nonradioactive ISH was developed as an alternative to radioac-
tive assay. For a while, most of the nonradioactive ISH methods lacked the sensitivity
of radioactive techniques, limiting their utility to detection of relatively abundant
mRNAs and to single probe detection. In addition, they were considered relatively insen-
sitive and thought to produce high levels of nonspecific background signal. For these
reasons, ISH with nonradioactive probes was used less frequently. However, recent
improvements have alleviated many of these concerns. Biotinylated and digoxigenin-
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labeled probes have gained popularity, have become widely accepted, and solve many
of the problems associated with radioactive probes (4-9,13–17,19,22–24).

Thus, nonradioactive labeling of cDNA and oligonucleotide probes has been used
for rapid visualization of mRNA with ISH histochemistry, because it lacks many of the
aversive effects of the radioactive method and gives a stable signal. We routinely use
digoxigenin (DIG)-labeled oligonucleotide probes combined with immunological
amplification of the probe signal to significantly enhance the sensitivity of mRNA
detection (22–24).

2. Materials
2.1. Tissue Samples

The tissues used were obtained from patient biopsies removed for diagnosis following
appropriate consent. Tissues examined were

1. Twenty gliomas diagnosed and graded according to the WHO grading system (26):
a. Seven glioblastomas multiforme (GBMs; astrocytoma, WHO Grade IV/IV).
b. Four anaplastic astrocytomas (AAs; astrocytoma WHO Grade III/IV).
c. Four low-grade diffuse astrocytomas (LGAs; astrocytoma, WHO Grade II/IV).
d. Five juvenile pilocytic astrocytomas (JPAs; astrocytoma WHO Grade I/IV).

2. Three cases of cerebral infarction. In these cases, tissue was obtained 2, 5, and 7 d after
the onset of the infarct.

3. Three samples of histologically normal brain removed in the course of surgical exposure
were used as controls. When present, normal tissue adjacent to the tumors in the same sec-
tions served as an internal control.

2.2. ISH

Most of the chemicals were purchased from Sigma Chemical Co. (St Louis, MO)
unless otherwise noted.

2.2.1. Tissue Preparation

1. M-1 Embedding Matrix (Shandon Lipshaw, Pittsburgh, PA).
2. Solvents: xylene, ethanol.
3. Paraffin.
4. γ-methacryloxypropyltrimethoxysilane coated slides.
5. Cover slips.
6. Nuclear fast red, 1% (Arleco, Gibbstown, NJ).
7. Glycerin jelly.
8. Rubber cement.
9. Diethylpyrocarbonate (DEPC)-treated sterile water: use as instructed by Sigma. Added pri-

marily to distilled water, phosphate-buffered saline (PBS) and saline sodium citrate (SSC)
as needed to control ribonuclease (RNase) contamination. Use in other solutions as needed
(see Note 1).

10. PBS: 0.1 M phosphate buffer (pH 7.2) + 0.9% NaCl.
11. Paraformaldehyde (4%): 4.0 g of paraformaldehyde in 100 mL of 0.1 M PBS.
12. 20× Standard saline citrate (SSC) solution: 175 g of NaC1, 88 g of Na citrate dihydrate.

Make up to 100 mL in distilled water and adjust pH to 7.0.
13. Sodium decasulfate: 0.5% in 1× SSC.
14. Sodium bisulfite: 20% in 2× SSC.
15. Triton X-100 (0.3%): 300 µL of Triton X-100 and bring to 100 mL with 1 × SSC.
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16. Proteinase K (Boehringer Mannheim, Indianapolis, IN), Stock Solution 5 mg/mL: Dilute
the stock solution using 2 × SSC to a final concentration of 250 µg/mL.

17. Blocking solution: denatured/sheared salmon sperm DNA (1 mg/mL) and bovine serum
albumin (BSA, prepared from Fraction V Albumin, nitrogen content 15.5%, fatty acid-free)
50 mg/mL in 2 × SSC.

18. 15% sucrose in DEPC-treated PBS.

2.2.2. Probe Preparation

1. XbaI/EcoRI of pKS+ (Stratagene Cloning Systems, La Jolla, CA).
2. EcoRI/HindIII of pKS+ (Stratagene Cloning Systems).
3. Not1 (New England Biolabs, Beverly MA).
4. pBluescript II SK+/– (Stratagene Cloning Systems).
5. Sequenase (US Biochemicals, Cleveland, OH).
6. Plasmids pKS+/hTL1 and pKS+/TL2.
7. Phenol, Chloroform.
8. T3 and T7 polymerase.

2.2.3. Labeling and Testing of Probe and Hybridization

1. Digoxigenin RNA labeling kit (Boehringer Mannheim, Indianapolis, IN).
2. Total brain RNA (Stratagene Cloning Systems, La Jolla, CA).
3. Hybridization buffer: 4 × SSC, 50% formamide, 1 × Denhardt’s solution, 0.3%

Triton X-100, 1% N-laurosyl sarcosine, 1 mg/mL sheared salmon sperm DNA, 1 µg/mL
tRNA, 10% Dextran sulfate, 1�1000 β-mercaptoethanol (see Note 2).

4. Probe: Add 5–10 ng of probe to 20 µL of hybridization buffer to make a working probe
solution.

2.2.4. Posthybridization and Digoxigenin Detection

1. 0.2 × SSC: 1�100 dilution of 20 × SSC in sterile water.
2. Mung bean nuclease (New England Biolabs, Beverly, MA): 3 U per slide in buffer

supplied by the manufacturer.
3. 1 Maleate buffer, pH 7.2 (Boehringer Mannheim): add 0.3% Triton X-100, use as wash-

ing buffer.
4. Posthybridization blocking solution (Boehringer Mannheim): 4% containing 0.3%

Triton X-100.
5. Sheep anti-DIG-alkaline phosphatase antibody (anti-DIG-AP, Boehringer Mannheim):

1�500 dilution with 2% blocking buffer (Boehringer Mannheim) and 0.3% Triton X-100.
6. Alkaline phosphatase substrate buffer: 100 mM Tris-HCl (pH 9.5), 150 mM NaCl, 50 mM

MgCl2.
7. Substrate: 45 µL nitroblue tetrazolium salt (NBT, 75 mg/mL) in 70% dimethylformamide

and 35 µL bromo-4-chloro-3-indolylphosphate toluidinium salt (BCIP, 50 mg/mL) in
100% dimethylformamide per 10 mL alkaline phosphatase substrate buffer.

3. Methods
ISH by its name is hybridization adapted to tissue sections. The theory of hybridiza-

tion, whether it is northern or southern, is performed basically unchanged, with an
adjustment only to help gain access to the target nucleotides within the section. Two
important parameters that determine the success of the procedure are the quality of the
sample (largely determined by the time elapsed between tissue excision from the patient
and subsequent fixation) and the efficiency of labeling of the probe.
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An optimal ISH protocol should 1) have a high sensitivity, 2) have cell-to-
subcellular structural resolution, 3) be compatibile with immunocytochemical detec-
tion of proteins, and 4) allow routinely prepared paraffin-embedded tissue to be used.

The methods described below outline 1) tissue preparation, 2) probe preparation,
3) digoxigenin labeling of probes, 4) hybridization, 5) posthybridization washing, and
6) the application of the ISH procedure.

3.1. Tissue Preparation

Tissue processing is different for paraffin embedding and for frozen sections (see
Note 3). However, the first few steps are identical.

1. Fresh surgical specimens are immediately retrieved from the operating room and are rapidly
rinsed in DEPC-treated PBS for 5–10 min.

2. The tissue is then fixed overnight in 4% paraformaldehyde in PBS at 4°C (see Note 4).

3.1.1. Paraffin-Embedded Tissue

1. After fixation, the tissue is dehydrated in ethanols and xylene and embedded in paraffin
using standard methods.

2. Cut 5 µm-thick sections and place on γ-methacryloxypropyltrimethoxysilane-coated slides.
3. Dry slides overnight in a 60°C oven.
4. Deparaffinize slides in 100% xylene followed by absolute ethanol, rinse in DEPC-treated

sterile water, and then in 2 × SSC.

3.1.1.1. PRETREATMENT OF SECTIONS

The main purpose of the pretreatment is to make the target nucleotides in the sec-
tion more accessible to the probes. Detergents, sodium bisulfide, and proteinase K are
used to permeate and loosen some of the crosslinks created during tissue fixation (see
Note 5).

1. Place slides in 1 × SSC containing 0.3% Triton X-100 for 10 min at room temperature.
2. Transfer slides to 0.5% sodium decasulfate in 1 × SSC for 5 min at 37°C, rinse in 2 × SSC,

and incubate in 20% sodium bisulfite in 2 × SSC for 20 min at 45°C.
3. Rinse slides three times in 2 × SSC, treat with proteinase K (250 µg/mL) in 2 × SSC for

20 min at 37°C and rinse three times in 2 × SSC.
4. Block sections with denatured/sheared salmon sperm DNA (1 mg/mL) and BSA

(50 mg/mL) in 2 × SSC at 37°C for 20 min, rinse briefly in 2 × SSC, and in DEPC-treated
sterile water.

5. Dehydrate in a graded series of ethanols, and air-dry.

3.1.2. Frozen Tissue

1. After fixation, cryoprotect the tissue by incubation in 15% sucrose in DEPC-treated PBS
for at least 24 h.

2. Embed in M-1 Embedding Matrix, freeze on dry ice, and store at –80°C.
3. Cut 12-µm sections in a cryomicrotome at –20°C, mount on γ-methacryloxypropyl-

trimethoxysilane-coated slides, and store at –80°C until use.
4. Immediately after removing the sections from –80°C, process for ISH starting with incu-

bation in 20% sodium bisulfite/2 × SSC for 15 min at 45°C.
5. Wash the slides once in DEPC-treated water and three times in 2 × SSC for 3 min.
6. Treat sections with 250 µg/mL proteinase K in 2 × SSC for 15 min at 37°C and wash once

in DEPC-treated water.
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7. Wash three times in 2 × SSC.
8. Block sections with 1 mg/mL denatured/sheared salmon sperm DNA in 4% blocking buffer

at 37°C for 2 min and then wash as given in step 7.
9. Dehydrate the slides through a graded series of ethanols, and air-dry.

3.2. Probe Preparation

The development of biotinylated probes that can be detected using standard immuno-
histochemical methods has enabled ISH techniques to be adopted by the Histopathology
Laboratory (22–24,27). For example, the use of these probes has now become well-
established for the routine detection of repetitive genomic or viral DNA sequences in
paraffin sections. Three examples of probe preparation are provided for the detection
of mRNA sequences of molecules related to angiogenesis in neoplastic and reactive con-
ditions of the CNS: angiopoietins (22), tenascin-C (TN-C) (23), and vascular endothe-
lial growth factor (VEGF) (24).

3.2.1. Angiopoietins

Angiopoietin-1 and its naturally occurring antagonist angiopoietin-2 are novel lig-
ands that regulate tyrosine phosphorylation of Tie2/Tek receptor on endothelial cells.
Proper regulation of Tie2/Tek is absolutely required for normal vascular development,
seemingly by regulating vascular remodeling and endothelial cell interactions with
supporting pericytes/smooth muscle cells.

1. The plasmid pKS+/hTL1 used contains a 570-base pair (bp) SpeI-EcoRI fragment of Ang-
1 subcloned into XbaI/EcoRI of pKS+. In addition, it contains a 70-bp 5′UT and a 500-bp
coding region ending at amino acid 166.

2. The plasmid pKS+/TL2 contains a 640-bp EcoRI-HindIII fragment from human Ang-2
subcloned into EcoRI/HindIII of pKS+ (22). The plasmid contains a 360-bp 5′UT and a
280-bp coding region ending at amino acid 99.

3. The plasmid DNA was linearized with EcoRI for antisense probe production and HindIII
for sense RNA probe production.

4. To synthesize DIG-labeled RNA probes, 1 µg of the plasmid DNA was linearized with NotI
for antisense probe production and EcoRI for sense RNA probe production. The digested
plasmid DNA was purified by phenol/chloroform extraction and ethanol precipitation (21).

3.2.2. Tenascin-C (TN-C)

TN-C is an extracellular matrix glycoprotein, expressed in the developing CNS, car-
tilage and mesenchyme that is upregulated in tumors, wound healing, and inflamma-
tion. TN-C is important for cellular adhesion, migration, and proliferation.

1. Oligonucleotide primers complementary to a 5′ region of exon 1 of the human TN gene
(primer 1: 5′- CTA GAA TTC CAG CAG CAC CCA GC-3′ and primer 2: 5′- CTC AAG
CTT CAC CGA ACA CTG G-3′) were designed based on the published sequence (23,28).

2. With human genomic DNA as a template for these primers, polymerase chain reaction
(PCR) was used to amplify a 231 bp product.

3. The PCR product was cloned into pBluescript II SK+/–. Two resulting clones each con-
taining a 0.23-kb insert were sequenced according to the Sanger method (29) using
Sequenase and were found to match exactly a 231-bp fragment of the published sequence
of exon 1 of the human TN gene (23,28).
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3.2.3. VEGF

VEGF is an endothelial cell mitogen that increases microvascular permeability and
is angiogenic in vivo. A probe of the published whole sequence of VEGF/VPF (980 bp)
was used. The sequence product was introduced into pBluescript II SK, as described
for TN-C (24).

3.2.4. Control Probes

For each probe, a control sense probe was always prepared and labeled as previously
described (22–24).

3.3. Digoxigenin Labeling of Probes

An important parameter is the efficiency of labeling with the probe. Nick translation
will label both strands of a DNA probe. Although mRNA probes or riboprobes are more
specific and tend to bind more tightly, they are also less stable, especially during stor-
age and handling. However, an mRNA duplex after hybridization is stable. Each probe
was labeled with DIG.

1. TN-C, antisense and sense riboprobes were prepared using the DIG RNA Labeling Kit.
The specificity of the probes was verified by Northern hybridization of human fetal brain
total RNA. Using the antisense probe, we detected a 6–7-kb band which corresponds to
the size of human TN mRNA. No signals were generated using the sense probe.

2. The same DIG RNA Labeling Kit was used for labeling of the angiopoietin probes. Here
antisense and sense DIG-labeled RNA probes were transcribed by T3 and T7 RNA poly-
merase, respectively.

3. The DIG-labeled RNA was ethanol precipitated in order to remove unincorporated
DIG-dNTP.

4. Probes that are labeled are tested in appropriate gel or blot assays to determine the sensi-
tivity to picogram amounts of the target. (See Note 6.)

5. Probes were stored at –80°C.

3.4. Hybridization

1. Heat 10 ng of the digoxigenin-labeled sense and antisense probes separately in 20 µL of
hybridization buffer (see Subheading 2.2.4.) at 80°C for 5 min.

2. Add 17 µL of probe to the treated slides, which are then covered with a glass coverslip,
sealed with rubber cement, and incubated at 42°C overnight.

3.5. Posthybridization Washing and Blockage

1. Remove the cover slip, and wash briefly in 2 × SSC at 60°C.
2. Wash twice in 0.2 × SSC at 65°C for 15 min total followed by a final wash in 2 × SSC at

room temperature.
3. Treat sections with Mung Bean Nuclease, using three U per slide for 2 min at 37°C.
4. Rinse slides in Maleate buffer with 0.3% Triton X-100.
5. Place sections in 4% blocking buffer containing 0.3% Triton X-100 for 30 min at 37°C.

3.6. Detection of the DIG-Labeled Probes

1. Detection is performed using anti-DIG-alk phos antibody at 1�500 dilution in 2% block-
ing buffer with 0.3% Triton X-100 for 60 min at 37°C, followed by overnight incubation
at 4°C.
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2. Wash slides with Maleate buffer containing 0.3% Triton X-100, three times for 3 min each,
and rinse in 1 × SSC briefly.

3. The slides are then incubated in alkaline phosphatase substrate buffer for 5 min at room
temperature (see Subheading 2.2.5.).

4. Incubate the slides in substrate for 3 h at 37°C (see Subheading 2.2.5.) (see Notes 7
and 8).

5. Rinse slides vigorously in water, counterstain with nuclear fast red, and rinse in water again.
6. Mount with glycerin jelly and examine slides using a light microscope.

Modifications of the above-described protocol are necessary to tailor the procedure
to each specific probe. For example, ISH for VEGF was performed using a similar pro-
tocol as for TN-C, with a few modifications. The concentration of the VEGF probe was
6 ng/µL. Baker’s yeast was added to the hybridization buffer. Hybridization was
achieved by applying 125 µL of the probe with incubation at 56°C. Washes following
hybridization were done using 2 × SSC at 56°C and 0.2 × SSC at room temperature.
The alkaline phosphatase was used at 1�5000 dilution. Incubation with NBT/BCIP was
done at room temperature in the dark (22). Before mounting, the slides were washed
with Tris-ethylenediaminetetraacetic acid (EDTA) and counterstained with methylene
green.

Although combinations of ISH with radioactive probes and immunohistochemistry
have been proposed (30–34), combinations that are completely nonradioactive have also
been developed (35–43). All of these methods include either immunoperoxidase- or
immunofluorescence-based detection systems. Adequate suppression of endogenous
peroxidase is a concern with immunoperoxidase techniques.

3.7. Applications

To illustrate the utility of nonradioactive ISH, the detection of RNAs for angiogenic
proteins in pathological conditions in the CNS including human gliomas and
hypoxic/ischemic lesions are shown in Figs. 1–4.

Angiopoietin-1 mRNA was localized in tumor cells Fig. 1 and angiopoietin-2 mRNA
was detected in endothelial cells of hyperplastic and nonhyperplastic tumor vessels
(Fig. 2). Angiopoietin-2 was also expressed in partially sclerotic vessels and in vascu-
lar channels surrounded by tumor cells in brain adjacent to the tumor. Neither angiopoi-
etin-1 nor angiopoietin-2 were detected in normal brain. These results suggest that
angiopoietins are involved in the early stages of vascular activation and in advanced
angiogenesis, and identify angiopoietin-2 as an early marker of glioma-induced neo-
vascularization. No staining was observed when sense probes were used.

ISH of astrocytomas using a digoxigenin-labeled antisense riboprobe detected strong
staining for TN mRNA in vascular cells, especially in hyperplastic vessels (Fig. 3) and
JPAs (data not shown), including those at the invasive edge of the tumors, but not in
vessels of normal brains. It was seen in endothelial cells adjacent to the vascular lumina
and within the walls of the vascular complexes. TN-C mRNA was detected in vessels
beyond the tumor margin in the brain tissue adjacent to the tumor in GBMs but in none
of the JPAs. TN-C mRNA was also detected in tumor cells in the GBMs, including in
the pseudopalisading cells around foci of necrosis (data not shown). No message was
detected in the tumor cells in the JPAs. No staining was observed when the sense probe
was used.
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VEGF was localized in pseudopalisading tumor cells around areas of necrosis and
in hyperplastic vessels of GBMs, in areas adjacent to tumor infarction, microcysts and
vascular hyperplasia in JPAs and in the walls of macrocysts in both GBMs and JPAs as
previously described (18,44). In infarcts, VEGF mRNA was detected in macrophages
and vascular and astrocytic cells. In addition, neurons adjacent to the infarct showed
strong staining for VEGF mRNA (Fig. 4). VEGF staining was strong in 5- and 7-d-old
infarcts. Several labeled cells had irregular and elongated nuclei consistent with
microglial cells (data not shown). No signal was seen with the sense probe.

In summary, ISH detection of mRNAs using nonradioactive methods is an invalu-
able tool for research and diagnostics, dramatically advancing the study of cell- and
tissue-specific expression of many genes including those implicated in pathophysio-
logical processes in the CNS. This approach can identify the cells involved with the pro-
duction of various proteins. It is reliable, safe, and reproducible.

4. Notes
1. RNase is especially relevant to mRNA hybridization using riboprobes. If there is no RNase

contamination, the use of standard sterile technique will suffice. By contrast, if RNase con-
tamination does exist, an RNase-free technique is recommended. We recommend DEPC
treatment of all solutions where appropriate followed by autoclaving whenever possible.
After the hybrid is formed, contamination by RNase is less relevant.

2. Dextran sulfate acts as a space taker. It is, in a sense, increasing the actual concentration
of the probe by absorbing the water in the probe solution. This is also why it is important
to seal the coverslip of the sections with rubber cement after the probe is added, otherwise,
the probe concentration may become diluted during the overnight hybridization. The BSA,
transfer RNA (tRNA), and Salmon sperm DNA are all components of the blocking reagents
in the hybridization buffer. The combination of all these, and formamide, in the hybridiza-
tion buffer reduces background and increases the specificity of the hybridization process.
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Fig. 1. ISH for angiopoietin-1 mRNA in GBM. (A) There is a diffuse signal in tumor cells,
but no remarkable upregulation in pseudopalisading (P) areas adjacent to necrotic zones (N)
demarcated by the dashed line. Blood vessels (V) are not stained. (B) Higher magnification of
panel A showing strong tumor cell (arrowhead) staining for Ang-1. A × 50; B × 400.



Probe buffer containing detergents increases the accessibility and also reduces background.
It is also helpful to spread the probe over the section.

3. The shortcomings of using frozen sections are the difficulty in cutting the sections that tend
to be thicker. Thicker sections are difficult to read and are more likely to detach from the
slide during the ISH. By contrast, paraffin embedding allows sections to be in the range of
4–5 µm. On the other hand, although nonradioactive ISH can be performed on paraffin-
embedded tissue, frozen sections, if preserved properly, require less pretreatment to access
the target nucleotides.

4. Fixation stabilizes the target nucleotides but optimal hybridization in fixed tissue requires
pretreatment with proteinase K because of the crosslinks that are formed during fixation.
Our results confirm that in routinely fixed biopsy tissue, saturated signals can be obtained.
In unfixed sections, mRNA is less stable and prone to degradation more readily than DNA
targets. It is recommended that a tissue block be stored at a low temperature and cut no
more than a few days before the actual in situ procedure. In addition, it is suggested that
tissues that are to be used for mRNA projects be kept as cold as possible, in an RNase-free
environment, and fixed as soon as possible, but with no more than the standard overnight
fixation since any excess fixation will render the target nucleotides inaccessible. Several
studies have shown that formalin-based fixatives retain cellular RNAs with good tissue mor-
phology (13,17,27,29).

