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Abstract
The blood-brain barrier has been modeled in vitro in a number of species, including rat, cow and
human. Coculture of multiple cell types is required for the correct expression of tight junction
proteins by microvascular brain endothelial cells (MBEC). Markers of inflammation, especially
MHC-II, and cell adhesion molecules, such as VCAM-1, are not expressed on the luminal surface
of the barrier under resting conditions. The rhesus macaque model has been used to study early
events of HIV-neuropathogenesis in vivo, but a suitable in vitro model has not been available for
detailed mechanistic studies. Here we describe an in vitro rhesus macaque blood-brain barrier
(BBB) that utilizes autologous MBEC and astrocytes. We believe that this model is highly
relevant for examining immunological events at the blood-brain barrier and demonstrate its
potential usefulness for examining early events in AIDS neuropathogenesis.
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1 Introduction
Neurological disease is a common side effect of AIDS. The clinical syndrome, referred to as
AIDS dementia complex, is mirrored in the SIV-macaque model of AIDS, and is
characterized by perivascular accumulations of macrophages and the presence of virus
within the brain. In the absence of in vivo data for early HIV infection, the macaque model
has proved invaluable (Persidsky et al 1995; Wykrzykowska et al 1998; Zink et al 1998). In
vitro models have been developed using human endothelial cells derived from a variety of
tissues which allows modeling of early time points in the neuropathogenesis of AIDS
(Collins et al 2000; Persidsky & Gendelman 1997; Shaw & Greig 1999). Because these
models are used for the initial stages of disease, and the ability to obtain brain tissue soon
after HIV infection is severely limited, there can be no direct correlation between in vitro
and in vivo conditions.

Some of these in vitro models are as simple as a monolayer of endothelial cells cultured on
either glass coverslips or tissue culture plastic (Dorovini-Zis et al 1991; Omari & Dorovini-
Zis 2001; Strelow et al 1998). Others extend to cultures under flow conditions using
astrocytes cocultured with microvascular brain endothelial cells (MBEC) (Janigro et al
1998). While useful, many of these models use brain cells derived from different species
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(Janigro et al 1998) and thus their relevance is questionable, particularly with regard to
experiments examining cell-to-cell interactions and immune effects of the barrier. While
inbred rodents have been used to construct acceptable models of the BBB (Stanness et al
1999), none of these models use autologous MBEC and astrocytes from a species suitable
for the study of AIDS neuropathogenesis. Models have been constructed using human-
derived tissue, but few are optimal for modeling the BBB: some use cells from the same
individual (Hurwitz et al 1993), but most models do not use brain-derived cells to model the
BBB (Weiss et al 1998).

Thus, these in vitro models have been used to attempt to model the initial events of HIV
neuropathogenesis. Several groups have developed systems for analyzing chemotaxis of
peripheral blood mononuclear cells (PBMCs) using in vitro models of HIV infection
(Hofman et al 1999; Schmidtmayerova et al 1996; Weiss et al 1998). Proteins found in
brains of individuals with neuroAIDS, such as tat (Weiss et al 1999), CC-chemokines
(Persidsky et al 1999) and tumor necrosis factor-α (TNF-α)(Weiss et al 1998) have been
shown to induce the transmigration of PBMCs. However, the migration of these cells
appears to be complete within 2.5hrs, suggesting less than optimal barrier function of the
umbilical-cord-derived cells used in these models. In some model systems, this may be
related to the absence of attempts to ensure that the endothelial component of the model was
confluent before astrocytes were added to the culture (Hurwitz et al 1993). Persidsky et. al.
(1997) have shown that, with care, a model can be constructed whereby migration of
PBMCs can be qualitatively and quantitatively analyzed in a more realistic time frame (2
days versus 2 hours).

We have developed a rhesus macaque BBB in vitro using autologous MBEC and astrocytes.
We describe in detail the isolation and culture of each cell type, and its integration into the
in vitro model of the BBB. Data derived using this in vitro model can be directly correlated
with in vivo data during the acute stages of SIV infection. We believe this model will prove
invaluable for in vitro investigations of events in the neuropathogenesis of AIDS that occur
at the level of the BBB.

2 Materials and Methods
Unless otherwise stated, all culture media and reagents were obtained from Gibco BRL
(Grand Island, NY).

Cell culture
MBEC were isolated from normal rhesus macaques at necropsy (within 4 hours of death) as
previously described (MacLean et al 2001). MBEC media consisted of: M199, 10% FCS,
5% human serum, 15μg/ml endothelial cell growth supplement (ECGS, ICN Flow, Costa
Mesa, CA), 1x insulin-transferrin-selenium premix and antibiotics (1x penicillin-
streptomycin solution). After 7–10 days distinct colonies were visible and these were
passaged with the aid of cloning rings to 2% gelatin coated tissue culture flasks.

