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Abstract

In the central nervous system the blood—brain and blood—retinal barriers (BBB and BRB respectively) are instrumental in maintaining
homeostasis of the neural parenchyma and controlling leucocyte traffic. These cellular barriers are formed primarily by the vascular
endothelium of the brain and retina although in the latter the pigmented epithelial cells also form part of the barrier. From primary
cultures of rat brain endothelium, retinal endothelium and retinal pigment epithelium (RPE) we have generated temperature sensitive
SV40 large T immortalised cell lines. Clones of brain (GP8.3) and retinal (JG2.1) endothelia and RPE (LD7.4) have been derived from
parent lines that express the large T antigen at the permissive temperature. The endothelial cell (EC) lines expressed P-glycoprotein,
GLUT-1, the transferrin receptor, von Willebrand factor and the RECA-1 antigen and exhibited high affinity uptake of acetylated LDL
and stained positive with the lectin Griffonia simplicifolia. The RPE cell line was positive for cytokeratins and for the rat RPE antigen
RET-PE2. All the cell lines expressed major histocompatibility complex (MHC) class 1 and intercellular adhesion molecule (ICAM)-1
constitutively and could be induced to express MHC class II and vascular cell adhesion molecule (VCAM)-1 following cytokine
activation. The EC also expressed platelet endothelial cell adhesion molecule (PECAM)-1. Monolayers of these cells could support the
migration of antigen-specific T cell lines. The generation of immortalised cell lines derived from the rat BBB and BRB should prove to be
useful tools for the study of these specialised cellular barriers.
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1. Introduction BRB is comprised of two distinct cell types that are
separated anatomically. The retinal vascular endothelia,
that feed the anterior portion of the retina, are thought to

be identical to those of the brain (Greenwood, 1992a;

The blood—brain (BBB) and blood-retinal (BRB) barri-
ers form a selective cellular interface between the blood

and the central nervous system (CNS). These barriers are
important in controlling the passage of molecules and cells
to and from the neural parenchyma and thus in maintaining
homeostasis. In the brain, the endothelial cells of the
cerebral vasculature that constitute the BBB, form tight
intercellular junctions which, in conjunction with minimal
pinocytosis and a lack of pores, leads to impermeable
vessels with very high electrical resistance’s (Crone and
Olesen, 1982; Butt and Jones, 1992). In the retina, the
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Towler et al., 1994). The retinal pigment epithelium (RPE),
however, overly the permeable vessels of the choroidal
circulation and form the posterior barrier by virtue of their
tight apical junctions and in this respect are similar to the
tight epithelial cells of the choroid plexus. Together these
two cell types constitute the BRB.

It is clear that the specialised properties of CNS en-
dothelia is not restricted to the expression of tight junc-
tions and the formation of a physical barrier. Other proper-
ties of the endothelia also contribute to the specialised
nature of the barrier, in particular the unique distribution
and expression of many surface molecules that are absent
on endothelia from other organs. This can be exemplified
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by the expression of molecules such as the high affinity
glucose transporter (GLUT-1), the transferrin receptor and
the product of the multidrug resistance gene, P-glyco-
protein (Pgp) as well as the absence of other antigens
which are expressed on non-CNS endothelia such as 0X-43
(in the rat) and PAL-E (in humans).

Endothelia from the brain and retina also differ from
peripheral endothelia in their ability to capture circulating
leucocytes, being considerably less adhesive than non-CNS
vascular beds (Hughes et al., 1988; Male et al., 1990;
Wang et al.,, 1993). During immune-mediated diseases of
the CNS, however, the vascular endothelia play a critical
role in recruiting leucocytes from the circulation (Male et
al., 1990, 1994; Greenwood and Calder, 1993; Greenwood
et al., 1995; Calder and Greenwood, 1995; Devine et al.,
1996a) and in influencing lymphocyte function (McCarron
et al., 1985; Risau et al., 1990; Wang et al., 1995; Bour-
doulous et al., 1995).