5. If the section can survive the pretreatment steps, one should be able to get abundant infor-
mation from the hybridization. If it does not or if the morphology is substandard, some of
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Fig. 2. ISH for angiopoietin-2 mRNA in vessels of astrocytomas. (A) Angiopoietin-2
signal is seen in vessels with early hyperplastic changes. (B) Stronger signal for angiopoietin-
2 is seen in hyperplastic vascular complexes. (C) No signal is seen with the sense probe. (D)
Angiopoietin-2 mRNA is detected in hyperplastic vessels (arrowhead). A × 100; B × 50;
D × 200.



the time the pretreatment steps may have to be reduced, or concentrations of pre-treatment
solution may have to be lowered or steps may have to be eliminated altogether, or a com-
bination of these changes may have to be applied. Several of the reagents used for the pre-
treatment of the sections have been studied in depth. For example, with high concentrations
of proteinase K, there is deterioration of morphology due to excessive digestion.

6. When preparing the probe and evaluating it with the dot blot technique, it is important to
use filter paper hybridization and develop the signal using the same substrates and detec-
tion that will be used in the actual in situ procedure. Development time should take no longer
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Fig. 3. ISH for TN mRNA in a GBM using a digoxigenin labeled riboprobe transcribed from
a 231 bp PCR product corresponding to a segment of exon 1 of human TN. It is detected with
anti-digoxigenin antibodies conjugated to an alkaline phosphatase enzyme after 3 h exposure
to NBT/BCIP substrate. (A) A strong staining is seen in hyperplastic vascular channels with
the antisense riboprobe. (B) Higher magnification of panel A: the staining is seen in cells
lining the lumen as well as in other cells of a glomeruloid vessel (arrowheads). No staining was
detected with the sense probe (not shown). A, × 100; B, × 200.

Fig. 4. ISH for VEGF in a cerebral infarct shows signal within cortical neurons (arrowheads)
adjacent to an infarcted area (NBT/BCIP; × 50). Inset: Higher magnification of a pyramidal
neuron labeled for VEGF mRNA. (NBT/BCIP). × 50, inset × 200.



then 20 min, otherwise the probe may not be suitable for in situ runs. As an alternative,
there are vendors able to perform labeling.

7. For tissue sections, colorimetric detection (NBT/BCIP, Diaminobenzidine) is the method
of choice, but it is more time consuming because of the detection procedure. However,
increasing the detection time allows for a greater sensitivity, but this must be balanced
against the increase in background. Colorimetric procedures can take overnight to one week
and should be performed in the dark.

8. The detection procedure using NBT/BCIP allows for a relatively long development time,
thereby enabling the detection of mRNA present at relatively low expression levels. For
highly expressed targets, a quicker procedure may use fluorescent-labeled antibodies, or
even better, direct fluorescent probes. Of course, one must have a dedicated fluorescent
scope system with image capturing and manipulating capabilities before considering this
route. This may be cost prohibitive for some laboratories.
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Proteomics of Brain Endothelium

Separation of Proteins by Two-Dimensional Gel Electrophoresis 
and Identification by Mass Spectrometry

Reiner F. Haseloff, Eberhard Krause, and Ingolf E. Blasig

1. Introduction
The first complete deoxyribonucleic acid (DNA) sequence of an organism was pub-

lished in 1977 (1), marking a starting point for what is today called genomics. In the
meantime, there was a rapid development in scientific equipment and data processing
capabilities, which led to a strong acceleration in the aquisition of knowledge on DNA
sequences. There is no doubt that the sequencing of the human genome was one of the
most important driving forces in that development. Based on the DNA sequence infor-
mation, the next step is to determine the cellular expression levels of all genes and the
expression of the complete set of proteins within a cell. The proteomics approach
represents a further challenge for the completion of our knowledge on the molecular
composition of cells.

The method of two-dimensional (2-D) gel electrophoresis, introduced in the mid-
1970s (2,3) is a key technique for studying protein expression on a larger scale. In prin-
ciple, the application of any two methods providing separation of proteins based on
different molecular properties can result in a 2-D resolution of the information on pro-
tein expression. The most common way of analyzing protein mixtures is by separation
in the first dimension according to their charge (isoelectric focusing, IEF) followed by
a separation in the second dimension using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The resulting gel patterns may consist of more than
10,000 protein spots (4).

For further analysis, mass spectrometric techniques have obtained wide importance
and acceptance because of their speed, sensitivity, and reliability. In particular, matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-MS) has become a
useful tool for identifying proteins in large-scale proteome investigations. Digestion of
a protein by an endoproteinase in-gel followed by MALDI-MS of the resulting peptide
mixture provides a peptide mass fingerprint, which is characteristic for the protein (5,6).
The method has been optimized (7) and used for the identification of large numbers of
proteins from 2-D gel electrophoresis (8,9).
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The blood–brain barrier (BBB) is comprised of microcapillary endothelial cells
under the influence of other cells, especially astrocytes. Endothelial damage is often
neglected when hypoxia-mediated effects on the brain are discussed. However, it has
been shown in various studies mainly using endothelial cells of large vessels that severe
damage to endothelial cells can occur during hypoxia (10). Changes in the protein
expression of brain endothelium have been reported with respect to single proteins, such
as E-cadherin (11) and HSP70 (12) or certain protein classes, such as adhesion mole-
cules (13). Permeability changes after hypoxia of dermal microvascular endothelial cells
have been attributed to signaling processes involving protein kinases C and G, mito-
gen-activated protein kinase, and Ca2+ (14). Only a few studies have applied the method
of 2-D electrophoresis for analyzing endothelial proteins (15,16), however, these stud-
ies do not discuss changes in brain endothelial cells.

This chapter describes an approach for the identification of soluble proteins
differentially expressed in brain microvascular endothelial cells after hypoxia. The
separation of proteins was accomplished by 2-D electrophoresis using a widely accepted
standard protocol (4), and mass fingerprint analysis MALDI-MS was applied for
identification of these proteins.

2. Materials
All chemicals used were of analytical reagent grade, unless stated otherwise (see

Note 1).

2.1. Preparation of Soluble Proteins of Brain Endothelial Cells

1. Culture medium for rat brain endothelial cells (Biochrom, Berlin, Germany): Dulbecco’s
Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, 1.2 mM glutamine, 100 U/mL
penicillin, 100 µg/mL streptomycin, 2.5 µg/mL amphotericin; 100 µg/mL heparin (Sigma,
Deisenhofen, Germany), 110 µg/mL sodium pyruvate (Sigma, Deisenhofen, Germany),
10 µg/mL endothelial cell growth factor (Roche Diagnostics, Mannheim, Germany) and
10% fetal bovine serum (Biochrom, Berlin, Germany).

2. Anaerobic workstation, Concept Plus (Ruskinn Technologies Ltd., Leeds, UK).
3. Extraction buffer: 50 mM Tris-HCl, pH 7.1, 100 mM KCl, 6 mM ethylene diamine

tetraacetic acid (EDTA)-containing protease inhibitors (e.g., 6 mM benzamidine and 4 µM
leupeptin). All reagents were obtained from Sigma, Deisenhofen, Germany.

4. Preparation solution: 9 M urea (electrophoresis purity, BIO-RAD, Munich, Germany),
70 mM dithiothreitol (DTT, Biomol, Hamburg, Germany), 2% ampholyte (e.g., Servalyte
2–4, Serva, Heidelberg, Germany).

5. Protease Inhibitors: 5 µM pepstatine (Sigma), 50 mM phenylmethylsulfonyl fluoride
(Sigma, Deisenhofen, Germany).

6. Kit for protein determination (modified micro-Lowry Method, Sigma, Deisenhofen,
Germany).

2.2. Isoelectric Focusing

1. Glass tubes: 0.9 mm or 1.5 mm inner diameter and 230 mm length (WITA, Teltow,
Germany).

2. Casting equipment (WITA, Teltow, Germany) (see Fig. 1A).
3. Separation gel solution (WITA, Teltow, Germany): 3.5% (w/v) acrylamide, 0.3% (w/v)

piperazine diacrylamide, 2% (v/v) WITAlyte (pH 2-11), 9 M urea, 5% (w/v) glycerin, 0.06%
(v/v) TEMED, 0.02% (w/v) ammonium persulfate (APS).
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4. Cap gel solution (WITA, Teltow, Germany): similar to the separation gel, except the con-
centration of acrylamide is 12%.

5. Cathode solution: 9 M urea, 5% (w/v) glycerin and 5% (v/v) ethylene diamine. 
6. Anode solution: 3 M urea and 7% (v/v) phosphoric acid. 
7. Sephadex gel solution (WITA, Teltow, Germany).
8. Overlay solution: 5 M urea (electrophoresis purity, BIO-RAD, Munich, Germany), 2% (v/v)

Servalyte 2–4 and 5% (w/v) glycerin (Merck, Darmstadt, Germany).
9. Equilibration solution: 125 mM Tris-H3PO4 (pH 6.8), 40% (w/v) glycerin, 3% (w/v) SDS

(Serva, Heidelberg, Germany) and 65 mM DTT (Biomol, Hamburg, Germany).
10. Sample containing standard proteins for 2-D electrophoresis (BIO-RAD, Munich,

Germany).
11. IEF equipment (WITA, Teltow, Germany) (see Fig. 1, right photograph).

2.3. SDS-PAGE

1. Casting and Electrophoresis Unit DESAVOR VA (DESAGA, Wiesloch, Germany).
2. Glass plates, size 23 cm × 30 cm (DESAGA, Wiesloch, Germany).
3. Gel shaker.
4. SDS separation gel solution (WITA, Teltow, Germany): 15% (w/v) acrylamide, 0.2% (w/v)

bis-acrylamide, 375 mM Tris-HCl, pH 8.8, 0.3% (v/v) TEMED, 0.1% (w/v) SDS, and
0.08% APS.

5. 2-Propanol (Merck, Darmstadt, Germany).
6. Overlay buffer 375 mM Tris-HCl, pH 8.8, and 0.1% (w/v) SDS (Serva, Heidelberg,

Germany).
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7. 1% low-melt agarose gel solution (w/v), (BIO-RAD, Munich, Germany), 0.1% (w/v) SDS
(Serva, Heidelberg, Germany), 125 mM Tris-H3PO4, pH 6.8.

8. Electrophoresis buffer: 192 mM glycine (Serva, Heidelberg, Germany), 25 mM Tris-Base
(Sigma, Deisenhofen, Germany) and 0.1% (w/v) SDS (Serva, Heidelberg, Germany).

2.4. Coomassie Brilliant Blue G250 Staining

1. Fixation solution: 2% (v/v) phosphoric acid and 50% (v/v) methanol.
2. Incubation solution: 34% (v/v) methanol, 17% (w/v) ammonium persulfate and 2% (v/v)

phosphoric acid.
3. Staining solution: 0.066% (w/v) Coomassie Brilliant Blue G250 (CBBG, Serva, Heidelberg,

Germany), 34% (v/v) methanol, 17% (w/v) ammonium persulfate, 2% (v/v) phosphoric acid.
4. Scanner Mirage II (Umax, Willich, Germany).
5. Computer Program: Phoretix® (Nonlinear Dynamics, UK).

2.5. Mass Spectrometry

1. DTT (electrophoresis reagent, Sigma-Aldrich GmbH, Steinheim, Germany).
2. Iodoacetamide (Sigma-Aldrich GmbH, Steinheim, Germany).
3. Ammonium bicarbonate (>99%, Sigma-Aldrich GmbH, Steinheim, Germany).
4. Acetonitrile (ultragradient HPLC grade, Baker, Deventer, Holland).
5. Trypsin (sequencing grade, Roche Diagnostics, Mannheim, Germany).
6. Trifluoroacetic acid (spectrometric grade, Aldrich Chemical Co., Milwaukee, WI).
7. ZipTip C18 (Millipore, Bedford, MA).
8. α-Cyano-4-hydroxycinnamic acid (Sigma-Aldrich GmbH, Steinheim, Germany).
9. Integrated Speedvac System ISS100 (Savant, Frankfurt a.M., Germany).

10. Thermomixer compact (Eppendorf, Germany).
11. MALDI-TOF mass spectrometer (Voyager-DE STR BioSpectrometry Workstation,

Perseptive Biosystems, Inc., Framingham, USA).
12. Search program MS-FIT (http://prospector.ucsf.edu/).

3. Methods
This section describes 1) the extraction of soluble proteins from brain capillary

endothelial cells since there is no common protocol available for the separation of mem-
brane proteins by 2-D electrophoresis. The reader is also referred to reviews in the lit-
erature (17–20). 2) Electrophoretic separation of the protein mixture by IEF, 3)
SDS-PAGE including a visualization technique, and 4) the identification of the resolved
proteins by mass spectrometry will also be described.

3.1. Protein Extraction

1. Rat capillary endothelial cells were cultivated as described previously (21).
2. After reaching confluence, the cell culture flasks were divided into the normoxia and

hypoxia groups. The normoxic control flasks were kept in the CO2 incubator (37°C humid-
ified atmosphere) while the other group of cells were placed in an anaerobic workstation
at 37°C in a humidified atmosphere containing 5% CO2, 5% H2 and 90% N2 to produce
hypoxia. The addition of H2 to the hypoxic atmosphere is required for keeping the oxygen-
consuming catalyst in a reduced state in order to maintain a low and well-defined oxygen
content of less than 0.2 hPa (approx 0.15 mm Hg).

3. After 24 h, the cells were scraped using a rubber policeman and collected in extraction
buffer. This and all following preparation steps were performed at 4°C.
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4. The cell preparation was centrifuged, and the volume of the resulting pellet was measured.
5. The amounts of urea, DTT and ampholyte 2–4 to be added were determined resulting in

final concentrations of 9 M urea, 70 mM DTT and 2% ampholyte.
6. The sample was carefully mixed for 30 min at room temperature, transferred to an ultra-

centrifuge tube and centrifuged at 100,000g for 30 min.
7. The supernatant containing the soluble proteins was stored at –80°C or in liquid N2.
8. The protein concentrations obtained by this procedure were in the range of 25 µg/µL (see

Note 2).

3.2. Separation of Proteins by 2-D Electrophoresis: First Dimension
1. The preparation of the gels for isoelectric focusing starts with the very careful cleaning

and drying of the tubes (see Note 3).
2. The tubes are vertically mounted in the casting unit with their lower end standing in the

reservoir designed for gel solutions. The gel solutions were degassed by bubbling with
helium immediately before addition of APS and transfer into the tubes.

3. Using syringes connected with a silicon tube to the upper end of the tubes, a vertical dis-
placement of the gel solution is performed by light suction.

4. The length of the gel depends on the amount of sample to be loaded; approx 20 mm space
should be left at the top of the tube.

5. When a cap gel (for protection of the separation gel and reduction of cathodic drift) was used,
the reservoir was removed and the gel solution within the tube was lifted by approx 10 mm.

6. After approx 30 min, the degree of polymerization of the gel allows removal of the syringes.
The polymerization water was removed using a syringe, and the surfaces of the gel were
dried using small strips of filter paper.

7. A small amount of water was added to the upper (sample) end of the tube to produce a humid
atmosphere, and the tube was closed using parafilm.

8. The cap gel solution was completed by addition of APS, placed via syringe on the separa-
tion gel at the other end of the tube, covered with approx 2 mm water and closed after
15 min using parafilm.

9. Allow 3 d for polymerization of the gels (at ambient conditions).
10. The sample volume to be loaded depends on the protein concentration and the method of

detection. Autoradiographic detection or silver staining techniques require lower protein
amounts as compared to Coomassie Blue staining (see Subheading 3.4. and Note 4).

11. It is recommended to run the first gel(s) using a sample containing standard proteins for
2-D electrophoresis (see Note 5).

12. After drying the gel surface, approx 2 mm (2–4 µL) sephadex gel solution premixed with
urea (9 M final concentration) and ampholyte 2–11 (2% final concentration) were loaded,
followed by the sample and 5 µL of overlay solution.

13. Turbulences should be avoided to maintain the striation of the layers.
14. Finally, the sample side was covered with anodic solution, and the cathodic side with

cathodic solution.
15. The equipment, which allows IEF of eight gels simultaneously, is shown in Fig. 1B.
16. Anodic (upper) and cathodic reservoir were filled with the corresponding solutions

(degassed before use), and the electrophoresis run was started.
17. The run conditions are dependent on the nature of the sample. In general, a sharper

resolution can be obtained by using a time schedule with increasing voltages (e.g., 1 h at
100 V, followed by 1 h at 200 V, 17.5 h at 400 V, 1 h at 600 V, 30 min at 1000 V, 10 min at
1500 V, and finally 5 min at 2000 V). However, there are many different conditions for run-
ning IEF gels described in the literature (22), and the optimum conditions should be deter-
mined by trial.
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18. The gels were carefully removed from the tubes by pumping water with a syringe (with-
out needle, but with an Eppendorf pipet tip attached) through the tube.

19. Ampholytes and urea were removed by incubation for 10 min in equilibration solution.
20. Gels were either immediately used for the SDS-PAGE or stored in Petri dishes at –80°C.

3.3. Separation of Proteins by 2-D Electrophoresis: Second Dimension

SDS-PAGE is a more common technique as compared to IEF. For the experiments
described here, a casting and electrophoresis unit DESAVOR VA was used, which
allows casting and running of two high-resolution gels simultaneously under identical
conditions.

1. The SDS separation gel solution was poured into the casting unit and covered for approx
30 min with 2-propanol to obtain a plain surface.

2. After removing the 2-propanol, the gels were covered with overlay buffer and allowed to
stand overnight.

3. Before loading the IEF gel onto the 2-D gel, the overlay buffer was removed and the sur-
face of the SDS gel was dried carefully using filter paper.

4. Using a spatula, the first-dimensional gel was positioned on the SDS gel. This procedure
has to be done very carefully to prevent any damage or stretching of the IEF gel.

5. Avoid trapping air bubbles between both gels.
6. Finally, cover the gel with completely melted agarose gel solution using a glass pasteur

pipet.
7. Gels of 1.5-mm thickness were run for 15 min at 120 mA and for approx 6.5 h at 150 mA.

The corresponding current values for gels of 0.9 mm thickness are 75 mA and 110 mA,
respectively.

8. The temperature of the buffer was kept at 15°C using a cooler thermostat.
9. After the run, the gels were removed from the electrophoresis unit and the glass plates were

carefully separated from the gels, which were transferred into dishes containing the fixa-
tion solution.

10. Gels were shaken for at least 2 h or overnight on a horizontal shaker.

3.4. Procedures for Protein Detection

There are various techniques to visualize proteins in a 2-D gel, including auto-
radiography (which requires labeling of the proteins with radioactive isotopes) and
different staining techniques. Silver staining techniques are very sensitive and detect
1–10 ng protein per spot. However, the latter technique has limited application for MS
analysis of the stained proteins (see Note 4). In this method, separated proteins were
stained using Coomassie Brilliant Blue G-250, which does not affect the subsequent
MS identification of protein. The protocol described below is based on the method of
Neuhoff et al. (23).

1. The gels were kept overnight in CBBG fixation solution on a horizontal shaker.
2. After three washes in distilled water, the gels were shaken in CBBG incubation solution

for 2 h followed by the transfer into the staining solution.
3. The gels were kept in the staining solution (covered with aluminum foil) for 5 d.
4. After a very short washing step, the gels were sealed in transparent foil and stored at 4°C.
5. Application:

A 2-D gel obtained by the procedures described here is shown in Fig. 2. Differences
between gels from normoxic and hypoxic cells were assessed by visual examination and
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by using computer-based evaluation of the data obtained after scanning of the gels. Results
were analyzed using the program Phoretix®. It is beyond the scope of this chapter to
describe this software. There are different products available commercially for computer-
assisted analysis of 2-D gels such as Melanie II (BIO-RAD, Munich, Germany). The cri-
terion for considering that proteins were differentially expressed (Fig. 3) was a difference
of at least 100% between the volume of the protein spots (determined using the Phoretix®

software) in gels obtained from at least three different preparations.

3.5. Identification of Proteins by Mass Spectrometry

3.5.1. In-Gel Digestion

1. The protein spots were excised from the stained gel, washed twice with 50% (v/v) ace-
tonitrile in 25 mM ammonium bicarbonate, shrunk by dehydration in acetonitrile, and dried
in a vacuum centrifuge.

2. Disulfide bonds were reduced by incubation in 30 µL of 10 mM DTT in 100 mM ammo-
nium bicarbonate for 45 min at 55°C.
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3. Alkylation was performed by replacing the DTT solution with 55 mM iodoacetamide in
100 mM ammonium bicarbonate.

4. After 20 min incubation at 25°C in the dark, the gel pieces were washed with 50–100 µL
of 50% (v/v) acetonitrile in 25 mM ammonium bicarbonate, shrunk by dehydration in ace-
tonitrile, and dried in a vacuum centrifuge.

5. The gel pieces were reswollen in 10 µL of 5 mM ammonium bicarbonate, containing
300 ng trypsin.

6. After 15 min, 5 µL of 5 mM ammonium bicarbonate was added to keep the gel pieces wet
during enzymatic cleavage (37°C, overnight).

7. To extract the peptides, 15 µL of 0.5% (v/v) trifluoroacetic acid (TFA) in acetonitrile was
added, and the samples were sonicated for 5 min.

8. The separated supernatant was dried under vacuum and redissolved in 8 µL of 0.1% (v/v)
TFA in water.

9. The peptides were purified with C18 reversed-phase minicolumn filled in a micropipet tip
(ZipTip C18), before MS analysis.