Autologous a strocytes were cultured by methods previously described by others (Guillemin
et al 1997; Yong 1992). Brains were prepared as for MBEC isolation, with meninges
removed before dissection. Small pieces of brain (normally frontal cortex) were incubated in
the presence of trypsin and DNAse for 30 minutes. Trypsin was then inhibited by the
addition of fetal calf serum. Cells were then passed through a 120μm nylon mesh, pelleted
at 1000 rpm and plated at 105/ml in M199, 5% FCS. On days 2 and 3, medium was replaced.
Vigorous washing of the flasks removed loosely adherent cells (identified as neurons by
MAP-2 staining). At first passage, EDTA washing and quick trypsinization (See MacLean et
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al 2001) removed astrocytes, leaving cells consistent with microglia (identified as such by
CD11b staining) attached to the flask. Astrocytes were subcultured at a ratio of 1:4.

Cells were grown to confluency and phenotyped immunocytochemically using antibodies to
identify MBEC (CD147, GLUT1 and von Willebrands factor related antigen), astrocytes
(GFAP), neurons (MAP2), and microglia (CD11b). Only astrocyte and MBEC cultures that
were in excess of 95% immunopositive for GLUT-1 and CD147 (MBEC) and GFAP
(astrocytes) were used for these experiments.

At passages 3 and 4, MBEC were seeded at a density of 106/ml onto 3μm PET filter inserts
(Falcon, Franklin Lakes, NJ, 24 well) precoated with 50μg/ml fibronectin (Sigma, St. Louis,
MO) in 2% gelatin solution. After 5 days in culture, monolayers were checked for
confluence by staining with hematoxylin and eosin by standard techniques (Wilkinson
1988). If monolayers were confluent, astrocytes were seeded onto the lower layer of the
filter at a density of 105/ml. This procedure required the removal of culture media from the
upper well of the assembly, and the inversion of the entire multiwell dish. Astrocytes were
allowed to adhere for two hours in a humidified atmosphere before reversion of the dish and
addition of MBEC media to the upper well, and astrocyte media to the lower well.

Immunocytochemical analysis of BBB modeled in vitro
After at least 5 days in culture, the filter assemblies were fixed in ice-cold acetone/methanol
(1:1 v/v) and processed for immunocytochemistry. Nonspecific binding of antibody was
diminished by blocking with PBS containing 1% BSA for 1 hour. Primary antibody (see
Table 1) was diluted in blocking buffer, incubated at room temperature for 2 hours in a
humidified atmosphere, then washed, and secondary antibody (conjugated with AlexaFluor
568 – Molecular Probes, Eugene, OR) was applied for 45 minutes. Controls consisted of
substitution of the primary antibody by an equivalent or greater concentration of an isotype
matched antibody or normal rabbit serum (for Glut-1). Filters were thoroughly washed and
mounted using MOWIOL 4–88 / Glycerol / DABCO (Calbiochem, La Jolla, CA/ Sigma/
Sigma). Images were captured for confocal microscopy using a Leica TCS confocal
microcsope (Leica Microsystems, Exton, PA) and analyzed with NIH Image (v. 1.62) and
Adobe Photoshop (v. 4), as described previously (MacLean et al 2001). For conventional
immunocytochemistry, biotinylated horse anti-mouse (or goat anti-rabbit for GLUT-1,
GFAP and vWf:related antigen) was used for the secondary antibody. Immunopositive cells
were identified with avidin-biotin complex and developed with diaminobenzidine. Filters
were counterstained with hematoxylin.