Both the normal and pathological functions of cells of
the BBB and BRB have been the subject of a substantial
amount of research. Until recently, most investigations
were restricted to in vivo studies but, with the experimen-
tal flexibility offered by in vitro methods, techniques have
been developed to isolate and culture CNS-derived en-
dothelial cells (for reviews see Greenwood, 1991; Joé,
1996). These techniques, however, have proved to be both
difficult and time consuming as CNS-derived endothelia
and RPE are phenotypically unstable in long-term culture,
remain impure and have low plating efficiency. As a result
of this phenotypic instability, most investigations are con-
fined to the use of primary cultures. Techniques are now
available, however, to immortalise cells and the develop-
ment of such cells from the BBB and BRB will be of
considerable use in investigating the properties of these
specialised cellular barriers. However, this approach will
be of value only if the immortalised cells retain the
characteristics of primary cultures over many passages or,
if panels of different cell lines can be generated which
together encompass the characteristics of primary cultures.

In a series of recent reports an immortalised rat brain
endothelial cell line (RBE4) has been described that has
proved to be a valuable resource for studying some of the
properties of cerebral endothelia (Roux et al., 1994; Bour-
doulous et al., 1995; Abbott et al., 1995). These cerebral
endothelia, which were immortalised by transfection with
pElA-neo which encodes the adenovirus 2 E1A gene,
retain many of their in vivo characteristics and are proving
to be useful in a number of investigations. Similarly, there
has also been a recent report of an SV40 large T immor-
talised RPE cell line (RPE-J) which retain many of the
characteristics of RPE primary cultures (Nabi et al., 1993).
However, since the techniques used to immortalise cells
are based on random chromosomal integration and copy
number. of the immortalising gene, the resulting lines are
likely to differentially reflect the characteristics of en-
dothelial or RPE primary cultures. It is therefore important

that further cell lines are produced so that those retaining
particular characteristics can be identified.

Here we describe the development and characterisation
of immortalised cells derived from primary cultures of
both rat blood-brain and blood-retinal barriers using a
temperature sensitive form of the SV40 large T antigen
which has previously been used to immortalise rodent cells
(Jat et al., 1986). The production of stable cell lines that
retain many of the characteristics of primary cultures will
be of great use to those investigating the properties of the
blood-tissue barriers of the CNS including their important
role in the pathogenesis of immune-mediated CNS disease.

2. Materials and methods
2.1. Materials

Rat recombinant IFN-y was obtained from Holland
biotechnology BV (Leiden) and mouse TNFa was ob-
tained from Genzyme (Kent). Mouse anti-rat intercellular
adhesion molecule-1 (ICAM-1; 1A29) and mouse anti-rat
platelet endothelial cell adhesion molecule-1 (PECAM-1;
3A12) monoclonal antibodies (mAbs) were obtained from
Serotec (Oxford). The anti-rat vascular cell adhesion
molecule-1 (VCAM-1; 5F10) was a generous gift from Dr.
R. Lobb (Biogen, MA, USA). The anti-rat MHC class II
I-A (0X-6) and MHC class II I-E (OX-17) mAbs were
produced by culturing hybridoma cell lines which were a
generous gift of Dr. M. Puklavec (MRC, Oxford). The
anti-rat MHC class I mAb (OX-18), anti-rat transferrin
receptor (OX-26), anti-rat endothelial mAb RECA-1
(Duijvestijn et al., 1992), anti-rat endothelial (non-CNS)
mAb (0X-43), anti-rat CD44 (OX-50) and the FITC-
RAMIG, which was affinity purified and non-cross reac-
tive with rat, were all obtained from Serotec. Anti-P-glyco-
protein (JSB-1) was obtained from Sera-Lab (Sussex).
Anti-rat-GLUT-1 mAb was obtained from Dunn Laborato-
ries (Asbach, Germany). The FITC-labelled lectin Griffo-
nia simplicifolia (Bandeiraea simplicifolia) was purchased
from Sigma (Dorset). RET-PE2 mAb was a generous gift
from Professor C. Barnstaple (Yale, USA). The cross
reacting anti-human cytokeratin mAb (K8.13) was ob-
tained from ICN Biomedicals, UK and rabbit anti-human
von-Willibrand factor polyclonal Ab was obtained from
Dako (Oxford). All other antibodies used were from a
panel of mAb that stained rat brain endothelia in tissue
sections and were obtained from tissue culture super-
natants from hybridoma cell lines supplied by Dr. W.
Hickey (Dartmouth Medical School, NH, USA). Acety-
lated low-density lipoprotein labelled with a fluorescent
probe (Dil-Ac-LDL) was obtained from Biogenesis
(Bournmouth). The SVU 19.5 SV40tsa58 producer cell
line and the mouse anti-large T-antigen mAb were gener-
ous gifts from Dr. P. Jat (Ludwig Institute, London). All
other reagents were purchased from Sigma.
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2.2. Animals