10. The purification was done according to the manufacturer’s instructions, except that pep-
tides were eluted with 3 µL of 60% (v/v) acetonitrile, 0.3% (v/v) TFA for MALDI-MS.

3.5.2. MALDI-MS

MALDI-MS measurements were performed on a Voyager-DE STR BioSpectrometry
Workstation MALDI-TOF MS.

1. 1 µL of the analyte solution was mixed with 1 µL of alpha-cyano-4-hydroxycinnamic acid
matrix solution consisting of 10 mg of matrix dissolved in 1 mL of 0.3% TFA in acetoni-
trile-water (1�1, v/v) (see Note 6).
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2. From the resulting mixture 1 µL was applied to the sample plate.
3. Samples were air-dried at ambient temperature (24°C).
4. Measurements were performed in the reflection mode at an acceleration voltage of 20 kV,

70% grid voltage and a delay of 200 ms.
5. Each spectrum obtained was the mean of 256 laser shots. Mass spectra were calibrated using

known trypsin fragments as internal standards (Fig. 4A).
6. Interpretation:

Although much work has been done to optimize experimental conditions, peak inten-
sities of peptides differ significantly. Thus, a sequence coverage of 40–60% is typical. The
results obtained depend largely on the amount of protein available and the staining proce-
dure (24) (see Note 4). In general, the sensitivity of MALDI-MS for peptide detection is
in the lower fmol range, which should be sufficient for an analysis of even weakly
Coomassie blue stained protein spots by peptide mass fingerprinting. External factors such
as sample preparation methods (25,26) have been shown to affect the peak intensity of pep-
tides. Detection problems might also be caused by intrinsic properties of the peptide,
which influence its ionization behavior. Charged side chains (27,28) and particularly the
guanidino group of arginine (29) may influence signal intensity. Despite trypsin cleaves
with similar propensity at the C-terminus of lysine and arginine we have recently demon-
strated that arginine-containing peptides generally provide stronger signals. The fact that
the most intense MALDI-MS peaks of tryptic mass fingerprints denote peptides bearing
arginine at the C-terminal end provides an additional criterion for the reliable assignment
of a peptide mass fingerprint to a protein in database searches (29).

3.5.3. Database Searches for Protein Identification

Proteins were identified using the search program MS-FIT. The peptide masses
determined were matched with the theoretical peptide masses of proteins from the
SWISS-PROT or NCBI database. The parameters used for the search were as follows:
modifications were considered (oxidation of methionine, cysteine as carbamidomethyl
derivative, modification of cysteine by reaction with acrylamide), partial enzymatic
cleavages leaving one cleavage site, a protein mass range estimated from the gel ± 20%,
a mass accuracy of 0.05 Da (Fig. 4B). If no protein matched the mass window was
extended. The criteria, which have to be met for the protein to be unambiguously iden-
tified, depend on mass measurement accuracy and the molecular weight of the protein
(30). Within a mass accuracy of 0.05 Da a protein was accepted as identified if at least
25% of the complete protein sequence matched (sequence coverage >25%).

4. Notes
1. The quality of the chemicals used for two-dimensional electrophoresis determines the

quality of the results. Especially for the IEF, the best reagents available should be used (elec-
trophoresis purity). The use of double distilled water (or Millipore Milli-Q water) is rec-
ommended. Batch-to-batch variations (e.g., of the ampholytes) can be minimized by
purchasing large amounts and preparing aliquots for long-term use.

2. The ideal sample consists of proteins only. Any contamination of the protein solution by
other cell constituents, such as nucleic acids and lipids, or by high salt concentrations may
interfere with the performance of the two-dimensional electrophoresis. Therefore, it is rec-
ommended to apply appropriate methods of purification (e.g., treatment with nucleic acid-
degrading enzymes, dialysis) when the sample is suspected to be contaminated. Of course,
this applies also to studies of the effect of chemicals on protein expression.
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Fig. 4. Identification of proteins (separated by 2-D gel electrophoresis) by peptide mass fin-
gerprint analysis and database search. A, MALDI-MS of the peptide mixture resulting from tryp-
tic in-gel digestion. B, MS-FIT search result, showing the search criteria, sequence of the
matching peptides, deviation of the observed peptide mass determined from theoretical mass
values (delta), and the sequence coverage.



3. Clean glass and plasticware is a prerequisite for reproducible results of the experiments.
IEF tubes should be rinsed with water immediately after removing the gels. Then, solu-
tions of decontaminating agents, such as Deconex (Borer Chemie AG, Switzerland) or
RBS-35 (Pierce Chemical Co, USA) should be used according to the manufacturer’s
instructions. Dirty glass plates will strongly influence the polymerization of the gels for
SDS-PAGE. It is recommended to clean them after and immediately before casting the gels
(any dust particles must be removed).

4. The commonly used stains for visualizing proteins on two-dimensional gels have benefits
and drawbacks. Silver staining procedures are most sensitive while Coomassie stains
exhibit lower sensitivity. However, silver stains give rise to reduced recovery of peptides
from in-gel digests for mass spectrometry, and this decreases the overall sensitivity of the
MALDI mass fingerprint analysis. Although omission of glutaraldehyde increased the
sequence coverage in MALDI-MS the result is still below the sequence coverage of
Coomassie Brilliant Blue stained spots (24). The limited dynamic range frequently
prevents a reliable determination of subtle differences in protein quantities. The novel flu-
orescent dye (SYPRO Ruby) has properties like a broad linear dynamic range and enhanced
recovery of peptides, which makes it well suited to proteomics projects (23).

5. The use of standards for 2-D electrophoresis is recommended for assessment of pI and
molecular weight values of the protein spots, which can be helpful for further analysis. More
precise information on the apparent molecular weight can be obtained by placing a small
piece of agarose containing appropriate molecular weight standards adjacent to the IEF gel
before running the SDS-PAGE.

6. Although the dried-droplet technique, in which sample and matrix are premixed before spot-
ting, was found to give somewhat lower signal intensities than the thin layer technique it
provided better reproduction of peak intensities from different spots (31). For this reason
the dried-droplet technique was used throughout.
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Immunoblot Detection of Brain Vascular Proteins

Christian T. Matson and Lester R. Drewes

1. Introduction
There continue to be many new technical developments that propel advances in our

understanding of biological events taking place at the cellular and molecular level. One
method that developed early in the expansion of cell and molecular biology and still
remains a valuable tool and major core laboratory protocol is immunoblotting.
Immunoblot detection of proteins, originally and often called Western blotting, is a
method that takes advantage of antibodies that are raised in animals following immu-
nization with the target protein (immunogen). The ability of the generated antibodies
to recognize the target protein with high specificity and bind with high affinity makes
the method very powerful. When a cell- or tissue-derived mixture of proteins contain-
ing the target is first separated based on size or charge and then immobilized on an inert
support, the method becomes very informative. This chapter presents aspects of the
immunoblotting technique relevant to preparations of brain vascular proteins, standard
blotting protocols for optimal detection and performance, and generation of chicken-
raised polyclonal antibodies.

The most common method to obtain brain vascular proteins is to isolate brain
microvessels, a preparation enriched in cells and structures that form the brain vascu-
lar wall. There are many published reports on brain microvessel isolation that are mod-
ifications or improvements of the first published method (1). It is generally accepted
that brain microvessels are highly enriched in endothelial cells, but also contain sig-
nificant numbers of pericytes, some smooth muscle cells and remnants of astrocytic end-
feet. Also included are the proteins of the basal lamina that form a structurally strong
framework among the endothelial cells, pericytes, and astrocytes. The method for brain
microvessel isolation that our laboratory has used for several years (2) has proven very
useful for other investigators and is available at the internet site www.d.umn.
edu/medweb/biochem/dreweslab/Brain_Microvessel_Isolation.pdf.

When brain vascular proteins are immobilized by adsorption onto a membrane sup-
port, individual proteins may be detected using protein-specific antibodies. Virtually
any type of antibody, polyclonal raised in any of several species or monoclonal, is
suitable provided that an appropriate system for detecting the presence of the antibody-
antigen complex is available. Hundreds of different polyclonal antibodies that specif-
ically recognize a different protein are commercially available or may be obtained from
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other investigators. Similarly, monoclonal antibodies are available through vendors, a
nonprofit hybridoma bank (www.uiowa.edu/~dshbwww/), or other scientists.

Frequently, however, antibodies against uncommon or novel proteins are not com-
mercially available and must be generated by the investigator. Several approaches are
available in the literature (3). Our laboratory has found polyclonal antibodies raised in
chickens to be useful reagents for detecting brain vascular proteins (4). The primary
advantages to using chickens for antibody production are 1) chickens have a rapid and
robust immune response to mammalian proteins, 2) the chicken immunoglobulin (IgY)
is easily collected from egg yolks, and 3) the proportion of IgY from yolk proteins rep-
resents a very high proportion of the total egg yolk proteins.

2. Materials
2.1. Sodium Dodecyl Polyacrylamide Gel Electrophoresis (SDS-PAGE)

1. Sample buffer: 60 mM Tris-HCl, pH 6.8, 5% SDS, 10% glycerol.
2. Mercaptoethanol solution (5 ×): 20% mercaptoethanol, 80% sample buffer, and 0.1% bro-

mophenol blue.
3. Electrophoresis buffer (5 ×): 15.1 g Tris base, 72.0 g glycine, 5.0 g SDS, distilled H2O to

1000 mL.
4. Pre-cast polyacrylamide gel (fixed concentration or gradient), Ready Gel Tris-HCL 4–10%

(BioRad, Hercules, CA).
5. Electrophoresis unit (chamber and gel holder), Mini-Protean 3 Electrophoresis Cell

(BioRad).
6. Constant voltage power supply, Power Pac 300 (BioRad).
7. Molecular weight standards, Kaleidoscope Pre-stained Standards (BioRad).
8. Gel loading pipet tips.
9. BCA protein assay reagents (Pierce Chemical, Rockford, IL).

2.2. Protein Transfer to Nitrocellulose Membrane

1. Nondenaturing transfer buffer: 25 mM Tris base, 190 mM glycine, 20% methanol (store
at 4°C).

2. TBS-T buffer (10 ×): 1% Tween 20, 0.5 M Tris-HCl, pH 7.5, 1.5 M NaCl.
3. Nitrocellulose membrane.
4. Whatman No. 2 filter paper.
5. Transfer electrophoresis unit with coolant (chamber, sandwich holder, Scotchbrite™-like

pads), Mini Trans-Blot Electrophoretic Transfer Cell (BioRad).

2.3. Immunoblotting
1. Small container for membrane incubation and washing.
2. Benchtop shaker/rotating platform.
3. Primary antibody, polyclonal.
4. Secondary antibody, horseradish peroxidase conjugated, species specific.
5. Blocking solution, Sea Block™ (Pierce Chemical) or BlokHen™ (AVES Labs, Tigard, OR).
6. Chemiluminescent detection kit, Super Signal (Pierce Chemical).
7. Clear plastic wrap.
8. Scientific imaging film (Eastman Kodak, Rochester, NY).
9. Film cassette.

10. Manual or automated film processing.
11. Alternative to film: CCD digital chemiluminescence imaging system, Fluorchem™ 8000

Advanced Fluorescence (Alpha Innotech Corp., San Leandro, CA).
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2.4. Antibody Preparation

2.4.1. Immunization

1. Immunogen, target peptide conjugated to Keyhole limpet hemocyanin (Sigma,
St. Louis, MO).

2. Sterile phosphate-buffered saline (PBS).
3. Microcentrifuge tubes, 1.5-mL.
4. Freund’s complete adjuvant (Sigma).
5. Motorized Teflon pestle made for use with microcentrifuge tubes.
6. Tuberculin syringe with needle, 1-mL.

2.4.2. Chicken IgY Recovery and Affinity Purification

1. Phosphate-buffered saline (PBS).
2. Polyethylene glycol (PEG 8,000) (Sigma).
3. 7% PEG 8,000 in PBS.
4. 24% PEG 8,000 in PBS.
5. Equilibration Buffer: 50 mM Tris-HCl, pH 7.4.
6. Salt Buffer: 4.5 M MgCl2, 0.1% bovine serum albumin (BSA) in buffer T. Prepare by adding

91.5 g of MgCl2•6H2O to 40 mL Equilibration Buffer containing 2.5 mg/mL BSA.
7. CNBr-activated Sepharose 4B coupled to antigen (Amersham /Bioscience,

Piscataway, NJ).
8. 6 M Guanidine-HCl.

3. Methods
3.1. SDS-PAGE

The first step in performing an immunoblot is separating solubilized proteins by elec-
trophoresis through a uniformly crosslinked matrix (polyacrylamide gel). Sample proteins
are dissolved in detergent (SDS) under reducing conditions, thus forming polyanionic ran-
domly flexible polymers that migrate toward the positive pole in the electrophoretic field
under constant voltage (5). The migration distance of proteins is inversely proportional
to their log molecular weight. Essentially, all brain vascular cell proteins are solubilized
by standard sample buffers. However, basement membrane that separates vascular cells
from neural cells may contain significant quantities of crosslinked proteins such as col-
lagen and other extracellular matrix proteins that resist solubilization.

1. Dissolve isolated microvessels from one rat brain (approx 250 µg protein) in 50–100 µL
sample buffer. Brief sonication may be required for complete solubilization. Centrifuge and
retain clear supernatant.

2. Assay sample for total protein. Sample buffer is compatible with the BCA protein assay.
Dilute the sample to 2.5 mg/mL in sample buffer.

3. Assemble pre-cast polyacrylamide gel and buffer chamber. (Wear gloves to avoid expo-
sure to toxic acrylamide and to avoid contaminating the gel.) Place assembly into the elec-
trophoresis box and fill the lower chamber with SDS electrophoresis buffer to a level that
covers the electrodes. Fill the upper buffer chamber to cover the tops of the sample. Check
for leaks (see Note 1).

4. Flush the sample wells of the gel with electrophoresis buffer using a 1-mL Eppendorf
pipetor and ejecting buffer into each well.

5. Add 5 × mercaptoethanol solution to each sample in a 1�4 (v/v) proportion and heat for
5 min in a boiling bath.
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6. Load each lane of the gel with sample solution or molecular weight standard using a pipet-
tor equipped with a gel-loading tip.

7. Connect the power source to the electrophoresis chamber and run at 200 V for 1.5 h for a
4–20% gradient gel. The voltage and time may vary depending on the size and composi-
tion of the gel (see Note 2).

8. Turn off and disconnect the power supply when the bromophenol blue reaches the bottom
of the gel. Disassemble the gel apparatus according to the manufacturer’s instructions and
transfer the gel into a container with transfer buffer. Mark the gel for orientation by diag-
onally cutting a small portion of one corner.

3.2. Protein Transfer to Nitrocellulose Membrane

Once the solubilized proteins have been separated, they must be immobilized on a
stable surface before antibodies and other reagent solutions can be applied. This sec-
tion describes the electrophoretic transfer of proteins from the gel to a nitrocellulose
membrane. The method takes advantage of the fact that the proteins remain negatively
charged from the SDS. For further reading, see Bittner et al. (6).

1. Immerse all components of the transfer sandwich in transfer buffer to eliminate air bub-
bles (see Note 3).

2. Assemble the transfer sandwich (Fig. 1) by sequentially laying down each component
on the open sandwich holder while keeping all components submerged. The order of
assembly is Scotchbrite™-like pad, two sheets of Whatman filter paper, acrylamide, gel,
nitrocellulose membrane, two sheets Whatman filter paper, and a second Scotchbrite™-like
pad.

3. Close the transfer sandwich holder and place it in the transfer chamber with the nitrocel-
lulose membrane between the positive electrode and the gel. Fill the chamber with chilled
transfer buffer.

4. Connect the chamber to the power source and initiate the run (200 mA; 1.5 h, 4°C) (see
Note 5).
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stacked within the sandwich holder in the order shown. Note the nitrocellulose membrane is
between the gel and the anode.



3.3. Immunoblotting and Detection

After the vascular proteins are immobilized on the nitrocellulose membrane, the pro-
tein of interest (target protein) is visualized using an antibody against the target pro-
tein (7). Nonspecific protein binding to the membrane is blocked with a mixture of
non-mammalian proteins, followed by successive exposures to primary antibody, horse-
radish peroxidase (HRP)-linked anti-IgY secondary antibody, and chemiluminescence
substrate as described in the following steps.

1. Disassemble the sandwich and transfer the nitrocellulose membrane to the container with
TBS-T solution. Cut the corner of the membrane corresponding to the previously cut por-
tion of the gel. With a pencil, mark the position of the molecular weight markers.

2. Wash the membrane with agitation (rotating platform) once with TBS-T for 20 min, then
three additional times for 5 min each.

3. After the last wash, add blocking agent (Sea Block(tm) or BlokHen(tm)) or alternative and
incubate for 1 h with agitation. Pour off blocking solution and rinse once for 5 min with
TBS-T.

4. Add primary antibody diluted in TBS-T, cover, and incubate for at least 1 h. Alternatively,
incubation may be overnight (see Note 6).

5. Wash the membrane once with TBS-T for 20 min, then four additional times for 5 min each.
6. Dilute the secondary antibody (HRP-linked anti-IgY) in TBS-T, and incubate with agita-

tion for 1 h.
7. Repeat step 5.
8. Apply luminescence substrates according to vendor instructions.
9. Place membrane on Whatman filter paper to absorb excess solution. Transfer the membrane

and wrap in plastic film, and expose membrane to X-ray film or other light detection
system (Fig. 2).
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that yields a light-emitting product allows detection with a film of light-sensitive CCD camera.
The light detected is proportional to the amount of target protein present on the membrane.



3.3.1. Application

Several examples illustrate application of the protocols described in this chapter. They
include immunoblot detection of transporter proteins such as a monocarboxylic acid
transporter (MCT1) and a large neutral amino acid transporter (LAT1) expressed by cells
of the rat cerebral vasculature. Representative immunoblots of MCT1 and LAT1 from
rat brain membranes indicate major immunoreactive bands at apparent molecular masses
of 48 kDa and 45 kDa, respectively (Fig. 3). The observed molecular masses are con-
sistent with the expected size and electrophoretic mobility of membrane proteins. The
cellular location of MCT1 and LAT1 in the brain vasculature has been confirmed and
reported previously (4,8).

The light emitted by the immunoreactive band during chemiluminescence detection
may be used to obtain relative quantities of the target protein. For example, by apply-
ing equal quantities of microvessel protein from control and experimental treatments
to adjacent lanes, the signal from each lane may be compared and relative amount of
immunoreactive protein calculated. Also, the presence of proteins that associate strongly
with the target protein may be detected by electrophoresis under nonreducing condi-
tions and observing a shift in apparent molecular weight. This mobility shift may be
indicative of association with a second protein or may indicate association with other
identical transporter molecules forming dimers or multimeric oligomers.

3.4. Antibody Preparation

3.4.1. Immunization

To generate primary antibodies adult chickens are immunized with the target
immunogen suspended in appropriate adjuvant.
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Fig. 3. Immunoblot detection of rat brain proteins. MCT1 (lane 1) and LAT1 (lane 2) were
detected using chicken antibodies as described in Subheading 3.4. The apparent molecular
masses as determined with molecular weight standards are shown.



1. Dissolve Keyhole limpet hemocyanin-linked peptide (immunogen) in sterile PBS at a con-
centration of 0.1 to 2 mg/mL and transfer 0.4 mL to a 1.5 mL microcentrifuge tube (see
Note 7).

2. Add 0.4 mL Freund’s complete adjuvant and emulsify with a motorized Teflon pestle
made for use with microcentrifuge tubes. Continue the emulsification for 3 min. The effec-
tiveness of the emulsification can be determined by placing a drop onto the surface of a
beaker of water. If the drop floats and does not disperse, the emulsion is complete.

3. Draw the emulsion into a 1-mL tuberculin syringe and attach a 22-gage needle.
4. Expulse the air and inject 0.1–0.2 mL into each breast muscle of an adult (14–52 wk) female

chicken at two different sites.
5. Booster injections of similarly prepared immunogen are given at biweekly intervals for

up to 2 mo beginning 2 wk after the initial injection. Maximum antibody production is
usually achieved within 6 wk.

3.4.2. Chicken IgY Preparation

To generate primary antibodies adult chickens are immunized with the target
immunogen suspended in appropriate adjuvant. Antigen-specific IgY is isolated from
yolks and affinity purified.

1. Collect control eggs from the chicken before immunization and antibody producing eggs
at least 4 wk after the initial immunization (see Note 8).

2. Separate the yolk from the white and rinse the yolk three times with deionized H2O.
3. Pierce the yolk membrane with a sharp object and drain the contents into a graduated cylin-

der. Add 2 vol of PBS with mixing.
4. Add dropwise an equal volume of 7% PEG in PBS with stirring. A yellow precipitate should

form.
5. Centrifuge at greater than 2,000g for 10 min.
6. Filter the supernatant using a Whatman filter with vacuum or a coffee filter. Measure the

filtrate volume and calculate the amount of PEG that is present. Add solid PEG with stir-
ring to achieve a final concentration of 12% PEG and continue to stir until all the PEG is
dissolved. A white precipitate should form.

7. Collect the precipitate by centrifugation (>2,000g for 20 min). Decant the supernatant and
dissolve the white pellet in approx 20 mL PBS. This will take about 30 min on a rocking
platform and is facilitated by mechanical disruption of the pellet.

8. Re-precipitate the IgY fraction by adding an equal volume of 24% PEG in PBS dropwise
with stirring. Continue to stir for 30 min. Centrifuge again at 2,000g for 20 min. A large
white pellet should result.

9. Collect the precipitate by centrifugation (>2000g for 20 min) and dissolve the pellet in
40 mL of PBS. Aliquot the solution and store it frozen at –20°C.

10. Prepare a 1-mL column of antigen-coupled Sepharose.
11. Wash the column successively with the following solutions at a flow rate of approx 20 mL/h:

a. 15 mL 6 M guanidine-HCl.
b. 25 mL Equilibration Buffer.
c. 20 mL Salt Buffer.
d. 50 mL Equilibration Buffer.