Transmission electron microscopy
For electron microscopy, filters were fixed in 3% glutaraldehyde for 30 minutes before
washing in phosphate buffer and fixed in osmium tetroxide. Transwell membranes were kept
intact throughout fixation, dehydration through graded series of ethanols to 90%. After 90%
ethanol, a series of increasing concentrations of 2-hydroxypropyl methacrylate (HPMA) was
used as a transitional solvent during drying to maintain the integrity of the plastic well and
membrane as described previously (Brinkley et al 1967). In brief, three 15 minute
incubations with 90% HPMA were followed by 95% and 97% HPMA incubations (each for
15 minutes). To transition to eponate, the assemblies were treated for 15 minutes each with
the following ratios of HPMA to eponate; 2:1, 1:1. 1:2 and finally pure eponate 12. The
transwell unit was filled and suspended in eponate 12 (Ted Pella Inc., Redding, CA) resin.
The transwell insert was embedded in a mold fashioned from a 3ml plastic disposable
transfer pipet that had an inch cut off the sealed top of the bulb. The mold was filled half
way with resin and the transwell insert placed inside and additional resin pipetted into the
cup portion of the insert. The membrane at the bottom of the cup is covered above and
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below with resin and free of any air bubbles. The mold was placed inside a 60°C oven for
24-hours to speed polymerization of the resin. The mold was removed and the block placed
in a vise. A jewelers saw was used to make two parallel cuts 4 mm above and below the
membrane. Having made these cuts one is left with a disc approximately 1cm in diameter
and 8–10mm thick with the membrane in its center, occupying its circumference. Multiple
cuts were made perpendicular to the membrane and the blocks were super glued onto
mounting cyclinders with the membrane oriented on edge. Sections were cut on a Sorvall
MT-2 ultramicrotome and stained with uranyl acetate and Sato’s lead stain (Sato et al 1967).
The sections were viewed on a Jeol 1010 electron microscope.

Activation of in vitro model
TNF-α (100U/ml) was added to the lower well of the BBB model and incubated overnight.
TNF-α was used because of its ability to induce expression of chemokines and adhesion
molecules relevant to the neuropathogenesis of AIDS. Filters were fixed with
paraformaldehyde, and surface expression of adhesion markers on endothelial cells assessed
as a marker of activation. E-selectin were chosen as it is recognized as a marker of early
activation of endothelial cells. VCAM-1 was used as it has been shown to be an important
modulator of SIV neuroinvasion (Sasseville et al 1994).

3 Results
Monolayers of microvascular brain endothelial cells (MBEC), when cultured on the opposite
side of a filter from autologous astrocytes, were found to be immunopositive for CD147 and
GLUT-1 (Figure 1). CD147 (Fig. 1A) and GLUT-1 (Fig. 1B) immunostaining was diffusely
present over the surface of the monolayers. Endothelial monolayers grown on top of 3μm
PET filters were negative for glial fibrilliary acidic protein (GFAP) (Fig. 1C).

Astrocytes cultured on the basal surface of PET filters were immunopositive for GFAP (Fig.
2A purple). MBEC cultured on the apical surface were immunopositive for GLUT-1 (Fig.
2A blue). Focal GFAP staining was noted on the apical surface of the filters (below the
endothelial monolayer) and was thought to represent astrocyte foot processes extending
from the basal surface. This was confirmed by electron microscopy (Fig. 2B). In areas where
the two cell types met, electron dense areas consistent with tight junctions were present (Fig
2C and arrows in Fig 2B). Processes extending through the pores of the filters to make
contact with the endothelial cells on the upper surface of the filter were confirmed to be
GFAP-immunopositive astrocytes by dual color confocal microscopy (Fig. 2D). By confocal
microscopy astrocyte foot processes were commonly observed to extend across the apical
surface of the filter. As MBEC are cultured on this surface before astrocytes are added, this
further illustrates the close association between MBEC and astrocytes that occur in this
model. Neither confocal microscopy nor transmission electron microscopy demonstrated
astrocyte processes extending between endothelial cells.

Similar to our prior observation with monolayer cultures of MBEC on gelatin coated
coverslips MBEC cultured on the apical surface of 3μm PET filters, with astrocytes on the
lower surface, were found to be immunonegative for many markers of inflammation,
including VCAM-1 (Fig. 3A) and E-selectin (Fig. 3B).

We have previously shown that MBEC in culture are activated by addition of TNF-α to the
culture medium bathing the cells. MBEC have never been reported to be activated by
addition of stimulant only to the basolateral medium. We believe that this method of
stimulation would be more physiological than activation from the apical surface. Addition of
100 Units/ml TNF-α for 24 hours to the lower well of the BBB model led to an increase in
the levels of VCAM-1 and E-selectin (Figs. 3C, D, respectively).
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4. Discusssion
Leukocyte-endothelial interactions are thought to be critical at multiple stages in the AIDS
neuropathogenesis including neuroinvasion and development of HIV encephalitis. While in
vitro models of the human BBB have been developed to examine these issues they have
often used umbilical cord-derived cells rather than MBEC. The data obtained from these
studies have been used to extrapolate to early events in HIV neuropathogenesis that cannot
be studied in vivo. This study was undertaken because there has not been a suitable model
for performing BBB experiments in vitro with rhesus macaque tissue. This is important
because the rhesus macaque is the primary model for studying early events in AIDS
neuropathogenesis.