12. Load the column with 5–30 mL crude chicken IgY extract (from step 8). Maximize anti-
body binding by using a flow rate of less than 2.5 mL/h. The eluate may be saved for ver-
ification of antibody depletion.

13. Wash the column with 20 mL Equilibration Buffer, 40 mL of 1.0 M guanidine-HCl, and
20 mL Equilibration Buffer.
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14. Elute with Salt Buffer and collect 1-mL fractions. Immediately dialyze fractions against
PBS and assay fractions by spotting a nitrocellulose membrane with the immunogen and
detecting the spots with diluted fractions as in Subheading 3.3. Use fractions from pre-
immune egg yolks for controls.

3.4.3. Application

The antibodies used for immunoblot detection of MCT1 and LAT1 (see Fig. 3) were
affinity purified from egg yolks laid by chickens immunized with 15 amino acid pep-
tides linked to Keyhole limpet hemocyanin (KLH). The amino acid sequences of the two
peptides (Fig. 4) correspond to the C-terminal end of MCT1 and the N-terminal end of
LAT1. It was found that antibodies raised against the C-terminal end of LAT1 were not
immunoreactive to the transporter on immunoblots or in tissue sections (immunocyto-
chemistry). Thus, alternative peptides corresponding to different hydrophilic regions of
the protein may be necessary for successful antibody preparation.

4. Notes
1. If the electrophoresis apparatus contains a leak, the level in the upper buffer chamber will

drop below the level of the wells and current will be lost. This will arrest the migration of
proteins. If this happens, adding buffer to the upper chamber will restore the current.
Continue to monitor the buffer level and add buffer as needed.

2. In addition to the gel thickness and content, time management can determine the voltage
at which to run the gel. It is perfectly acceptable to run a gel at a lower voltage so that
the researcher is available to carry out the next step. Running at a lower voltage will
continue the separation, prevent diffusion of bands, and prevent bands from running off
the bottom of the gel into the buffer solution.

3. The membrane should be handled using gloves or clean forceps to prevent contamination
and to prevent the oils from hands from transferring onto the membrane.

4. Minimizing the time that the components are out of the buffer reduces the presence of air
pockets that disrupt transfer of protein and lead to areas that are devoid of proteins on the
membrane.

5. Electrophoresis buffer should be stirred with a magnetic bar and cooled by inserting a
cooling block or setting the chamber in slushed ice.

6. The dilution of antibody is empirically determined. Normally, initial primary antibody
dilutions of 1�1000, 1�5000, 1�10,000, and 1�20,000 are tested to determine which
concentration yields the best signal-to-noise ratio. Then the best concentration is used in
subsequent incubations. Covering the container tightly with a lid or plastic wrap prevents
evaporation of the incubation solution and drying out of the gel.

7. The immunogen consists of a short polypeptide (10–20 amino acids) linked to a large car-
rier protein, KLH. The sequence of the polypeptide is identical to the amino acid sequence
of a hydrophilic segment of the target protein because these sequences are found to elicit
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added to the end to facilitate conjugation to KLH. The amino acid single letter code is used.



the most robust immune responses and produce antibodies with highest affinities. This fre-
quently is the carboxyl or amino terminal end of the protein, but may also be an internal
sequence. Assuming the target protein gene has been cloned, the protein sequence may be
downloaded from GenBank (www.ncbi.nlm.nih.gov/Genbank/GenbankSearch.html) and
examined by Internet available freeware (us.expasy.org/tools/#primary) to generate a
hydrophobic profile of the protein. Once a hydrophilic 10–20 amino acid sequence is iden-
tified it is chemically synthesized and an additional cysteine residue on either the carboxyl
or amino terminal end is included to facilitate conjugation to the KLH. A recommended
method for conjugation involves maleimide chemistry (9). If the peptide represents an inter-
nal target protein segment, then the carboxyl or amino terminal end is blocked with ami-
dation or acetylation, respectively.

8. IgY from pre-immunization eggs serves as a control. Although target-specific IgY may be
detectable within two weeks following immunization, it is recommended to wait at least
four weeks to achieve a robust immune response.
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Immunohistochemical Detection of Endothelial Proteins

Sukriti Nag

1. Introduction
Immunohistochemistry is a widely used research technique in blood–brain barrier

(BBB) research being used for the cellular localization of proteins of interest in normal
vessels and documentation of altered expression following disease states, for the iden-
tification of cultured cells and for the spatial localization of the products of novel
genes. Antigens of interest are detected by the binding of specific antibodies to small
unique regions on these molecules called epitopes. This antigen-antibody complex is
directly or indirectly labeled with a marker, which may be an enzyme or fluorochrome
that can be visualized by light and/or electron microscopy or fluorescence microscopy,
respectively. Multiple labeling allows identification of more than one antigen in the same
cell or tissue section.

Major technological advances have occurred in the field of immunohistochemistry
since the introduction of the direct method in which antigen was detected using primary
antibody conjugated to a fluorescent marker (1). Introduction of the indirect immuno-
labeling methods with enzyme-tagged antibodies allowed amplification of the immuno-
logical signal by catalyzing an increasing deposition of detectable products at
antigen-antibody sites in cells and tissues. The enzyme most frequently used is horse-
radish peroxidase (HRP) mainly because of its low molecular weight (40 kDa), its high
catalytic activity, and its fairly easy availability. The HRP is detected by the classic
method of 3,3′-diaminobenzidine (DAB) tetrahydrochloride which is oxidized by the
enzyme giving rise to a brown-colored insoluble reaction product which can be local-
ized by light and electron microscopy (2). Indirect immunoenzymatic methods include
the peroxidase-antiperoxidase technique (3), the multiple bridge technique (4), the
avidin-biotin-peroxidase complex method (5), and the labeled avidin binding method
(6), to name just a few. Avidin has a high isoelectric point, close to 10, and contains
carbohydrate chains and both features are thought to contribute to its nonspecific bind-
ing to many cellular constituents (7). These characteristics are overcome with the use
of streptavidin, which is derived from Streptomyces avidinii and has the same strong
binding avidity of avidin for biotin. The indirect streptavidin-biotin peroxidase method
is one of the most popularly used methods for the detection of single or multiple pro-
teins including those in cerebral vessels (8–10). A standard protocol used to detect a
single antigen will be described in this chapter. The main steps in this protocol are sum-
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marized in Fig. 1. The main advantage of this method is that slides can be stored indef-
initely and no specialized equipment is required to evaluate results other than a light
microscope.

In addition, protocols for dual labeling using a peroxidase label detected by two
different substrates, and detection of two antigens by different fluorochromes, are also
given. Readers are also referred to other helpful reviews of immunohistochemical
techniques (7,11,12).

2. Materials
2.1. Standard Protocol for Detection of a Single Antigen

2.1.1. Tissue Preparation Techniques

1. 3% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4.
2. Solvents: Ethanol, Xylene, Acetone.
3. Paraplast Plus Tissue Embedding medium (Oxford Labware, St. Louis, MO).
4. Fisher Colorfrost slides, other glass slides.
5. Type A Gelatin, Chromium potassium sulfate (Chrome alum), poly-L-lysine hydrobromide,

MW 300,000 (Sigma Chem. Co., St Louis, MO).
6. Tissue-Tek® O.C.T. Compound 4583 (Fisher Scientific, Nepean, ON, Canada), 30% sucrose

solution.
7. Sta-On Tissue Section Adhesive (Surgipath Medical Industries Inc., Richmond, IL).
8. 3-aminopropyltriethoxysilane, 0.15 M sodium borate, pH 8.5.
9. 0.01 M Na Citrate buffer, pH 6.0, 0.01 M Tris-HCl, pH 8.0.

10. 0.01 M HCl solution, 2 N HCl solution.
11. Pepsin.
12. Microwave, hotplate, and vortexer.
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Fig. 1. The main steps in the different single-labeling immunohistochemical protocols
described in the text are shown. ‘*’ denotes the end of the reaction.



2.1.2. Antigen-Antibody Reaction

1. A humid chamber.
2. Glass staining dishes that hold 10–50 slides or plastic dishes with plastic racks that hold

up to 20 slides.
3. Pipetors: 1–10 µL, 10–100 µL with tips.
4. Shaker for slide washes.
5. Methanol, 30% H2O2 Hydrogen Peroxide.
6. Phosphate-buffered saline (PBS): Dissolve 8.0 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4

and 0.24 g of KH2PO4 in 800 mL of distilled water. Adjust pH to 7.4 and the volume to
1 L. Sterilize by autoclaving. This solution can be made as a 10 × stock.

7. 0.05 M Tris-HCl, pH 7.6.
8. Antibody-diluting buffer (Dimension Laboratories, Mississauga, ON, Canada), or PBS

containing 1.0% bovine serum albumin or PBS containing 0.025% Tween-20.
9. Normal serum from the same species as the secondary biotinylated link antibody, strepta-

vidin conjugated peroxidase antibody.
10. Chromogen: 3,3′ DAB, (Sigma Chem. Co., St. Louis, MO) 0.05% in 0.05 M Tris-HCl,

pH 7.6.
11. 1% hydrogen peroxide solution.
12. Commercial Bleach: Javex, Kimwipes® EX-L (Fisher Scientific, Nepean, ON, Canada).

2.1.3. Counterstaining and Mounting

1. Surgipath Hematoxylin, Harris Formula (Surgipath Medical Industries Inc., Richmond, IL).
2. Acid alcohol solution: add 2.4 mL of 10% HCl to 93.6 mL of 95% ethanol.
3. Permount mounting medium (Fisher Scientific, Nepean, ON, Canada).
4. Coverslips.

2.1.4. Amplification Technique

1. Tyramide Signal Amplification Kit (NEN™ Life Science Products, Boston, MA) contains
Streptavidin-HRP, blocking reagent, amplification diluent, and biotinyl tyramide. At 4°C,
the components of this kit are stable for 6–8 mo.

2. Tris-HCl Saline buffer: 0.1 M Tris-HCl, 0.15 M sodium chloride buffer, pH 7.5.
3. TNT buffer: Tris-HCl Saline buffer with 0.05% Tween-20.
4. TNB Buffer: Tris-HCl Saline buffer with 0.5% DuPont blocking reagent. To dissolve

blocking reagent, heat TNB buffer to 60°C for 1 h while stirring.
5. Biotinyl Tyramide Stock Solution is supplied with the kit. Add 1.25 mL of dimethylsul-

foxide to the biotinyl tyramide and store at 4°C. This solution is stable for at least 6–8 mo.

2.2. Dual Labeling Using Peroxidase and Different Substrates

1. AEC Chromogen Kit (Sigma Chemical, St. Louis, MO) contains 2.5 M acetate buffer,
pH 5.0, 3-amino-9 ethylcarbazole (AEC) in N,N-dimethyl-formamide and 3% H2O2 in
deionized water.

2. Crystal Mount® (Biomeda, Foster City, CA).

2.3. Dual Labeling Using Different Fluorochromes

1. Rubber Cement.
2. 5-mL plastic syringe with a 22-gage needle.
3. Fluorochrome conjugated secondary antibody or fluorochrome conjugated streptavidin.
4. Mowiol mounting medium: add 2.4 g of Mowiol (Calbiochem, Hoechst) to 6 g of glyc-

erol. Stir to mix. Add 6 mL of water and leave for several hours at room temperature. Add
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15 mL of 0.2 M Tris (pH 8.5) and heat to 50°C for 10 min with occasional stirring. After
the mowiol dissolves, clarify by centrifugation at 5000g for 15 min. For fluorescence
detection add 1,4-diazobicyclo-[2,2,2]-octane (DABCO) to 2.5% to reduce fading. Place
aliquots in airtight containers and store at –20°C.

3. Methods
The methods described here outline a standard protocol for the detection of a

single antigen including the tyramide signal amplification technique, a dual-labeling
protocol using peroxidase with different substrates, and a dual-labeling protocol using
different fluorochromes.

3.1. Standard Protocol for Detection of a Single Antigen

3.1.1. Fixation

1. Rats are fixed by vascular perfusion of 350–500 mL of fixative while they are anesthetized.
Preparation of this fixative and details of the perfusion apparatus are given in Chapter 2,
Subheading 3.1.1.

2. The brain is removed and immersed in the same fixative solution at room temperature. After
a few hours the brain is cut into 2 mm-thick coronal slabs to allow better penetration of
fixative. These slabs are placed in the same fixative solution overnight at room tempera-
ture and are processed for paraffin embedding the next morning, as prolonged fixation dena-
tures proteins and interferes with demonstration of antigens.

3. If frozen sections are required, brain slabs are placed in 30% sucrose in 0.1 M phosphate
buffer at 4°C until the brain sinks to the bottom of the container. This may take up to 3 d.

4. In our laboratory brain slabs placed in a puddle of Tissue-Tek® and frozen in a cryostat at
–25°C gives sections showing the least amount of freeze artefact.

3.1.2. Tissue Processing

1. An automatic processor is recommended since it uses vacuum and thus reduces process-
ing time.

2. The shortest processing time for coronal slabs of rat brain are
a. 80% ethanol for 30 min.
b. Two changes of 95% ethanol for 30 min each.
c. Three changes of ethanol for 40 min each.
d. Two changes of xylene for 50 min each.
e. Two changes of wax (Paraplast®) at 60°C for 30 min each.
f. The brain should be embedded in Paraplast within 30 min of the completion of the pro-

cessing cycle to prevent the tissue from becoming brittle and difficult to cut.

3.1.3. Slide Coating and Paraffin Sectioning

1. Fisher Colorfrost slides are slightly more expensive than the regular-grade slides but their
advantage is that they do not require coating.

2. All other slides should be coated with 2% 3-aminopropyltriethoxysilane in acetone as follows:
a. Open a fresh box of slides and place in a metal rack.
b. Dip slides in 2% aminoalkylsilane for 5 min. The same solution can be reused to coat

up to 500 slides.
c. Rinse by dipping three times in three changes of distilled water.
d. Dry slides for 2 h or overnight at 37°C.
e. Store slides in a dust-free container at 4°C. These slides can be used up to 2–3 wk when

stored at either room temperature or 4°C.
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3.1.4. Paraffin Sectioning and Deparaffinization

1. Paraffin section thickness can range from 4 to 6 µ. Sta-On Tissue section adhesive (1%) is
added to the water bath used for floating the sections during cutting to ensure that sections
adhere to both Colorfrost and silanized slides.

2. Allow slides to dry at room temperature and then place in an oven at 55°C overnight.
3. Paraffin sections are deparaffinized in the specified solutions for the stated time:

a. Xylene two changes, 5 min each
b. Absolute ethanol two changes, 3 min each
c. 90% ethanol one change for 3 min
d. 70% ethanol one change for 2 min
e. 50% ethanol one change for 2 min

4. Place slides in water and leave container in a 37°C water bath.

3.1.5. Coating Slides and Frozen Sections

1. To prevent sections of fixed frozen brain from washing off during staining, it is recom-
mended to first sub slides followed by a poly-L-lysine coating (13).
a. Slides are placed in racks and soaked in detergent solution for 30 min or overnight.
b. Rinse for 30 min in hot running tap water and then in three changes of distilled water

over a period of 30 min.
c. Drain excess water from slides by placing the slide rack on a paper towel.
d. Dip in 100% ethanol and then air-dry.
e. Immerse rack for 10 min in the subbing solution consisting of 1% Type A Gelatin and

0.1% chrome alum in distilled water at 37°C and drain slides on a paper towel.
f. Dry slides overnight at 37°–50°C and store in boxes for up to 2 mo.
g. Before use, subbed slides are placed in a rack and coated with 0.005% poly-L-lysine

hydrobromide in 0.1 M Tris HCl, pH 8.0 for 30 min.
h. Drain and dry at least 30 min in a fume hood and store in dust-free boxes.

2. Treated slides are placed in a dessicator overnight prior to cutting frozen sections.
3. Frozen section thickness can range from 15 to 18 µ. Sections can be stored at –20°C or

–70°C for months without loss of antigenicity.
4. Hydrate sections by placing in PBS and proceed to steps in Subheading 3.1.6.2. or directly

to Subheading 3.1.8.

3.1.6. Antigen Retrieval

Heat-induced epitope retrieval may be followed by enzyme-induced epitope retrieval
or either method may be used alone.

3.1.6.1. HEAT-INDUCED EPITOPE RETRIEVAL

The mechanism of heat-induced epitope retrieval is not completely understood.
Mechanisms proposed include loosening or breaking aldehyde-induced cross-linkages
in order to re-establish the three-dimensional structure of a protein close to its native
form for better recognition by its antibody (14,15).

1. A plastic rack containing the slides is immersed in a beaker containing 500 mL of 0.01 M
NaCitrate buffer, pH 6.0. Cover top of beaker with aluminium foil.

2. Place beaker on a hot plate and boil for 10 min. Place beaker on the counter and cool for
20 min.

3. Place sections in cool 0.1 M PBS.
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3.1.6.2. ENZYME-INDUCED EPITOPE RETRIEVAL

The mode of action of proteases may include cleavage of crosslinks between pro-
teins and embedding media with removal of macromolecules that hinder access, thus
exposing higher numbers of antigenic epitopes (14).

1. In our laboratory 0.5% pepsin alone for 30 min at 37°C is used for 6 µ sections for detec-
tion of all antibodies, and if this treatment does not give an optimal result other options are
explored (see Note 1).

2. Heat 0.01 M HCl in a microwave at full power for 10 s, add the required amount of pepsin,
and stir.

3. When the temperature of the pepsin is 39°C, add the slides to the container and place in a
37°C water bath for 30 min.

4. Wash with three changes of distilled water for 3 min each after the enzyme treatment.

3.1.7. Suppression of Endogenous Peroxidase Activity

1. Place sections in 0.3% methanolic peroxide for 20–30 min depending on the number of
red blood cells present in the tissue.

2. Wash twice with PBS for 3 min each.

3.1.8. Antigen-Antibody Reaction

1. Shake off excess buffer and circle the tissue section with a PAP pen and apply normal serum
diluted 1�20 in PBS for 15 min at room temperature in a humid chamber (see Notes 2–4).

2. Shake off the normal serum and cover sections with primary antibody diluted in diluting
buffer for 2–4 h at room temperature or overnight at 4°C (approx 16 h) (see Notes 5–9).

3. Rinse three times with PBS for 3 min each (see Note 10).
4. Shake off excess buffer and apply a biotinylated link antibody diluted in diluting buffer to

sections for 30 min at room temperature (see Notes 11–12).
5. Repeat step 3.
6. Shake off excess buffer and apply peroxidase-conjugated streptavidin, 1�300 (Dako

Diagnostics) for 30 min at room temperature.
7. Wash with two changes of 0.05 M Tris-HCl, pH 7.6 for 3 min each.
8. Add 0.75 ml of 1% H2O2 to 50 mL of DAB solution and stir. Add slides for 5 min.

Precautions have to be used when handling DAB (see Note 13).
9. If a brownish-black reaction product is required instead of the brown reaction product pro-

duced by DAB alone, then add nickel salts to the substrate given in step 8 (see Note 14).
10. Rinse with flowing tap water for 3 min with intermittent shaking.

3.1.9. Counterstaining and Mounting

1. Stain sections with Surgipath Hematoxylin (Harris Formula) for 10–20 s depending on the
type of tissue and wash with tepid tap water.

2. If nuclei are too dark then dip slides in the Acid alcohol solution and wash with tap water.
3. Wash in three changes of distilled water for 5 min each.
4. Dehydrate sections by placing in two changes of ethanol for 2 min each, and in two changes

of xylene for 2 min each.
5. Place a large drop of permount on the section and apply a coverslip.

3.1.10. Tyramide Signal Amplification Technique

This amplification technique is reported to increase the sensitivity and efficiency of
antigenic detection varying from 8–10,000 fold (16) and is useful when the antigen to
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be detected is in very small quantity. In this technique the catalytic action of HRP, pre-
sent at the site of the antigen-antibody reaction, results in the deposition of biotinylated
tyramine at or near the site of the enzyme (16). The biotin sites on the bound tyramine
act as further binding sites for streptavidin-biotin complexes (Fig. 1). The protocol rec-
ommended by the manufacturer follows.

1. Follow the steps given in Subheading 3.1.1. to step 3 of Subheading 3.1.8. given in the
standard protocol.

2. Apply biotinylated link antibody at 1�700 dilution (Dako Diagnostics) for 30 min.
3. Wash slides in TNT buffer three times for 5 min each.
4. Block slides with TNB buffer for 30 min.
5. Drain off the TNB buffer and apply streptavidin-HRP 1�500 (Dako Diagnostics) in TNB

buffer for 30 min.
6. Wash slides three times with TNT buffer for 5 min each.
7. Add Biotinyl tyramide diluted 1�50 in 1 × amplification buffer and incubate for 8 min.
8. Wash slides three times with TNT buffer for 5 min each.
9. Repeat steps 5 and 6.

10. Follow steps 7–10 in Subheading 3.1.8. of the standard protocol to demonstrate HRP reac-
tion product, and the steps in Subheading 3.1.9. for staining, dehyration and mounting of
sections.

3.1.11. Interpretation

In both the standard technique and the tyramide amplification technique, a positive
reaction at the antigen site is indicated by a chocolate brown color in the cells of tissue
sections when DAB is used as a substrate (Fig. 2A,B). The nuclei are light blue.

Differences in immunoreactivity between test and control groups can be expressed
semiquantitatively by assigning a score of 1+ to 5+ as follows: 1+, sparse immunos-
taining; 2+, mild immunostaining; 3+, moderate immunostaining; 4+, marked immunos-
taining; 5+, maximal immunostaining present (17). Sections should be assessed in a
blinded manner and the assessor should be unaware to which group the sections belong.

Computerized densitometry has also been used to obtain a quantitative estimate of
differences in immunoreactivity between test and control tissue (18,19).

3.2. Dual Labeling Using Peroxidase and Different Substrates

Dual labeling using the indirect immunoperoxidase technique is given in which two
different chromogenic substrate reactions such as DAB and AEC are used. The latter
precipitates as an insoluble bright-red substance when exposed to peroxidase and hydro-
gen peroxide. Its drawback is that it is soluble in ethanol, therefore, an aqueous mount-
ing medium has to be used and may decrease resolution at high magnifications. This is
overcome by the use of Crystal Mount®, which is baked to form an insoluble plastic
layer which can then be covered by a layer of permount mounting medium before plac-
ing a cover slip.

Two proteins can be localized using antibodies synthesized in different species or
the same species. The antigen which is expected to be sparse is localized first by an
overnight incubation in primary antibody at 4°C followed by detection of the second
antigen by incubating in primary antibody for a few hours at room temperature or
overnight at 4°C.
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Fig. 2. (A) Endothelial Glut-1 in cerebral cortical vessels is demonstrated using the standard
indirect streptavidin-biotin peroxidase technique. (B) Tyramide amplification was used to
demonstrate endothelial nitric oxide synthase in vessels at the site of a cortical cold lesion
and in vessels in the adjacent brain. Without the tyramide amplification, weak immuno-
reactivity was present in only few vessels. (C) Dual labeling of a frozen section using the indirect



3.2.1. Detection of the First Antigen

Follow the standard protocol for the detection of the first antigen as outlined in
Subheadings 3.1.1. to 3.1.8. and use DAB as a substrate.

3.2.2. Detection of the Second Antigen

1. Wash twice with two changes of PBS for 5 min each.
2. Follow steps 1–6 given in Subheading 3.1.8.
3. Wash twice with PBS for 5 min each.
4. Carefully dry the moisture around the section with a Kimwipe and apply two drops of AEC

Substrate Reagent for 8–10 min. The AEC Substrate Reagent is prepared according to the
manufacturer’s instructions. Two drops of Acetate Buffer, one drop of AEC Chromogen
and one drop of 3% H2O2 are added to 4 mL of deionized water.

5. Wash with a distilled water spray and then place in water for 5 min.
6. Stain with hematoxylin and wash in tepid tap water.
7. Wipe slide around section with a paper towel, place a thin film of Crystal Mount® over the

section, and dry in an oven for 20 min at 60°C.
8. Mount in permount mounting medium.

3.2.3. Interpretation

The first antigen detected will appear chocolate brown while the second antigen
will appear a bright red. Result using DAB as a substrate to demonstrate bromod-
eoxyuridine in proliferating endothelial cells and AEC as a substrate to demonstrate glial
fibrillary acidic protein (GFAP) in astrocytes is shown (Fig. 2C).

3.3. Dual Labeling Using Different Fluorochromes

Fluorescence microscopy is a high-resolution method for detection of antigens in tis-
sues. Fluorescein isothiocyanate has been used since the introduction of immunohisto-
chemistry by Coons and coworkers in 1941 (1). A number of newer fluorochromes are
now available that are considered to be more photostable, and produce less quenching
of fluorescence and have higher number of fluorochromes per antibody. For dual label-
ing select fluorochromes with minimal overlap of their excitation and emission spectra.
This technique is most useful to detect co-localization of two antigens in a single cell.
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Fig. 2. (continued) streptavidin-biotin peroxidase technique is shown. DAB was used as a
substrate to demonstrate bromodeoxyuridine in proliferating cells (brown) and AEC was used
to demonstrate GFAP in astrocytes. (D) Merged confocal image showing double labeling for
Factor VIII (1�100 dilution, Dako Diagnostics) in cerebral endothelium and GFAP (1�1000) in
astrocytes using goat-antirabbit conjugated with Alexa Fluor 448 (1�150, Molecular Probes Inc.,
Eugene, OR) and goat antirabbit conjugated with Indocarbocyanine (1�200, Cy3, Jackson
Immunoresearch Laboratories Inc, Westgrove, PA) respectively. (E) Confocal image showing
blood-brain barrier breakdown to fibronectin (arrowheads) from two cerebral veins at the site
of a cortical cold injury at d 4. (F) Merged confocal image showing both fibronectin (red) and
vascular endothelial growth factor A (VEGF-A, green). Proliferating endothelial cells at the
lesion site show cytoplasmic VEGF-A. Endothelium of veins permeable to fibronectin show
co-localization of VEGF-A and fibronectin (yellow, arrowheads). A, ×200; B, ×240; C, ×250;
D–F, Scale Bar = 50 µm.



Few disadvantages of fluorescence microscopy are that the background is difficult
to appreciate, autofluorescence may sometimes make interpretation a problem, and
preparations are not permanent. In addition, one must have access to a fluorescence
microscope with the necessary filters.

3.3.1. Detection of the First Antigen

1. Follow steps in Subheading 3.1.1. to step 3 in Subheading 3.1.8. of the standard
method (Subheading 3.1).

2. Instead of a PAP pen, rubber cement dispensed in a syringe using a 22-gage needle is used
to circle the tissue section.

3. Shake off excess buffer and apply biotinylated secondary antibody (1�200) to sections for
30 min at room temperature. If the antigen is abundant one can use a secondary link anti-
body conjugated with a fluorochrome at this stage in the dark (see Note 15).

4. Wash slides three times with PBS for 5 min.
5. Shake off excess buffer and apply Streptavidin linked to a fluorochrome and incubate at

room temperature for 15–60 min.
6. Wash slides three times with PBS for 5 min.

3.3.2. Detection of the Second Antigen

1. Shake off excess buffer and apply 1�20 dilution of normal serum for 15 min at room
temperature.

2. Shake off normal serum and apply primary antibody for 2–4 h at room temperature.
3. Wash slides three times with PBS for 5 min each.
4. Follow steps 3–6 in Subheading 3.3.1.
5. Sections are mounted using mowiol mounting medium.
6. Slides are saved in folders with covers at 4°C. When the mounting medium dries, slides

can be stored in a plastic box at 4°C.

3.3.3. Interpretation

Sections are examined in a fluorescence microscope or a laser scanning confocal
microscope using the appropriate optical filter sets. Digital images obtained using the
different filters can be merged using Adobe Photoshop 7.0 (Figs. 2D,F).

4. Notes
1. The concentration of pepsin can be varied from 0.05 to 0.5% and the period of exposure

to pepsin can be varied from 15–30 min. Both parameters have to be established for demon-
stration of a specific protein. Other enzymes used for antigen retrieval are 0.1–0.025%
pronase and 0.025% Proteinase K. For demonstration of bromodeoxyuridine uptake in cells,
sections are placed in 2 N HCl for 30 min and then in 0.15 M Na Borate, pH 8.5 for 10 min
prior to pepsinization.

2. A humid chamber can be purchased or made by gluing glass rods to the bottom of a plastic
box. Use a leveler to ensure that the rods are level. If slides are not level immunoglobulins
may flow with gravity away from the specimen location. Strips of paper towel moistened
with an excess of water are placed at the bottom of the chamber. Once the primary antibody
has been applied to the test slide, the section should never be allowed to dry.

3. Blocking with normal serum allows protein to bind to charged sites on the specimen. An
alternative to blocking with normal serum is a universal blocking solution which is avail-
able commercially (Dako Diagnostics) and is used undiluted. The latter can be used only
if the primary antibodies are derived from mouse or rabbit.
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4. The volume of normal serum and antibodies added to the section should be sufficient to
form a puddle with a slightly convex contour over the section including a 2-mm margin
around the section. If reagents are not applied evenly staining artifacts may occur, such as
an edge effect or a rim of false positivity around the edge of the tissue section.

5. Purchased antibodies have data sheets stating the recommended working dilution or con-
centrations, which are usually in the range of 10 to 20 µg/mL. It is usual to set up serial
dilutions of the antibody to determine the optimum dilution for the test tissue. Aim for the
highest dilution giving the least amount of non-specific background staining.

6. Incubation times in primary antibody varies from few hours at room temperature to
overnight incubations at 4°C. Overnight incubations allow the use of higher dilutions of
antibody thus decreasing nonspecific background staining.

7. Negative control sections are set up in which (a) nonimmune serum from the same species
that was used for preparation of the primary antibody and at the same dilution, (b) anti-
serum that has been preincubated with the appropriate blocking peptide for 1 h, and (c)
PBS in place of the primary antibody are applied.

8. It is helpful to set up positive controls as well. Select another tissue in which the test anti-
gen is known to be present and/or select an antibody derived from the same species as the
test antibody. Positive reaction in the latter will indicate that the secondary antibody, the
enzyme label, and histochemical reaction for the demonstration of HRP reaction product
are working.

9. Antibodies are stable indefinitely when stored concentrated in aliquots in ultralow freez-
ers at –70° to –80°C. Once they are thawed, they should not be refrozen. Prior to use, make
sure that the antibody is fully dissolved or reconstituted. Slight vortexing before applica-
tion helps to ensure proper solution.

10. Thorough rinsing is essential for reducing background. Shake off the antibody and use a
wash bottle to direct a jet of PBS directly above the section so it flows down over the sec-
tion, washing it for 1 min. Then place the sections in a staining dish containing PBS and
place on a shaker for 3 min. Decant the PBS and replace with fresh PBS for two more
washes.

11. The optimum dilution of the secondary link antibodies used in our laboratory are biotiny-
lated goat anti-rabbit antibody 1�400 (Sigma Chem Co., St. Louis, MO), biotinylated goat
anti-mouse antibody 1�200 (Dako Diagnostics) or biotinylated rabbit anti-goat 1�160
(Vector Laboratories Inc., Burlingame, CA).

12. If the primary antibody is made in mouse or rabbit one can use a synthetic polymer congu-
gate with HRP for detection of the signal and eliminate the steps requiring a biotinylated
link antibody and streptavidin HRP antibody. Commercially available polymers include
the Zymed Polymer Detection System (Zymed Laboratories, South San Francisco, CA) and
the Dako EnVision™ Labeled Polymer, Peroxidase (Dako Diagnostics). These polymers
are used undiluted. The amplification capacity of polymers derives from the fact that the
polymeric conjugates can contain up to 100 enzyme molecules and up to 20 antibody mol-
ecules per dextran backbone (20). These polymers are very sensitive and they eliminate
nonspecific staining due to the binding of avidin with endogenous biotin in the brain, and
they also reduce the staining time by over 1 h.

13. The chromogen DAB is a potential carcinogen and should be handled with gloves. It is made
fresh daily and dissolved in a fume hood. Hydrogen peroxide is added just before use as
oxidation begins directly after its addition. After the reaction, bleach is added to the DAB
to allow oxidation to a white precipitate.

14. DAB reaction product can be converted from a brown to a black color by performing the
substrate reaction in the presence of nickel salts (21). This is useful particularly when dual
labeling is done to clearly differentiate brown from red. Add 0.16% nickel chloride solu-
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tion to the substrate given in Subheading 3.1.8., step 8 and incubate sections in this sub-
strate for 8 min.

15. Once antibodies conjugated with fluorochromes are used, antibody incubations and washes
on shakers are done in the dark by covering the humid chamber or container with a card-
board box. In addition, the overhead fluorescent lights should be switched off. A table lamp
may be used if necessary.
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Cerebral Vascular Function in Genetically Altered Mice

Frank M. Faraci

1. Introduction
Manipulation of genes in the mouse genome to produce transgenic or gene-targeted

animals represents a powerful experimental tool to study the role of specific gene prod-
ucts in complex physiological systems. Because of the power of studying genetically
altered mice, many laboratories have begun to incorporate the use of these models in
studies of blood vessels including the cerebral circulation (1). Perhaps the biggest
effort in this regard relates to studies of cerebral ischemia and mechanisms of brain
injury and cell death. The present review will summarize methods and progress that has
been made in studies of one aspect of vascular biology—vascular function in the carotid
artery and cerebral circulation in mice.

2. Advantages and Limitations of Genetically Altered Mice
Mice that overexpress, or are lacking in expression of, selected genes are excellent

models to establish the functional importance of a particular gene product. In addition
to studies of loss of gene function, these animals often represent models of human inher-
ited or acquired diseases (1). One of the great strengths of the gene-targeting technique
is that it can eliminate many problems present in other, more commonly used models.
This includes the limited specificity of pharmacological agents (e.g., enzyme inhibitors
or receptor antagonists). When such inhibitors are used, there are often uncertainties
regarding tissue or cellular access and the extent of enzyme or receptor inhibition. A
major strength of the gene-targeting approach is that it allows the use of a precise genetic
alteration to study complex responses in blood vessels.

With the data that are available to date, cerebral vascular responses in the mouse
appear generally very similar to those seen in other species, including humans. For
example, stimuli that produce vasoconstriction and vasodilatation are generally the same
in murine and non-murine species (1,2). Mechanisms that produce endothelium-
dependent relaxation in cererbal blood vessels are similar in human and mouse (2–6)
and other species (7).

There are limitations in the use of genetically altered mice for experimental studies.
One limitation related to the small size of blood vessels, particularly cerebral blood ves-
sels, in the mouse (see Subheading 3.1. to 3.3.). A second potential limitation exists
in that compensation may occur in the animal either during development or later, in
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response to deletion or overexpression of a selected gene. For example, another redun-
dant gene product may replace the function of the gene that was disrupted. As a result,
deletion of one gene product may not result in any detectable change in phenotype.
Expression of compensatory mechanisms is not unique to genetically altered animals,
however, as it may occur with other experimental approaches including traditional
pharmacological agents, antisense oligonucleotides, or RNA interference.

3. How Does One Study Vascular Function in Mice?
Three basic approaches have been developed, and all are being modifications of sim-

ilar methods used to study blood vessels from larger species. These methods are stud-
ies of carotid artery, or intracranial arteries in vitro, and measurements of vascular
diameter or local cerebral blood flow in vivo.

3.1. Carotid Artery

The number of studies of vascular function using the carotid artery from genetically
altered mice are increasing rapidly. The following approach is used most commonly to
study this artery. Following anesthesia, both common carotid arteries are quickly
removed and placed in Krebs buffer. Loose connective tissue is removed and vessels
are cut into small rings (generally 3–4 mm in length). Vascular rings are suspended in
organ baths containing Krebs maintained at 37°C. The rings are connected to force trans-
ducers to measure isometric tension. Resting tension is increased stepwise, generally
to a final tension of 0.25 g. To study responses to vasoconstrictor stimuli, agonists are
applied to the vessels at this level of resting tension. To study relaxation responses, ves-
sels are contracted submaximally (generally to about 50% of maximum). One of the
best agonists for this purpose is the thromboxane A2 analogue U46619, which produces
concentration-dependent and stable contraction of mouse carotid and cerebral arteries.
After reaching a stable contraction plateau, vessels are exposed to increasing concen-
trations of agonists or antagonists.

In relation to endothelial function, studies with mice deficient in expression of
endothelial NO synthase (eNOS) have shown that relaxation of the carotid artery in
response to acetylcholine, the classic endothelium-dependent agonist, is mediated
exclusively by eNOS (8,9). It was also found that vasoconstrictor responses to sero-
tonin are normally inhibited by eNOS, particularly in females, as responses to serotonin
are augmented greatly in eNOS-deficient mice (9). These studies have also been insight-
ful as they were the first to demonstrate that vasomotor effects of eNOS exhibit gene
dosing effects (8,9). For example, vasoconstrictor responses to serotonin were enhanced
moderately in heterozygous eNOS-deficient mice (eNOS +/–) but were markedly
enhanced in homozygous eNOS-deficient mice (eNOS –/–) (9).

In addition to such studies of normal vascular physiology, studies of carotid artery
have been particularly valuable in providing insight into mechanisms of vascular dys-
function in disease states. This includes vascular dysfunction during inflammation
(10–12), ceramide-induced oxidative stress (13), diabetes (14), hypercholesterolemia
(15), and chronic hypertension (16). In another major area of vascular biology, genet-
ically altered mice are being used increasingly for studies of intimal proliferation fol-
lowing injury of the carotid artery.

Because the common carotid artery is not a resistance blood vessel, data obtained
using this artery may not always be representative of mechanisms present in smaller
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intracranial blood vessels. However, studies of the carotid artery in non-murine species
have generally been very informative over the years and have often been reliable pre-
dictors of function in other blood vessels, including cerebral arteries. Moreover, stud-
ies of the carotid artery are very relevant in relation to atherosclerosis, a disease that is
predominantly localized in large arteries, including the carotid artery of humans. Carotid
artery disease is a major risk factor for stroke and recent findings suggest that carotid
artery disease is associated with local inflammation and impairment of endothelium-
dependent relaxation. Such findings reaffirm the importance of studying mechanisms
of vascular dysfunction in carotid arteries under pathophysiological conditions.

3.2. Cerebral Arteries

After anesthesia, the brain is rapidly removed and placed in ice-cold Krebs buffer.
Cerebral arteries (typically the basilar or middle cerebral arteries) are isolated using a
dissecting microscope. Arteries are then cannulated onto glass micropipets filled with
Krebs in an organ chamber and secured with nylon suture (Fig. 1). Oxygenated and
warmed (37°C) Krebs buffer is continuously circulated through the organ chamber.
Vessels are typically pressurized to 60 mmHg pressure to mimic in vivo conditions. In
most studies, arteries are pressurized but are observed under conditions of no-flow. Video
analysis is used to measure lumen diameter. Arteries are either studied after development
of spontaneous tone or after submaximal precontraction with agents such as U46619.

This approach has been used by us and others to examine mechanisms related to
receptor and endothelial cell signaling (5,17,18) as well as the role of potassium chan-
nels, calcium, and calcium sparks in regulation of cerebral vascular tone (19–24). An
example of responses of the basilar artery to acetylcholine in wild-type and M5 mus-
carinic acetylcholine receptor deficient mice is shown in Fig. 2. Acetylcholine produces
marked dilatation of the basilar artery in controls. This response was almost completely
absent in the M5 muscarinic acetylcholine receptor deficient mice.
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Fig. 1. Schematic illustration of the system used to measure responses of isolated cerebral
arteries from mice. Arteries are cannulated with glass micropipets (30–80 µm in diameter) and
exposed to intraluminal pressure of 60 mm Hg. Drugs can then be applied either extraluminally
or intraluminally as vascular responses are measured with a video system.



3.3. Cerebral Arterioles In Vivo

This method has been used most extensively in mice to study cerebral blood vessels.
A detailed description can be found in Sobey et al. and Dalkara et al. (3,25).

Following anesthesia, the most common current approach is to ventilate the mice
mechanically. An artery (typically the femoral) and vein are cannulated for measure-
ment of systemic pressure, to sample arterial blood, and to provide intravenous access.
End-tidal CO2 can be continuously monitored using a microcapnometer and main-
tained in the normal range by adjusting minute ventilation. Samples of arterial blood
can be drawn into capillary tubes for measurement of blood gases. Rectal temperature
is continually monitored and maintained at 37–38°C. A cranial window is placed over
the parietal cortex to expose the pial microcirculation of the cerebrum with methods
used extensively in many laboratories on larger species. The craniotomy is suffused with
artificial cerebrospinal fluid (CSF) (temperature maintained at 37°C) that is bubbled
with gases to maintain normal gases and pH. Diameter of cerebral arterioles is then mea-
sured using a microscope equipped with a TV camera coupled to a video monitor and
an image-shearing device.

Prior to the age of producing genetically altered mice, this approach to study cerebral
arterioles in mice was performed in essentially only one laboratory. Rosenblum used mice
and this method exclusively over the past three decades and published many papers deal-
ing with cerebral vascular function (2). In relation to study with genetically altered
mice, this approach has been used by us and others to examine mechanisms related to
endothelium-dependent relaxation and NO signaling (3–5,26–29). In addition, studies
of vascular dysfunction in genetic models of Alzheimer’s disease (30) and hyperhomo-
cysteinemia (Faraci and Lentz, unpublished observations) have also been performed.

A variation of this in vivo approach is to measure changes in local cerebral blood
flow (instead of microvascular diameter) in the exposed parietal cortex using laser-
Doppler flowmetry (17,31,32). An additional technique to study cerebral arteries in the
mouse is to measure the caliber of the vessels following perfusion fixation in vivo. This
approach has been used in transgenic mice to examine the hypothesis that overexpres-
sion of the CuZn isoform of superoxide dismutase (SOD) protects against vasospasm
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Fig. 2. Responses of the basilar artery to acetylcholine in control, wild-type (WT) and M5-
receptor knockout mice (M5-KO). Basilar arteries were precontracted submaximally with
U46619 before application of acetylcholine. Data redrawn from Yamada et al. (5).



following subarachnoid hemorrhage (33). Finally, in vivo studies are now being per-
formed using genetically altered mice to examine other aspects of cerebral vascular biol-
ogy including mechanisms of vascular hypertrophy (34) as well as disruption of the
blood-brain barrier during meningitis (35,36).

4. Can Molecular Biology Be Done with Intracranial Vessels from Mice?
Data on levels of expression of modified ribonucleic acid (mRNA) and protein in

cerebral blood vessels can often be very valuable, particularly when combined with com-
plementary functional data. Immunocytochemistry and in situ hybridization have both
been used to localize protein and mRNA (respectively) on cerebral vessels from mice
(27,37–39). Because of their relatively small size, quantitative measurements of mRNA
or protein in any blood vessel from mice are challenging. This is particularly true if one
wishes to measure these variables in any blood vessel smaller than the aorta. To date,
only a few studies have attempted such measurements. Reverse transcriptase
polymerase chain reaction (RT-PCR) has been performed to document mRNA expres-
sion in cerebral (5,37,39) and carotid arteries (10,11) and Western blotting has been
used in mouse brain vascular preparations (18). In addition, immunoflourescence has
been used to quantify relative levels of CREB (cAMP-responsive element binding
protein) in cerebral arteries (37).