Although coculturing non-brain, non-microvascular endothelial cells with astrocytes has
been described as being capable of inducing certain markers of MBEC on the surface of
nonbrain endothelium, e.g. GLUT-1, a glucose transporter specific to endothelial cells
derived from brain) (Hurwitz et al 1993), other markers, such as CD147 (an activator of
matrix metalloproteinases (MMPs) that, when present on endothelial cells, is only present on
MBEC), have not been induced. These MMPs are thought to be vital in the breakdown of
the BBB (Ghorpade et al 2001; Pagenstecher et al 1998) a well characterized terminal
finding in neuroAIDS in humans (Blumberg et al 1994; Boven et al 2000) and rhesus
macaques (Luabeya et al 2000).

The neuropathogenesis of AIDS has been shown to involve altered cytokine expression in
the CNS of HIV-infected human and SIV-infected macaques (Orandle et al 2001; Tyor et al
1992; Wesselingh et al 1993). Among the cytokine changes, increased TNF-α may be
particularly important due to its ability to activate endothelial cells and mononuclear cells.
In addition, TNF-α has been shown to induce the production of the monocyte chemokine
MIP-α (Schmidtmayerova et al 1996). Together, these data suggest that TNF-α plays a role
in the increased leukocyte recruitment to the CNS. Therefore, it was important to determine
if this cytokine could activate our in vitro model of the BBB. Preincubation of the BBB
model with 100 U/ml TNF-α for 24 hours led to an activation phenotype of the endothelial
cells. Thus, there now exists, a model to investigate very early events in the
neuropathogensis of AIDS in vitro and in vivo in the same species.

The rhesus macaque has been used as the premier model of HIV-1 infection over the past
decade. This novel in vitro model of macaque BBB will facilitate studies hitherto impossible
to perform in this species. In addition to AIDS research, this new model of the macaque
BBB will also be valuable for examining experimental allergic encephalitis (EAE) (Kerlero
de Rosbo et al 2000), and may be adapted for research into Lyme disease (Roberts et al
1998), cerebral malaria (Davison et al 1998) and possibly West Nile virus associated
encephalitis (Pogodina et al 1983).
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Figure 1.
Microvasculular brain endothelial cells (MBEC) cultured to confluency on 3μm PET filters
were uniformly immunopositive for CD147 (A) and GLUT-1 (B). MBEC were negative for
GFAP (an astrocyte-specific intermediate filament protein) (C). (Original magnigifications,
x400 (Figs. A, B & C). The cells were stained while adhered to the PET filters.
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Figure 2.
Cross section (x-z) view of the filters confirmed that microvascular brain endothelial cells
(MBEC) were present on the upper surface of the filters (A, blue) and astrocytes
predominately on the lower surface (A, purple). Focal GFAP staining was present on the
apical surface of the filters, but below the endothelial monolayer (original magnification
x200). Astrocyte processes were never observed to cross the endothelial monolayer. By low
power transmission electron microscopy (x 8,500), astrocyte processes were observed to
cross the filter within the pores (B). Electron dense areas, consistent with tight junction
complexes between MBECs were noted (B, arrowheads, C). The morphology of the
junctional complex are seen more clearly at higher magnification (x80,000) (C). Many of the
astrocyte processes (GFAP immunopositive, purple) that crossed the filter were observed to
be highly branched by confocal microscopy (D). Original magnification × 200).
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Figure 3.
Under normal, resting, conditions, the microvascular brain endothelial cells (MBEC) had
minimal expression of the inflammatory markers VCAM-1 (A) or E-selectin (B). When the
lower well (astrocyte compartment) was exposed to 100 Units/ml TNF-α for 24hrs the
levels of both of these markers was increased on the apical surface of MBECs (C, VCAM-1;
D, E-selectin). (Original magnification x20).
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Table 1

Antibodies used for immunofluorescence.

Antigen / Specificity Clone Source Concentration

VCAM-1 / CD106 1G11 Immunotech 4μg/ml

E-Selectin / CD62e 1.2B6 Immunotech 4μg/ml

Glut-1 / Glucose transporter-1 polyclonal Chemicon 0.45μg/ml

HT-7 / CD147 HT-7 Sigma 1μg/ml

CD11b-FITC Bear1 Immunotech As supplied

GFAP-cy3 G-A-5 Sigma 1:2000

Von Willebrand factor:related antigen polyclonal Dako 12μg/ml

MAP-2 HM-2 Sigma 1:500

Antibodies used in this study, and their antigens. All antibodies were diluted in PBS containing 0.5 % bovine serum albumin, the optimal
concentration having been predetermined.
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