A new methodology that should be very useful for quantification of mRNA levels in
murine blood vessels is real time RT-PCR. We recently developed a real-time poly-
merase chain reaction (PCR) method to quantify eNOS mRNA and found that the
method could be used to reproducibly measure mRNA levels for eNOS in carotid and
basilar arteries from C57BL/6 mice (40) This method should be a powerful tool for stud-
ies of vascular biology in mice.

5. Future Directions
Transgenic and gene-targeted mice have now been used by several laboratories as a

new approach for studies related to cerebral vascular biology. This application of cur-
rent first generation genetically altered mice will certainly continue. As this field of
research evolves, however, it will be important for studies to incorporate newer and more
sophisticated genetically altered mouse models. Rather than simply producing lifelong
deletion or lifelong systemic overexpression of a particular gene, newer models will
increasingly allow spatial and temporal control over the genetic alteration. For exam-
ple, by producing genetically altered mice in which the transgene is driven by the
eNOS promoter (41,42), expression of the gene product can be directed selectively to
vascular endothelium including cerebral endothelium. These and other novel approaches
should provide powerful tools that can be utilized to gain greater insight into cerebral
vascular biology.
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Generation of Transgenic Mice by Pronuclear Injection

Annette Damert and Heike Kusserow

1. Introduction
1.1. General Considerations on Transgenic Mice

Over the past decades, transgenic mice have become a valuable tool in investigating
gene expression, regulation, and function. Mouse models have been established for var-
ious human diseases to determine gene expression patterns and to elucidate gene func-
tion in tissues and organ systems. However, the outcome of a particular transgenic
experiment is affected by a variety of factors that are only partly understood. Expression
of transgenes may occur at ectopic sites, mouse lines generated might not express the
transgene at all, or expression levels may decrease with increasing number of genera-
tions (see Note 1). Some of these difficulties can be solved by carefully planning the
experiment. Thus the following chapter will not only deal with practical aspects of the
microinjection but intends to provide guidelines for setting up a transgenic experiment.

We use the term “transgenic” animals for mice generated by microinjection of a
designed deoxyribonucleic acid (DNA) fragment (transgene) into one of the pronuclei of
a fertilized oocyte. This method results in multi copy, tandem-array (in rare cases a single
copy) and random integration of the transgene into the genome. Generation of transgenic
mice can also be done by homologous recombination in embryonic stem cells (knock-
out- or knockin-mice). The latter will be described in Chapter 36.

From a theoretical point of view transgenic mice can be grouped according to the
aim of the experiment: the first group encompasses transgenics used for the investiga-
tion of gene expression patterns and the function of regulatory sequences while the
second group comprises transgenics designed to gain more insight into gene function.
In the former group gene regulatory sequences are used in combination with a reporter
gene (e.g., LacZ) to determine expression patterns. In the latter case gene coding
sequences are expressed under the control of either tissue specific regulatory sequences
or ubiquitously active promoters. New techniques now allow transgene expression to
be inducible. Details of the latter methods are beyond the scope of this chapter, but
Ryding and colleagues (1) offer a review on this subject.

1.2. Design of a Transgene-Containing Vector

Elements necessary for transgene expression comprise a promoter and (optional)
additional regulatory elements, a coding sequence (occasionally as a fusion protein or
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with an attached epitope tag for easy detection of the gene product) or reporter gene
and a polyadenylation signal (Fig. 1).

1.2.1. Selection of Promoters and Additional Regulatory Sequences 
for Tissue-Specific Expression

Depending on the objective of the investigation either ubiquitous or tissue-specific
expression of a given transgene may be desired. Expression of a specific transgene in
defined tissues or cell populations with the required strength of expression should be
based on previous knowledge about the regulatory sequences (see Note 2). If such data
are not available, experiments using reporter gene constructs should be performed in
tissue culture and/or in mice. Transfection of promoter/enhancer deletion mutants cou-
pled to a reporter gene into differentiated cells of the desired tissue provide useful hints
on regulatory elements. Nevertheless, the suitability of the sequences identified has to
be proven in vivo. The simplest approach uses combinations of promoter/enhancer
deletions with the LacZ or fluorescent protein reporter genes. Beta-galactosidase activ-
ity driven by the tissue-specific regulatory sequences can easily be detected by stan-
dard histochemistry, whereas green fluorescent protein (GFP) fluorescence is detectable
under ultraviolet light. Once tissue specificity has been established, the regulatory
sequences identified can be used to express the desired transgene.

The large genomic fragments contained in artificial chromosomes from yeast, phages,
or bacteria (YAC, PAC, or BAC) provide the opportunity to introduce a large amount
of gene-specific regulatory sequences into transgenic mice and thus increase the
chances of reproducible tissue-specific expression. However, molecular cloning,
purification and injection of fragments derived from these vectors require special
techniques that are beyond the scope of this chapter (see Note 3).

1.2.2. Selection of Promoters and Additional Regulatory Sequences 
for Ubiquitous Expression

To achieve ubiquitous and in most cases high-level expression of the transgene a
couple of promoters are available. These are mostly derived from housekeeping genes
like β-actin or phosphoglyceratekinase (PGK) (2). Chicken β-actin regulatory sequences
comprising not only the core promoter but also sequences from the first intron and exon
in combination with the CMVIE enhancer, have also been used for ubiquitous expres-
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Fig. 1. Schematic representation of the elements necessary for expression of transgenes in
mice is shown. Optional elements are shaded. INS, insulator; IRES, internal ribosomal entry
site; tag, epitope tag.



sion of exogenous sequences in mice (3). More recently Kisseberth and colleagues (4)
demonstrated evenly distributed reporter gene expression using an 800-bp promoter
fragment derived from the ROSA 26 locus.

1.2.3. Insulators

Careful evaluation of regulatory sequences in vitro and in vivo sometimes does not
produce reproducible expression patterns of a given transgene in mice. Dependent upon
the integration site, certain genomic sequences surrounding the transgene construct can
exert effects on transgene expression. To reduce variability in transgene expression
so-called “insulators” (e.g., the chicken β-globin 5′ hypersensitive site 4 [5]) have
recently been applied to transgenic technology. Another approach is to use flanking
sequences isolated from a high-level expressing transgenic line to overcome position
effects (6). However, in the process of these investigations these authors noticed that the
function of a given insulator sequence is, at least partly, specific for a given transgene.

1.2.4. Selection and Design of the Coding Sequence

In most cases a cDNA of the protein of interest is the most convenient genetic infor-
mation available for expression in transgenic animals. While designing the transgenic
vector, care has to be taken that no additional ATG sequence is present between the tran-
scription initiation site and the start codon of the complementary deoxyribonucleic acid
(cDNA). This can result in expression of an inappropriate protein either terminating in
the coding sequence or forming a fusion protein with the product of the transgene. In
many cases transgenes display high homology to endogenous gene products and con-
sequently detection of transgene-specific expression may be difficult. At the ribo-
nucleic acid (RNA) level, primers or probes specific for the (often heterologous)
polyadenylation cassette can be designed. For assessment of protein expression, how-
ever, transgene specific antibodies are required. As many antibodies crossreact between
species this might present certain difficulties for the investigator. There are several strate-
gies available to label transgene products and thus to overcome these problems. First,
the transgene can be designed to yield a dicistronic RNA from which both the target
protein and an additional reporter are translated. Insertion of the EMCV internal ribo-
somal entry site (IRES) (7,8), in front of the reporter gene enables expression in the
same cell types as observed for the target protein (9). Second, an epitope tag can be
attached. Although frequently used in tissue culture experiments epitope tags are only
rarely found in transgenics. Several authors report interference with protein function
for transgenes marked with myc (10) or FLAG (11) epitope tags. Selection of the tag
itself and its location with respect to the coding sequence (N or C terminally, internally)
should be based on experiments in tissue culture to exclude interference of the tag with
protein function. Finally, transgene products can be expressed as fusion proteins cou-
pled to, e.g., β-galactosidase (12) or GFP (13) to facilitate detection.

1.2.5. Selection of the Polyadenylation Cassette

Although the endogenous polyadenylation signal of the gene of interest can be used
for expression in transgenic mice, most investigators prefer polyadenylation cassettes
with known activity for reliable termination of the transgene RNA. Influences of tissue-
specific use of polyadenylation signals or of multiple polyadenylation sites resulting
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in a variety of RNAs can be avoided. Available polyadenylation cassettes include, for
instance, the SV40 small t (available in many commercial expression vectors) and
rabbit β-globin sequences (see Note 4).

2. Materials
2.1. Material for Construction of the Transgene-Containing Vector

1. Cloning vector, e.g., pBluescript (Stratagene) or an equivalent.
2. cDNA of the gene of interest or reporter gene.
3. Regulatory sequences and polyadenylation cassette.
4. Restriction and modifying enzymes.
5. Agarose gel equipment.
6. E. coli strains and media for propagation of plasmids.
7. DNA purification: QIAquick™ (Qiagen) or GeneClean™ (GeneClean, Bio 101) system.
8. Commercial plasmid isolation kit (Qiagen or equivalent).

2.2. Material for the Generation of Transgenic Mice

1. Animals (outbred strains as NMRI or CD-1/ICR, or F1-Hybrids such as C6H3; see
Note 5).
a. Female mice (virgin, 4 wk old) as oocyte donors.
b. Female mice (>10 wk old) as recipients.
c. Male mice (>10 wk old) for vasectomized males and mating.

2. Hormones for superovulation (local suppliers for drugs used in veterinary medicine).
Follicle-stimulating hormone (pregnant mare serum gonadotropin [PMSG]), and human
chorionic gonadotrophin (hCG) (Cal-Biochem, CA).

3. Anesthetic: Avertin™ (2,2,2 tribromoethanol (Aldrich), stock solution 1.6 g/mL in tert
amyl alcohol, store in the dark at room temperature (RT); working solution 20 mg/mL in
normal saline, kept at 4°C) (see Note 6).

4. Syringes (1 mL disposable), needles (26 G hypodermic).
5. Surgical equipment: Fine forceps, fine scissors, two pairs of watchmaker’s no. 5 forceps,

wound clips (Clay Adams® Autoclips® and applicator, Becton Dickinson, Sparks, MD),
suture with curved needle swagged on, serrefine clamps.

6. Microscopes:
a. Stereomicroscope with understage illumination and 20–40× magnification (Zeiss SV

series).
b. Inverted Microscope with fixed stage (Zeiss Axiovert or Leica DM IRE2), fitted with

micromanipulators (Märzhäuser [distributed by Zeiss] or Eppendorf) (see Note 7).
7. Microinjector (FemtoJet®, Eppendorf).
8. Manual microinjector for control of the holding pipet (CellTram®, Eppendorf).
9. Drawn-out pasteur pipets.

10. Needle puller (David Kopf Instruments, Tujunga, CA, e.g., model 720).
11. Microforge (e.g., David Kopf Instruments, Tujunga, CA).
12. Borosilicate glass capillaries (Clark Electromedical Instruments, UK).

a. For injection needles with internal filament, GC 100 TF-15.
b. For holding pipets, GC 100 TF-10.

13. Hyaluronidase (from ovine testes, Calbiochem, La Jolla, stock solution 10 mg/mL in M2,
store at –20°C, working solution 300 µg/mL).

14. Media: M2 and M16 (Sigma, either liquid medium or powder that has to be supplemented
with lactic acid, NaHCO3 and penicillin/streptomycin).

15. Mineral oil (Sigma, embryo-tested).
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16. 35-mm tissue culture dishes (Falcon® easy grip).
17. Embryological watchglasses.
18. Depression slide injection chamber (Dynamic Aqua Supply Ltd., Surrey, Canada).
19. Humidified incubator set to 37°C and 5% CO2.
20. Gas burner.
21. Injection buffer: 10 mM Tris-HCl, 0.2 mM EDTA, pH 7.4.
22. 10-cm culture dishes with plasticine for storing holding- and injection pipets.

3. Methods
The methods described outline 1) the construction of the transgene containing vector

and purification of the injection fragment, 2) vasectomy of male mice and breeding of
pseudopregnant females, 3) superovulation, mating, and preparation of zygotes,
4) microinjection of the DNA into the pronucleus, and 5) retransfer into pseudopreg-
nant females.

3.1. Construction of the Transgene-Containing Vector and Purification 
of the Injection Fragment

3.1.1. Construction of the Transgene-Containing Vector

The elements necessary for transgene expression have been discussed in detail in
Subheading 1.2.

1. All necessary elements are combined in a cloning vector like pBluescript (Stratagene) by
standard cloning techniques (14).

2. To allow easy excision of the transgene cassette for injection, recognition sites for two (or
a single) restriction enzymes should be left 5′ and 3′ of the expression cassette. These should
be recognition sites for enzymes cleaving only once to prevent digestion of the transgene
itself (Fig. 2A).

3. In addition, for later detection of transgene integration into the genome by Southern analy-
sis of genomic DNA, a recognition site for another enzyme cleaving only once within the
transgene sequence should be present.

4. Digestion with this enzyme in combination with a suitable probe will then yield a distinct,
integration site-dependent pattern for each established transgenic line (Fig. 2B).

3.1.2. Purification of the Transgene

Plasmid DNA is prepared using commercial isolation kits (e.g., Qiagen). The injec-
tion fragment is prepared as follows:

1. Approximately 30 µg of plasmid DNA is digested with the appropriate restriction enzyme(s)
(as outlined in Subheading 3.1.1., Fig. 2A).

2. The resulting fragment is separated from the vector backbone on a 0.8% agarose gel, visu-
alized by ethidium bromide staining and excised under UV-light.

3. Purification from the agarose matrix can be performed using either the GeneClean or the
Qiagen QIAquick kit according to the manufacturer’s instructions.

4. DNA is eluted in injection buffer. The final concentration after elution should be approx-
imately 100 ng/µL (see Note 8).

5. The eluted fragment can be stored at –20°C for several months.
6. Dilutions of 1.5, 2 and 2.5 ng/µL should be prepared to determine the optimal DNA con-

centration for injection. Test injections are performed as described in Subheadings 3.2.2.5.
and 3.2.3.2.
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3.2. Generation of Transgenic Mice

The generation of transgenic mice by pronuclear injection is described in
Subheadings 3.2.1.–3.2.4.

3.2.1. Vasectomy of Male Mice and Breeding for Pseudopregnant Recipients

3.2.1.1. ANESTHESIA

1. Vasectomy and retransfer of injected oocytes are performed under Avertin™ anesthesia.
2. The animal to be anesthetized is weighed, then placed on the grid of a cage lid and grasped

firmly by the skin of the neck as close to the ears as possible. The tail is fixed with the little
finger. Avertin (0.4–0.6 mg/g body weight) is administered with a 26-gage hypodermic
needle into the peritoneum.

3. After injection the animal is placed back into the cage to minimize stress.
4. Successful anesthesia can be checked by the absence of the toe pinch reflex.

3.2.1.2. VASECTOMY

1. Vasectomy is performed on mice at 10 weeks of age.
2. The mouse is weighed and anesthetized and then placed on its back (see Note 9).
3. The area around the scrotum is disinfected with 70% ethanol and a 1-cm incision is made

in the skin above the scrotum.
4. Care should be taken not to injure the bladder and the penis musculature when opening the

peritoneum.
5. By applying slight pressure on the scrotum the fat pad attached to the testis becomes

visible.
6. The testis, epididymis and vas deferens are carefully pulled out from the body cavity by

grasping the fat pad with anatomical forceps (Fig. 3A). Since the testes are very sensitive
they should not be touched with the forceps.

7. The vas deferens can be recognized by a blood vessel running along one side. It is lifted
with a pair of forceps and the ends of the loop that forms are squeezed together with for-
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Fig. 2. Construction of a transgene-containing vector is shown. (A) Schematic representation
of the insert and vector (multicloning site). A and B represent flanking restriction enzyme recog-
nition sites for excision of the transgene. A recognition site for a third enzyme, C, cleaving only
once within the fragment, should be present for Southern analysis of transgene integration as
shown in B. (B) Schematic drawing of possible tandem array transgene integration. 5′ and 3′ ends
of the transgene are depicted as in A. a–e represent restriction fragments obtained after diges-
tion with restriction endonuclease C which are detectable with probes I and II, respectively.



ceps that have been flamed on a gas burner. This results in resection of a segment of the
vas deferens and sealing of the cut ends (see Fig. 3B).

8. The testis is carefully eased back into the abdominal cavity and the same procedure is
repeated with the second testis.

9. After sealing the second vas deferens, the body wall is sutured and the skin is closed with
two wound clips.

10. The mouse is kept on a 37°C-heated stage until recovery from anesthesia.
11. These vasectomized mice are then tested for sterility after 2–3 wk when the wound clips

have been removed. They are mated with two or three females.
12. Successfully vasectomized animals should be able to generate a vaginal plug in females

and the females should not become pregnant.
13. Vasectomized males are usually kept for up to 1 yr.

3.2.1.3. MATING FOR PSEUDOPREGNANT RECIPIENTS

On the day before preparation of oocytes and microinjection, mating is set up between
vasectomized males and 10-wk-old female mice in a ratio of 1�2 to 1�3. Examination
next morning shows a vaginal plug indicative of pseudopregnancy (see Note 10).

3.2.2. Superovulation, Mating, and Preparation of Zygotes

3.2.2.1. SUPEROVULATION AND MATING

Since female mice produce only small numbers of fertilized oocytes in a natural
mating, superovulation has been established as the method of choice to increase zygote
yields for pronuclear injection.

1. Superovulation is achieved by timed application of follicle stimulating hormone or PMSG
and luteinizing hormone (hCG) to virgin 4-wk-old mice.

2. Intraperitoneal application of PMSG (5–10 I.E.) is carried out 72 h before preparation of
the oocytes, while hCG (10 I.E.) is applied 48 h later. The time point for hCG administra-
tion is crucial. It must be given approx 6 h before the beginning of the dark cycle in the
animal facility. Assuming that mating occurs in the middle of the dark cycle, fertilization
is then ensured.

3. Superovulated females are mated with stud males in a 1�1 ratio.
4. Successful mating is indicated by the formation of a vaginal plug, which is evident next

morning.
5. Successfully mated females are then sacrificed by cervical dislocation for preparation of

zygotes.

3.2.2.2. PREPARATION OF MICRODROP CULTURES

1. Microdrop cultures for cultivation of zygotes before and after injection have to be set up
prior to isolating fertilized oocytes.

2. Small drops (20–40 µL) of M16 are set onto a 35-mm tissue culture plate using a
micropipet.

3. These drops are overlayed with mineral oil to prevent evaporation. This can be done by
either carefully pouring the oil on top of the drops or overlaying with a pasteur pipet.

3.2.2.3. HANDLING OF OOCYTES

A prerequisite for the successful preparation of fertilized oocytes and injection is the
skilled handling of a mouth-controlled drawn-out pasteur pipet.

1. Pipets are prepared by holding the thin part of a 25-cm glass pasteur pipet in the flame of
a gas burner until it starts to melt.
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2. The pipet is then quickly withdrawn from the flame and both ends are pulled.
3. Bending of the resulting thin part should then give a clean and blunt breakpoint.
4. The quality of the breakpoint should be checked by microscopy.
5. The pipet can then be attached to a rubber tube fitted with a mouthpiece.

3.2.2.4. PREPARATION OF ZYGOTES

1. Fertilized female mice are sacrificed by cervical dislocation.
2. The abdomen is sprayed with 70% ethanol for disinfection.
3. A lateral incision is made in the skin and subcutaneous tissue and the margins of the inci-

sion are retracted toward the head and tail respectively.
4. The peritoneum is incised and the gut is pushed aside.
5. The bipartite uterus with attached oviducts and ovaries is now visible on both sides.
6. Each uterine horn is now carefully lifted with one pair of forceps, a second pair is inserted

into the mesometrium directly beneath the oviduct in the closed position and then opened,
thus separating the uterus and oviduct from the attached mesometrium.

7. The oviduct can now be excised with a pair of fine scissors at the junction with the ovary
and in the upper part of the uterus, respectively (Fig. 4A,B).

8. The isolated oviducts are then transferred to an embryological watch glass containing M2.
9. Each oviduct is then transferred to another embryological watch glass containing

hyaluronidase (Fig. 4C).
10. Using a stereomicroscope (20 or 40× magnification) the ampulla (the upper part of the

oviduct where the oocytes are found) is located and then torn open with watchmaker’s for-
ceps and the zygotes (forming a clump with the cumulus cells) are released from the sur-
rounding tissue.

11. The oviduct is removed from the dish.
12. To separate oocytes from the cumulus cells, the clump is kept in the hyaluronidase solu-

tion for a couple of minutes at room temperature. Digestion is complete when fertilized
oocytes are clearly separated from the cumulus cells (Fig. 4D).
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Fig. 3. Vasectomy: The vas deferens is lifted up (A), and after a segment has been resected,
the two heat-sealed ends are separated (B).



13. The reaction is then stopped by passaging the oocytes with a mouth-driven pipet through
consecutive drops of M2.

14. Oocytes are then transferred to a drop culture of M16 and kept in the 37°C incubator (5%
CO2) until needed for injection (see Note 11).

15. When isolated in the morning after mating, fertilized oocytes are approx 0.5 d post coitum
(dpc) at mid-day. At this stage both pronuclei are clearly visible for a couple of hours. This
is a prerequisite for successful microinjection.

3.2.2.5. CONTROL OF MEDIA AND CONDITIONS

Culture media (if prepared from powder) and the concentration and quality of the
DNA used for injection have to be tested to ensure high efficiency in the generation of
transgenic mice.

1. Oocytes isolated as described in Subheading 3.2.2.4. are cultured overnight in microdrops
of M16 to test the suitability of the media prepared.

2. Approximately 80% of the oocytes should have reached the two-cell-stage on the next day.
3. To assess the quality and optimal concentration of the DNA fragment three different dilu-

tions in injection buffer are prepared (see Subheading 3.1.2.).
4. Thirty oocytes are injected for each concentration as described in Subheading 3.2.3.2. and

cultured overnight in microdrops of M16.
5. The suitable concentration should yield about 50% two-cell-stage embryos.
6. Higher numbers of surviving and developing embryos indicate that the DNA concentra-

tion used is too low, while a lower percentage suggests that the DNA concentration is too
high or that the quality of the fragment preparation is poor.
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Fig. 4. Oocyte Preparation: (A) Schematic overview of the dissection of oviducts for the prepa-
ration of fertilized oocytes. (B) After opening the peritoneal cavity, the uterus with oviduct and
ovary are taken out of the body cavity. The oviduct is cut between ovary and uterus (see A). (C)
The ampulla (a) is clearly visible. It is filled with internal oocytes (b)—that are surrounded by
cumulus cells. (D) Isolated oocytes after hyaluronidase-treatment.



3.2.3. Pronuclear Injection

3.2.3.1. PREPARATION OF HOLDING PIPETTES AND INJECTION NEEDLES

1. Holding pipets and injection needles can be produced with either a horizontal or vertical
pipet puller.

2. Depending on the set values for the various parameters in a pulling sequence the length,
taper, and tip of the pipet will vary. The values of the parameters have to be determined
empirically and will vary depending on the device used.

3. Injection needles should be short and very tapered. They are made from capillary tubes con-
taining a thin inner filament (see Subheading 3.2.3.2.).
a. Injection needles should be prepared on the day that they will be used.
b. Since injection needles tend to clog or break, sufficient needles should be prepared for

use for the whole day.
c. Needles can be stored in culture dishes supported by two rows of plasticine.
d. The blunt end of the needle should not be touched since this end is immersed in the DNA

solution (see Subheading 3.2.3.2.).
e. The thin filament inside the pipet allows the DNA solution to enter the pipette by cap-

illary force.
4. Filament-less capillaries are used for preparation of the holding pipets.

a. They are pulled out much longer, to obtain an opening wide enough to hold the oocyte.
b. The long-pulled holding pipet is placed on the glass ball of the micro forge (see

Note 12).
c. All the following steps are done using the oculars of the micro forge.
d. In the area touching the surface of the glass the diameter of the pulled-out capillary

should be approx 100 µm.
e. By briefly heating the filament (until it starts glowing) the capillary will break due to

stress, and a perfectly blunt end should form.
f. Subsequently, the blunt end of the pipet and the filament are brought to the same focal

plane and the filament is heated gradually.
g. The increase in temperature induces melting of the blunt end of the capillary and an accu-

rately shaped holding pipet is formed.
h. The optimal diameter of the holding pipet has to be determined empirically (see

Note 13).
i. Holding pipets can be made in sufficient quantities and saved in culture dishes.

5. Alternatively, both holding pipets and injection needles can be obtained commercially (e.g.,
Eppendorf).

3.2.3.2. DNA INJECTION INTO OOCYTES

1. The oocytes are kept in the incubator until the pronuclei are clearly visible (usually around
mid-day).

2. Before starting the preparations on the injection stage the injection pipet is placed with its
blunt end in the DNA solution (which is stored on ice).

3. For injection a drop of M2 medium is pipeted into the depression of a depression slide-
injection chamber on the stage of the injection microscope and covered with mineral oil.

4. The holding pipet is fastened into the fitting of the micromanipulator, adjusted to the center
of the slide depression, and immersed into the medium.

5. Up to 15 oocytes are then transferred into the M2 droplet by the mouth-controlled pipet
using the lowest magnification of the injection microscope.

6. Focus on the oocytes.
7. Divide the slide into two areas (e.g., above and below the holding pipet) to separate the

uninjected and injected oocytes and move the oocytes to their respective areas by gently
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touching with the holding pipette, which should be adjusted to the same focal plane as the
oocytes.

8. By applying gentle suction, one oocyte at a time is picked up and fixed to the holding pipet
(see Note 13). The zona pellucida should be pulled slightly into the pipet.

9. Then the injection needle is fixed to the micromanipulator, carefully immersed into the
medium, and adjusted to the same focal plane as the oocytes and holding pipet.

10. Change the magnification to high power and adjust the focus so that the tip of the
injection needle is in the same focal plane as one of the pronuclei (which should be clearly
visible with a sharp border, Fig. 5A).

11. With a firm move to break through the zona pellucida, the needle is pushed into the
pronucleus (see Note 14).

12. The DNA solution is pressed into the pronucleus by pushing the foot-pedal of the injector.
13. Successful injection is clearly visible by a swelling produced in the injected pronucleus

(Fig. 5B). Then the needle is quickly but cautiously removed.
14. The injected oocyte is then sorted to the designated area on the slide and the next oocyte

can be injected.
15. Oocytes that survive microinjection, are transferred back to the incubator and kept until

implantation into a pseudopregnant recipient.

3.2.4. Retransfer of Injected Oocytes

1. A pseudopregnant mouse is weighed and anesthetized with Avertin (see Subheading
3.2.1.1.).

2. While waiting for completion of anesthesia the microdrop culture is taken from the incu-
bator and oocytes are carefully drawn up into a mouth-driven pulled-out pasteur pipet (see
Note 15).
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injection needle. (B) The pronucleus is swollen due to the injected DNA solution.



3. To facilitate visual control of the retransfer, the pipet is loaded as follows: medium–air
bubble–medium–air bubble–medium with oocytes–and facultative another air bubble near
the tip (Fig. 6). It is important to keep the volume as small as possible and to arrange the
oocytes close to each other.

4. The maximum number of oocytes, which can be retransferred to each uterine horn, is about
10 to 15.

5. The loaded pipet should be stored in a safe corner of the working bench, away from the
area where the animal is handled.

6. The anesthetized animal is placed on its stomach on a piece of tissue paper.
7. A 1-cm skin incision is made to the left of the spinal cord, at the level of the last rib.
8. A fat pad should become visible through the peritoneum, which indicates the correct

position.
9. After opening the peritoneum with another small incision, the fat pad attached to the ovary

is carefully grasped with a pair of serrated forceps and pulled out.
10. The ovary, oviduct, and upper part of the uterus become visible.
11. The fat pad is fixed with a serrefine clamp and brought into a position in which the ovary

and oviduct are easily accessible (Fig. 7A).
12. The mouse is then transferred to the stage of a stereomicroscope. With a pair of fine

forceps the bursa is carefully opened (Fig. 7B; see Note 16).
13. The funnel-shaped infundibulum is usually situated at the border between ovary and oviduct

(see Note 17).
14. The tip of the oocyte-loaded pipet (supported by a spread pair of fine forceps) can now be

inserted into the infundibulum. The oocytes are transferred with a steady blow into the pipet.
15. The appearance of the air bubbles within the oviduct indicates successful delivery of

oocytes.
16. The mouse is now removed from the stereomicroscope stage.
17. By gently pushing the fat pad, the ovary is carefully placed back into the body cavity.
18. Since the incision in the peritoneum is only small, suturing is usually not required.
19. The skin is closed with a wound clip.
20. The same procedure is repeated with the second oviduct.
21. After surgery the mouse is kept on a 37°C-heated stage and observed until recovery from

anesthesia.

3.3. Concluding Remarks

Since the procedures described require technical expertise (especially in handling
oocytes at the various stages), we strongly recommend that a beginner visit a labora-
tory where all these techniques are properly established. Alternatively, you might attend
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one of the “mouse courses” offered by several laboratories or companies (see for exam-
ple: http://nucleus.cshl.org/meetings/ or http://www.jax.org/courses/index.html).

A very comprehensive guide on establishing transgenic mouse lines and analysing
embryos at all stages of development is available (15). A discussion group has been
established at http://www.med.ic.ac.uk/db/dbbm/tgunit.html, that may provide further
helpful information.

4. Notes
1. Mechanisms leading to decreased expression or complete silencing of transgenes have been

the focus of intense investigations for the past few years. A good overview of these mech-
anisms and possible strategies to overcome these influences is given by Cranston et al. (6).

2. Although there are regulatory sequences available for transgene expression in non-
cerebral endothelial cells to date there are no cis-acting elements described confining
expression to the specialized endothelium of the blood-brain barrier. Genes selectively
expressed at the blood-brain barrier include, e.g., the large amino acid transporter LAT (16),
mdr1a/3 (17) or transcripts recently identified by substractive hybridization (18). Once
regulatory sequences for these genes have been identified these may serve as a source for
blood-brain barrier specific transgene expression.

3. Artificial chromosomes have not only been used to provide all necessary regulatory
sequences to engineered transgenes and reporter genes but also to express highly complex
genes spanning several hundred kilobases of sequence. Good reviews on applications and
techniques for the introduction of YACs into the genome are available (19,20).

4. If a heterologous polyadenylation signal is used, the presence of a small intron, as in the
case of the SV40 cassette, may enhance expression levels on one hand but it may also cause
aberrant splicing to cryptic splice donors in the coding sequence. There is no way one can
predict whether and to what extent this process might occur in vivo. Thus careful analysis
of the mRNA resulting from the transgene should be performed.
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Fig. 7. Retransfer of Injected Oocytes into a Pseudopregnant Recipient. (A) Ovary and uterus
are carefully taken out and fixed at the fat pad with a serrefine clamp. (B) Oocytes are retrans-
ferred into the infundibulum. (C) Schematic overview.



5. Most laboratories prefer using outbred or F1-hybrid strains instead of genetically uniform
inbred strains for virtue of large oocyte yields and good breeding behavior. From the point
of view of uniformity in the genetic background F1-hybrids are certainly the better choice,
but they are also more expensive. Apart from the oocyte yield and breeding behavior, other
factors such as suitability for the analysis of the expected phenotype may be considered in
the selection of the mouse strain used for genetic manipulation. The highest amount of
oocytes are obtained from approximately 4-wk-old virgin mice. Hormone stimulation in
older females interferes with the endogenous cycle, which may lead to asynchronous ovu-
lation and degeneration of oocytes.

6. There are several anesthetics available for rodents. A comprehensive listing with the doses
recommended can be found at http://oacu.od.nih.gov/ARAC/tablesspecies.pdf.

7. Suppliers like Leica (in collaboration with Eppendorf) or Zeiss offer complete microin-
jection equipment. For setting up the instrument, refer to the supplier’s instructions.

8. The amount of DNA to be digested has to be calculated according to the final fragment
concentration and elution volume desired. Digested DNA should be run using a prepara-
tive comb for the agarose gel to avoid overloading; alternatively several lanes can be con-
nected using adhesive tape. Agarose for purification of injection fragments should be of
the best available quality. We recommend Life Technologies Ultra Pure™.

9. During all surgery the eyes of the animals should be protected with eye balm to prevent
them from drying out.

10. The number of pseudopregnants obtained can vary considerably from day to day. To com-
pensate for these variations we recommend setting up more matings than are actually
needed for the calculated amount of oocytes. In addition, we routinely record mating per-
formance. This allows early detection of failure of individual males that can then be
replaced.

11. Do not introduce any air bubbles into the drop culture. This makes it very difficult to draw
the oocytes into the pasteur pipet for the retransfer. If air bubbles occur, the oocytes should
be transferred into a new drop.

12. The filament of the micro forge can melt if it is heated abruptly. Therefore it is important
to control all steps using the binoculars. The glass ball has to be melted onto the filament.
To do this, a long-pulled capillary is put on the filament and broken. With increasing heat,
the broken part of the capillary will melt onto the filament. By repeating this procedure, a
glass ball is formed on the filament.

13. If the opening of the holding pipet is too small the oocyte cannot be thoroughly fixed and
might rotate when it is touched with the injection needle. If openings are too wide there is
the risk of the oocyte being sucked into the pipet. Therefore it is best to test holding pipets
for their performance. Since the risk of damage and blocking is rather low, holding nee-
dles rarely have to be changed.

14. Usually the male pronucleus is larger and therefore easier to inject. During the injection
one should try to avoid touching the nucleoli in the pronucleus with the tip of the injection
needle. This often causes plugging of the needle, which then has to be replaced.
Withdrawing the needle should be as quick as possible. Slow retraction favors attachment
of nuclear components to the injection needle. Sometimes the whole nucleus can be with-
drawn with the injection needle.

15. The narrow end of the mouth-driven pipet should not be too long, since shorter ends are
easier to handle. The opening should be flame-polished to obtain perfectly blunt edges oth-
erwise the risk of injuring the tissue of the infundibulum or oviduct is high.

16. The pseudopregnant ovary is well perfused. Bleeding from accidentally injured vessels
complicates access to the infundibulum. When bleeding occurs, small drops of adrenaline
can be applied to the wound, which should then stop bleeding.
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17. Locating the infundibulum is sometimes difficult and requires practice. If the infundibu-
lum cannot be located on one side and the number of pseudopregnant females available is
limited, the double amount of oocytes can be transferred to one side since the oocytes can
move from one uterine horn to the other.
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Mouse Genome Modification

Richard Rozmahel

1. Introduction
The ability to alter the mouse genome through homologous recombination in their

embryonic stem (ES) cells, and propagate the modification through their germ-line, has
revolutionized biomedical research. Such gene-targeted mice have afforded researchers
unprecedented opportunities to analyze gene function in vivo, and provided models for
disease studies.

1.1. History and Outline of Gene-Targeting Experiments

Over 20 years ago, two independent reports documented the isolation of pluripotent
ES cells from explanted preimplantation mouse embryos (1,2). In 1984, Bradley et al.
(3) demonstrated that these ES cells, following their transfer to the inner cell mass of
host blastocysts, could contribute to the germline of resultant animals. Shortly there-
after, Smithies et al. (4) showed that homologous recombination with an introduced
deoxyribonucleic acid (DNA) fragment could specifically alter the genome of cultured
mammalian cells. The gene targeting methodology was then successfully applied by
Thomas and Capecchi (5) and Doetschman et al. (6) to disrupt the selectable Hprt gene
in ES cells, resulting in the production of HPRT-deficient mice, an animal model for
Lesch-Nyhan disease (7). Soon after, the first mouse line containing a targeted disrup-
tion of nonselectable gene (cAbl) was reported (8). Since then, the number of gene-tar-
geted mouse lines has risen exponentially, such that presently more than 1000 lines exist
(see http://www.bioscience.org/knockout/alphabet.htm for a partial list). Conventional
gene targeting strategies have also evolved to include manipulations that can result in
specific spatial and/or temporal effects. Thus, contemporary experiments can produce
mouse lines having gene disruptions, mutations or replacements, chromosome
rearrangements, and distinct gene expression patterns.

This chapter outlines considerations and practical aspects of a basic gene-targeting
experiment. Before beginning such an experiment, the strategy to arrive at the desired
outcome requires careful planning. A gene-targeting experiment relies on successful
execution of several different technical procedures; however, the general sequence and
methodologies are similar among experiments. A portrayal of a basic gene targeting exper-
iment is given in Fig. 1. Each experimental step is expanded upon in Subheading 3.
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1.2. Design of a Gene Targeting Experiment

Introduction of DNA molecules into mammalian cells can result in their
recombination with homologous sequence within the genome. Molecular processes
responsible for maintenance of the cell’s chromosomes and sequence integrity are
thought to mediate the homologous recombination process (reviewed in ref. 9). Specific
alteration of the genome by recombination with an in vitro-constructed DNA vector is
known as gene targeting; hereafter referred to as targeting.

The design of the targeting vector is of primary importance to success of the
experiment, and thus requires much consideration. The basic components required of
a targeting vector are sequences homologous to the endogenous sequence that is to be
modified, selectable markers (positive, and optionally negative), and plasmid sequences
for bacterial amplification. The positive selectable marker (typically the prokaryotic
neomycin phosphotransferase [Neo] gene expressed under the ubiquitous phospho-
glycerate kinase-1 (PGK-1) promoter) normally serves two functions: it confers via-
bility to cells containing the vector, and it can serve to disrupt the endogenous gene.

There are two general types of targeting vectors. As depicted in Fig. 2, insertion-
type vectors integrate into their homologous sequences through their ends, while
replacement-type vectors undergo recombination internal to their homologous
sequences. The site of linearization dictates the difference in recombination sites
between the two vector types; whereas insertion-type vectors are linearized within the
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homologous sequence, linearization of replacement-type vectors is outside this
sequence. Although insertion-type vectors tend to undergo homologous recombination
at higher frequencies (10), their usage is limited by the kind of genomic modification
they can introduce. Replacement-type vectors are more versatile in their ability to
modify the genome and are more widely used in targeting experiments. A brief descrip-
tion of the two vector types and considerations for their use is given in Subheadings
1.2.1. and 1.2.2. Important considerations in their design are outlined in Notes 1–4.

1.2.1. Insertion-Type Vectors

As depicted in Fig. 2, an insertion-type vector undergoes a single reciprocal recom-
bination mediated through a double-stranded break in the vector, resulting in its inser-
tion into the genome. The insertion results in partial or complete disruption of the gene
due to the duplication of the homologous sequences and addition of the vector’s het-
erologous sequences to the targeted allele. However, because of multiple factors such
as exon skipping, in-frame exon additions, alternative splicing, whose description is
beyond this chapter, the actual outcome of an insertion-type targeting experiment cannot
be determined in advance.

Required elements of an insertion-type targeting vector are 1) region of homology
to the locus to be targeted with a unique restriction enzyme site for linearization; 2) a
positive selectable marker used to identify clones having the vector; and 3) plasmid
sequences for bacterial amplification.

1.2.2. Replacement-Type Vectors

In contrast to insertion-type vectors that duplicate endogenous sequences, replace-
ment-type vectors replace the sequences with those contained in the vector, thus making
these vectors more versatile and commonly used in targeting experiments. Required ele-
ments of replacement-type vectors are 1) two segments of homology to the locus to be
targeted separated by a positive selectable marker; 2) a unique restriction site for lin-
earization outside of the homologous sequence; and 3) plasmid sequences for bacter-
ial amplification. Targeting by replacement-type vectors occurs by double reciprocal
recombination between the vector sequences and their homologous endogenous
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sequence (see Fig. 2). Since the vector sequences outside homologous regions are elim-
inated from the recombination product, an enrichment strategy using a negative selec-
table marker, usually the HSV thymidine kinase (TK) gene, outside the homologous
sequence can be used (11). Because replacement-type vectors exchange the endogenous
sequence with that present in the vector, their functional outcomes are more predictable
than insertion-type vectors. For additional information regarding targeting vectors, the
reader is referred to (12).

1.2.3. Enrichment for Gene-Targeted Events

Electroporation is the most commonly used method to introduce targeting vectors
into ES cells (reviewed in ref. 13). Electroporation has a low efficiency of transforma-
tion (typically less than 10% of surviving cells take up the vector) (14), thus necessi-
tating the inclusion of a positive selection marker such as Neo. Alterative positive
selectable markers include the prokaryotic hygromycin B phosphotransferase (Hph)
(15), puromycin N-acetyltransferase (pac) (16) and Blasticidin S (BlaS) (17) genes. In
addition, the use of Hprt as the marker in HPRT-deficient ES cells is an option (18).

Homologous recombination occurs approximately 1000× less frequently than random
integration (19), thus strategies have been devised to enrich for homologous recombi-
nants. The most common enrichment scheme utilizes a negative selection marker such
as the TK gene that is added to the end of the homologous sequence in the targeting
vector (11). The product of the TK gene converts nucleoside analogues such as gancy-
clovir or FIAU into cell-toxic metabolites. More recently, diphtheria toxin A (20) and
immunotoxin-mediated (21) negative selection schemes have been devised. In these
so-called positive-negative selection protocols, presence of the positive selectable
marker selects for cells containing the vector, while presence of the negative select-
able marker selects against cells containing random insertions. The basis of negative
selection is that cells carrying a homologously recombined vector must have lost (by
virtue of double reciprocal recombination) the terminal negative selection marker.
Overall, the positive-negative selection scheme enhances the ratio of targeted to non-
targeted clones by 5 to 10×. Enrichment for homologous recombinants of genes
expressed in ES cells can exploit positive selectable markers lacking either promoter
(6) or polyadenylation signal (22), or containing a splice acceptor site for an intron-
targeted promoterless positive marker (23).

An important consideration when developing a targeting vector is the identity of the
genome corresponding to the vector and ES cell line. Isogenicity of the vector with the
ES cells has been shown to dramatically enhance efficient homologous recombination
(24). In fact, homologous recombination at the retinoblastoma susceptibility gene in
129 strain-derived ES cells was roughly 20-fold more efficient than a BALB/c strain-
derived vector (24). The discrepancy in targeting efficiency was related to sequence vari-
ations between the two strains, including substitutions, deletions/insertions, and
polymorphic CA repeats.

To produce ES cells with two targeted events (targeting of two genes or both alleles
of a single gene), two consecutive rounds of targeting can be used. The two rounds
of gene targeting can utilize either increased G418 concentration during the second
selection (25) or, alternatively, two constructs containing different positive selectable
markers (26,27).
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1.2.4. Inducible and Tissue-Specific Targeting

Disruption or modification of genes in the mouse can result in embryonic lethality
or unwanted phenotypes in other tissues or organs. Such complications can be over-
come by tissue-specific and inducible gene disruption strategies (28,29). The common
approach to generating such targeting effects is by the Cre/LoxP system. For informa-
tion regarding the Cre/LoxP recombination system the reader is referred to several excel-
lent books (30) and reviews (31–33). Briefly, the bacteriophage P1 Cre recombinase
enzyme promotes recombination between two LoxP sequences that are introduced to
flank the genomic segment to be removed by homologous recombination. The LoxP
targeted mouse is then crossed with a transgenic mouse expressing Cre under the
control of a tissue-specific promoter. Thus, the LoxP-targeted gene is disrupted at a
specific time and cell type that is dictated by Cre expression. Databases of existing
Cre expressing mouse lines are provided in Note 5.

It is also possible to induce the site-specific recombination at will. Different systems
have been developed to induce Cre expression, controlled either at the transcriptional
or at the post-transcriptional level. Additional information regarding inducible systems
is given in Note 6.

1.2.5. Introduction of Subtle Mutations into the Mouse Genome

Although gene targeting is commonly used to disrupt gene function, strategies have
also been designed to generate subtle mutations into endogenous genes. A requirement
of targeting subtle mutations is that the positive selectable marker cannot interfere with
the targeted or adjacent genes (41), which necessitates its removal after targeting.
Strategies to remove the positive selectable marker after targeting include ‘in and out’
or ‘hit and run’ (42,43), ‘tag and exchange’ (44), and simultaneous electroporation of
two separate DNA fragments (one containing the selectable marker and the other the tar-
geting vector without a positive selectable marker) (45,46). Due to space constraints these
strategies will not be discussed here, the referenced articles are suggested for further
information. However, the most common strategy for removing the positive selectable
marker is by Cre recombinase. In this approach, the positive selectable marker is flanked
by LoxP sites and inserted into an intron near the appropriately mutated exon in the tar-
geting vector. After the homologous recombination event, transient expression of Cre
recombinase results in removal of the positive marker, leaving behind a single intronic
LoxP sequence. Alternatively, the positive selectable marker can be removed in the
resultant mice by crossing with so-called “Cre-deleter” mice. For further information
regarding the Cre/LoxP system please see Subheading 1.3.4. and the included references.

2. Materials
The equipment, reagents, and disposables listed are those that relate only to the ES

cell component of a targeting experiment. Additional molecular biological components
are required for vector preparation and ES cell screening, which are not listed. Please
see ref. 47 for further details regarding these techniques.

2.1. Equipment

1. Laminar flow hood.
2. Tissue culture incubator (37°C with 5% CO2/95% air).
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3. Vacuum source.
4. Variable temperature water bath (37°C–56°C).
5. –80°C and –20°C freezers.
6. 4°C refrigerator.
7. Liquid Nitrogen storage tank.
8. Inverted microscope with phase contrast objectives (4× to 50×).
9. Dissecting microscope with transmitted light source.

10. Refrigerated tabletop centrifuge.
11. Electroporator with capacitance extender.
12. Single channel and multichannel pipeters.
13. Electric Pipet-Aid.
14. Hemacytometer.

2.2. Solutions and Reagents

1. All reagents should be filter-sterilized.
2. Phosphate-buffered saline (without Ca2+ and Mg2+).
3. Trypsin Solution (0.05%) dissolved in double distilled water and filtered (5 µM).
4. 0.1% Gelatin Solution (prepared in double distilled water and autoclaved).
5. Lysis Buffer: 100 mM Tris-HCl pH 8.5, 5 mM EDTA, 200 mM NaCl, 0.2% SDS and

100 µg Proteinase K/mL.
6. Tissue Culture Grade dimethyl sulfoxide (DMSO).
7. Isopropanol.
8. 70% ethanol.

2.3. Disposables

1. Plates: 100-mM, 60-mM, and 96 well tissue culture plates.
2. 50- and 500-mL disposable filtration units (0.5 µm).
3. Pipets: 1, 2, 5, 10, and 25 mL.
4. Electroporation cuvettes.
5. Reagent reservoirs for multichannel pipeters.
6. Parafilm.

2.4. ES Cell Media

Each ES cell line has its own specific requirements for optimal growth and mainte-
nance of pluripotency, the conditions we normally use for the R1 ES cell line (48) are
provided here.

1. ES Cell Culture Media: Dulbecco’s minimal Eagle’s medium (DMEM) with high glucose
containing 2 mM L-glutamine, 0.1 mM non-essential amino acids (NEAA), 1 mM sodium
pyruvate, 10–4 M β-mercaptoethanol, 2000 U/mL leukemia inhibitory factor (LIF), 20%
ES Cell-Qualified Fetal Calf Serum (heat inactivated for 30 min at 56°C), penicillin/strep-
tomycin (optional).

2. Geneticin (G418)-Selection Media: ES cell culture media with 170 µg/mL active
Geneticin.

3. G418/Gancyclovir-Double Selection Media: ES Cell Culture Media with 170 µg/mL
active Geneticin and 2 mM Gancyclovir.

4. ES Cell Freezing Medium: ES Cell Culture Media (containing 20% fetal calf serum) with
1�10 final volume DMSO and 1�10 final volume fetal calf serum.
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2.5. Embryonic Stem Cells

Successful generation of gene-targeted mouse lines relies on the quality of the ES
cells, measured by their pluripotency (ability to give rise to different cell types in the
mature animal). ES cells are established from the inner cell mass of mouse blastocysts
(1,2), and are maintained pluripotent by the differentiation-inhibiting agent LIF (49,50)
and co-culture with mouse embryonic fibroblast cells (feeder cells). When maintained
pluripotent, ES cells reintroduced into blastocysts will contribute to normal embryonic
development and give rise to all three germ layers, including the germline of resultant
animals (1,51). Although ES cells can be established from different mouse strains, strain-
inherent differences have important implications to their pluripotency, particularly with
respect to germ cells (52). The most common ES cell lines have been established from
the 129 and its derivative mouse strains (52). However, requirements for mouse lines
of alternative genetic backgrounds have necessitated development of ES cells from dif-
ferent strains. A compendium of some germline-competent ES cell lines of different
mouse strains is given in Table 1.

3. Methods
The conditions and protocols we normally use for the R1 ES cell line (48) using Neo

for positive and TK for negative selection are given here. Although the protocols would
be similar to those used for other ES cell lines, the reader is referred to the laboratory
in which the cell lines were derived to determine optimal conditions. For alternative
selectable markers the reader is likewise referred to protocols describing the different
drug selection schemes. The protocols and reagents provided here have been used to
maintain pluripotent ES cells independent of a feeder layer. Different conditions should
be employed accordingly if the ES cells are to be grown on feeders. All manipulations
must be carried out using sterile protocols.

3.1. Preparation of Gelatin-Coated Plates

Mouse ES cells are grown and maintained on gelatin-coated plates. In our hands,
NUNC brand (Nalge NUNC International) plates are the preferred substrate for opti-
mal growth of R1 ES cells. Plates are prepared as follows:
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Table 1
Germline Competent Mouse Embryonic Stem (ES) 
Cell Lines

ES cell line Mouse strain Reference

E14 129/Ola (53)
D3 129/Sv (54)
AB2.2 129/Sv (55)
R1 (129/SvX129/J) F1 (48)
W4 129/SvEv (56)
BL/6-III C57BL/6 (57)
WB6d C57BL/6 (56)
BALB/c-I BALB/c (58,59)



1. Dispense to each plate a sufficient volume gelatin solution (see Subheading 2.2.) to cover
the bottom of the plate.

2. Aspirate off gelatin solution and let plate air-dry in a laminar flow hood (about 15 min).
3. Use plates immediately or store under sterile conditions at room temperature.

3.2. Preparation of ES Cells for Electroporation

1. 7–10 d before the planned electroporation thaw two vials of frozen ES cells (5 × 106 cells/vial)
onto two gelatin-treated 60-mm plates containing ES cell culture media (see Subheading
2.4.). Change media next day.

2. 2–3 d after plating (80% confluency) trypsinize (see Subheading 2.2.) and pass each
60-mm plate onto two gelatin-treated 100-mm plates containing ES cell culture media.

3. Two to three days after passage (80% confluency) trypsinize and transfer cells from each
100-mm plate onto five gelatin-treated 100-mm plates containing ES cell culture media.
Plates should be ready for electroporation (80% confluent) 2–3 d later.

3.3. Preparation of Targeting Vector for Electroporation

Gene-targeting experiments require electroporation of a linearized vector. The vector
should be linearized at the desired site of targeted insertion (insertion-type experi-
ments), or outside the homologous segments region of homology (replacement-type
experiments) (see Subheading 1.3.1.). Preparation of the vector for a single experiment
(electroporation of 10 cuvettes) is performed as follows:

1. Linearize 500 µg of the targeting vector (assuming a total vector size of 5–10 Kb, if vector
larger than 10 Kb scale up quantity appropriately) by digestion for more than 2 h with the
appropriate restriction enzyme.

2. Run digested vector on an ethidium bromide-stained agarose gel to verify complete lin-
earization. If not completely linearized, add additional enzyme and continue digestion until
complete.

3. Precipitate vector DNA by addition of 1�10 volume 3 M sodium-acetate and 2 vol ethanol
at room temperature, centrifuge at 10,000 RPM for 1 min and resuspend in sterile double
distilled water (or alternatively phosphate-buffered saline [PBS]) at 1 µg/µL (500 µL total
vol for a 5- to 10-Kb vector).

4. Verify final concentration of vector sample by running 0.5 µL on an ethidium bromide-
stained agarose gel alongside marker DNA of known concentration.

3.4. Electroporation of ES Cells

On the day planned for electroporation, eight 100-mm plates containing the ES cells
at 80% confluency should be available (see Subheading 3.2.). These plates are treated
as follows:

1. Remove media from plates and wash with 10 mL of PBS prewarmed to 37°C.
2. Aspirate PBS and cover bottom of plate with 2 mL trypsin solution for 5 min.
3. Pipet trypsin solution up and down at least 10× to dislodge and disaggregate cells, and trans-

fer to a 50-mL tube containing 40 mL of ES cell media. The contents of four plates are
transferred to each of two 50-mL tubes.

4. Centrifuge cells in media for 5 min at 1000 rpm and room temperature.
5. Carefully remove supernatant and resuspend each of the two cell pellets in 4 mL ice-cold

PBS. Combine the two cell suspensions and place on ice.
6. Ascertain cell concentration using a hemacytometer (count clumps of cells as one cell, do

not count dead cells).

536 Rozmahel



7. Dilute suspension to a final concentration of 107 cells/mL with ice-cold PBS and transfer
800 µL into each of 10 electroporation cuvettes along with 50 µL of linearized vector (see
Subheading 3.3.). Mix thoroughly and keep on ice.

8. Pulse cuvettes with 0.24 kV with capacitor at 500 µF and let stand on ice for 15 min.
9. Combine cell suspensions from all cuvettes into 100 mL of ES cell culture media, mix thor-

oughly and plate 10 mL of final cell suspension onto each of 10 gelatin-treated plates. Place
into incubator.

10. Change media with ES cell culture media next day.

3.5. Drug Selection

Two days after electroporation, the cells are ready to undergo drug selection. For
experiments not using double selection, replace media on all plates with 10 mL of
G418-selection media (see Subheading 2.4.). Continue to change media with
G418-selectable media daily for 7–10 d. For experiments using double selection (incor-
poration of TK gene in the targeting vector):

1. Separate one plate from the rest, remove media and replace with 10 mL of G418-selection
media (see Subheading 2.4.). Change media daily for 5–7 d.

2. For the remaining plates, replace media with G418/Ganc-double-selection media (see
Subheading 2.4.).

3. Continue to change media daily with G418/Ganc-double selection media for 5–7 d.

3.6. Selection of Clones

Five to seven days after initiation of drug selection, all non-transfected cells should
have died and drug-resistant colonies should be visible to the naked eye.

1. Count the number of total surviving colonies. For double selection experiments, ascertain
the enrichment factor by dividing the number of colonies on the G418-selection media plate
by the average number on the G418/Ganc-double selection media plates. A typical exper-
iment should yield an enrichment factor between 5 and 20×.

2. Under the dissecting microscope in an open hood, pick the surviving colonies (if using
double selection pick from only the G418/Ganc-double selection media plates) by scrap-
ing them from the bottom and sucking them up using a 200-µL pipet tip. Transfer each
colony to a well of a gelatin-treated 96-well plate containing 200 µL of ES cell culture
media. Place plates into incubator.

3. The following day trypsinize the colonies as follows:
a. Aspirate off the media from each well.
b. Wash each well with 200 µL of 37°C PBS and aspirate off.
c. Add 10 µL of 37°C trypsin solution to each well and let stand for 5 min.
d. Add 200 µL of 37°C ES cell culture media and pipet up and down 8–10×. Place plate

back into incubator. Change media with ES cell culture media every second day.
4. When the majority of wells are 80% confluent (usually 3–4 d after trypsinization) repli-

cate each 96-well plate by trypsinization (as in step 3) and transfer half (100 µL) of each
well’s cell suspension to a new gelatin-treated 96-well plate (Working plate). The remain-
ing cell suspension is kept on the same plate (Master Plate) with an additional 100 µL
media added to each well.

3.7. ES Cell Freezing on 96-Well Plates

Two to three days after plate replication (the majority of wells should be at least 80%
confluent) the Master Plate is ready to be frozen, as follows:
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1. Replace media from each well with ice-cold ES Cell-Freezing Media (see Subheading
2.4.), seal edges of plate with parafilm and place plates on ice.

2. Transfer plates to a Styrofoam box and place into –80°C freezer to allow slow freezing.
3. The next day remove plates from box and place back into –80°C freezer. Cells stored in

this way are viable for at least 6 mo.

3.8. Genomic DNA Preparation and Screening of Clones

Continue to incubate the Working plate until the majority of wells are 100%
confluent (usually 3–4 d). At maximum confluency treat each well as follows:

1. Aspirate off the media and wash wells with 200 µL PBS.
2. Add 100 µL of lysis buffer (see Subheading 2.2.) to each well, seal edges of plate with

parafilm and place plate into incubator for a minimum of 8 h.
3. Centrifuge plates in a swing bucket rotor with microtiter plate carriers at 500 rpm for

1 min to remove condensate from lid.
4. Add 100 µL of isopropanol to each well, place on low speed orbital shaker for 10 min to

mix, and centrifuge plates at 1000 rpm for 5 min to pellet DNA at bottom of well.
5. Carefully aspirate off supernatant with a 200-µL pipet tip (pellet should be clearly visible)

and wash pellet with 200 µL 70% ethanol.
6. Carefully aspirate off the 70% ethanol with a 200-µL pipet tip and let pellet air-dry for at

least 15 min in the laminar flow hood.
7. Resuspend pellet in 50 µL sterile double distilled water or TE solution. Use 5 µL or 20 µL

for PCR or Southern blot assay, respectively.

Two types of screening procedures can be used to identify targeted ES cell clones:
PCR and Southern blot analysis. Both types of screens exploit the targeted juxtaposi-
tion of vector-introduced exogenous or modified endogenous sequences, with specific
target locus sequences. The PCR is the most sensitive assay for identifying targeted
clones. This assay relies on amplification of a novel fragment derived from the desired
homologous recombination, where one primer is complementary to the target sequence
outside of the vector and the other is complementary to unique sequences within the
vector. Thus, amplification of the correct fragment will only occur when the two primer
complementary sequences are juxtapositioned by homologous recombination. Because
of false positive signals and potential rearrangements of the targeted locus, follow-up
Southern blot analysis should always be used to confirm correct targeting. Since each
experiment has its own specific characteristics for screening recombinants, an outline
of these procedures is not warranted here. For specific details regarding experimental
protocols, the reader is referred to the laboratory manual by Sambrook et al. (40).

3.9. Thawing, Expansion, and Freezing in Vials

Following identification of recombinants, the individual clones need to be thawed,
expanded, and frozen in vials, as follows:

1. Place the Master Plate containing the targeted clone(s) into a 37°C incubator or, alterna-
tively, hold on the surface of a 37°C water bath, until completely thawed (3–4 min).

2. Remove parafilm from plate and rinse outside surface with 70% ethanol moistened tissue.
3. Aspirate off the freezing media from the selected wells (and adjacent wells to be safe) and

replace with 200 µL prewarmed ES cell culture media. Aspirate freezing media from all
remaining wells and leave empty. Place plate into incubator until next day.
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4. Next day remove media from each well, wash with 200 µL PBS, add 10 µL of prewarmed
trypsin solution, and let stand for 5 min.

5. Add 200 µL of prewarmed ES cell culture media, pipet up and down at least eight to
10 times, and transfer plate back into incubator.

6. When wells are 80% confluent (generally 2–3 d), pass 90% of contents onto a gelatin-
treated 60-mm plate and add 200 µL of fresh media back to original well (refreeze when
80% confluent).

7. Let 60-mm plate grow for 3–4 d (changing media with ES cell culture media every 2 d)
until 80% confluent, then pass onto two gelatin-treated 100-mm plates.

8. When 100 mM plates are 80% confluent (2–3 d) trypsinize both plates (2 mL trypsin each)
for 5 min, add 10 mL of ES cell culture media to stop reaction, and pipet up and down at
least five times to break up cell clumps.

9. Lyse 50% of the cell suspension in a 10-mL tube (as described above for 96-well plates)
for DNA preparation to confirm proper targeting. Transfer remaining 50% of cell suspen-
sion into 10-mL centrifuge tubes.

10. Pellet cells by centrifugation for 5 min at 1000 rpm at room temperature, aspirate off media.
11. Resuspend cell pellet in 5 mL ice-cold Freezing Medium and aliquot the suspension into

five freezing vials (about 5 × 106 cells/vial). Keep on ice.
12. Transfer freezing vials to sealed Styrofoam box and place into –80°C freezer overnight.

Next day transfer vials to liquid nitrogen storage.

3.10. Preparation of ES Cells for Microinjection

Two days before scheduled ES cell microinjection into blastocysts, prepare cells as
follows:

1. Place vial of frozen ES cells into a 37oC water bath (with lid just above surface) until thawed
(2–3 min). Transfer thawed contents into 10 mL of ES cell culture media prewarmed to
37°C and centrifuge at 1000 rpm at room temperature for 5 min.

2. Remove media, resuspend pellet in 5 mL of prewarmed ES cell culture media, plate onto
a gelatin-treated 60-mm plate, and place into incubator. Change media with fresh ES cell
culture media the next day.

3. On day of microinjection, the plate should be 50–80% confluent. Aspirate off media and
wash plate with 5 mL PBS. Remove PBS and add 1 mL of trypsin solution to cover bottom
of plate and let stand 5 min, pipet up and down several times to detach and disaggregate
the cells, add 5 mL ES cell culture media. Pellet the cells by centrifugation at 1000 rpm
for 5 min at room temperature.

4. Resuspend the cell pellet in 1 mL of injection media (ES cell media with 20% FCS and
20 mM HEPES). Keep cells on ice until microinjection.

3.11. Concluding Remarks

The ability to modify the mouse genome by homologous recombination of ES cells
and pass these alterations through the germline has greatly facilitated the generation and
applicability of so-called “designer mice.” Engineered modifications of the mouse genome
using current technology include complete gene disruptions, introduction of subtle muta-
tions, gene replacements, and chromosome inversions, deletions, and rearrangements.
Moreover, with the development of tissue-specific and inducible systems, both temporal
and spatial control of the above gene-targeted modifications is now also feasible. With
current and emerging technological advancements, it is, and will continue to become,
increasingly possible to devise and implement virtually any genetic alteration in the
mouse toward the development of novel mouse models for biomedical research.
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4. Notes
1. Considerations in design of insertion-type vectors:

a. Genomic DNA incorporated into the vector should be isogenic (from the same mouse
strain) to the ES cell line.

b. The vector should contain at least 5 Kb of DNA homologous to the locus to be targeted.
c. A unique restriction site for vector linearization is required within the homologous

sequence.
d. If polymerase chain reaction (PCR) is to be used to screen for recombinants, the lin-

earization site should be less than 1.5 Kb from the unique priming sequence in the vector.
e. A single-copy probe outside of the vector and recognizing a unique restriction band for

the targeted allele on Southern blots should be available before the vector is completed.
2. Considerations for complete gene ablation by insertion-type vectors:

a. If the vector contains only one exon, the sequences near its splice sites should not be
altered by the positive selectable marker (or other means) that can interfere with exon
splicing.

b. If only one exon is present in the vector, the positive selectable marker should not be
inserted into it, since the elongation will usually result in its exclusion from the final
spliced product.

c. The exon(s) that will be duplicated should cumulatively not be a multiple of 3 bp,
thereby ensuring a frame-shift mutation when incorporated into the transcript.

d. Introduction of a nonsense or frame-shift mutation into one of the exons of the vector
will increase the likelihood of complete loss of gene function.

3. Considerations in design of replacement-type vectors:
a. Genomic DNA incorporated into the vector should be isogenic (from the same mouse

strain) to the ES cell line.
b. The vector should contain at least 5 Kb of DNA homologous to the locus to be targeted.
c. Addition of a negative selectable marker such as TK at end of the homologous sequence

can be used to enrich for recombinant clones.
d. A unique restriction site for vector linearization is required within the plasmid back-

bone (outside of the sequence homologous to the mouse genome).
e. If PCR is to be used to screen for recombinants, one of the homologous sequence arms

should be less than 1.5 Kb in length to ensure efficient amplification.
f. A single-copy probe outside of the vector and recognizing a unique restriction band for

the targeted allele on Southern blots should be available before the vector is completed.
4. Considerations for complete gene ablation by replacement-type vectors:

a. If the gene contains multiple exons, disrupt one or more of the 5′-most exons.
b. Replacement of an exon with the positive selectable marker can be used to disrupt the gene.
c. Ensure that the exon or exons being disrupted are not cumulatively a multiple of 3 bp,

to ensure a frame-shift mutation.
d. Disrupt an exon known to code for an integral function of the protein product.

5. Online databases of existing Cre-expressing transgenic mouse lines
a. Jackson Laboratories: http://tbase.jax.org
b. The European Mutant Mouse Archive: http://www.emma.rm.cnr.it
c. Dr. A. Nagy: http://www.mshri.on.ca/nagy/Cre-pub.html

6. Inducible Targeting Systems

The most common inducible system is based on transcriptional regulation by a
mutant tetracycline repressor fused to a viral transactivator (34). This hybrid molecule
requires a tetracycline derivative for specific DNA binding and transcriptional activa-
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tion. Administration of the tetracycline derivative results in Cre expression mediated
from an upstream tetracycline operator, resulting in LoxP-mediated recombination of
the target locus. Other inducible systems that have been developed utilize ecdysone (35),
tamoxifen (36,37), heat shock (38), and insulin (39) inducible promoters. Nevertheless,
inducible systems have shortcomings, including low-level activity independent of the
inducer, incomplete recombination, and toxic effects of the inducer. A comprehensive
review of inducible systems and their application is provided in ref. 40.
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