Endothelial cells were derived from specific pathogen
free (SPF) 4—6 week old female Lewis rats (Charles River,
Kent). Retinal pigment epithelium (RPE) were isolated and
grown from 6~8 day old SPF PVG (RTI°) rats bred
in-house.

2.3. Rat brain and retinal endothelium

Endothelia from brain and retina were isolated and
cultured as previously described (Greenwood, 1992b; Ab-
bott et al., 1992). These techniques routinely produce
primary cultures of > 95% purity. Briefly, rat retina or
chopped cerebral cortex was dispersed by enzymatic diges-
tion and microvessel fragments separated from other mate-
rial and single cells by density dependent centrifugation on
25% bovine serum albumin and 50% Percoll gradients.
The microvessel fragments were washed and plated on to
collagen (type 1) coated plastic tissue culture flasks.
Growth media consisted of Ham’s F-10 medium supple-
mented with 17.5% plasma derived serum (First Link Ltd.,
West Midlands, UK), 7.5 ug/ml endothelial cell growth
supplement (First Link Ltd.), 80 pg/ml heparin, 2 mM
glutamine, 0.5 pg/ml vitamin C, 100 U/ml penicillin and
100 wg/ml streptomycin. The cultures were maintained at
37°C in 5% CO, and media replaced every 3 days until the
formation of monolayers. Primary cultures of endothelial
cells from both brain and retina were positive for the
expression of von Willebrand factor and the uptake of
acetylated-LDL.

2.4. Rat retinal pigment epithelium

RPE were isolated from 68 day old PVG rats accord-
ing to the method of Chang et al. (1991). Briefly, eyes
were enucleated and the intact globes digested with 2%
dispase for 30 min. The eyes were then dissected to
remove the cornea, lens and vitreous, and the retina care-
fully isolated and incubated for a further 15 min in Ham’s
F-10 supplemented with 20% foetal calf serum, 20 mM
HEPES, 7.5% sodium bicarbonate, 2 mM glutamine, 100
U /ml penicillin and 100 ug/ml streptomycin. After incu-
bation, sheets of RPE cells were separated from the neu-
roretina and trypsinised to obtain a single cell suspension.
The cells were plated and grown in 25 cm? tissue culture
flasks to semi-confluence. Primary cultures were pig-
mented and positive for cytokeratin and the rat RPE-
specific epitope RET-PE2 (Neill and Barnstable, 1990;
Devine et al., 1996a).

2.5. Rat aortic endothelium
Aortic endothelium was isolated by the method de-

scribed by McGuire and Orkin (1987). Rat aorta was
removed by dissection, cut into small pieces (2-5 mm) and

placed luminal side down onto collagen-coated 24 well
plates and cultured in RPMI supplemented with 20% foetal
calf serum, 7.5 ug/ml endothelial cell growth supplement
(First Link Ltd.), 80 wg/ml heparin, 2 mM glutamine, 0.5
wg/ml vitamin C, 100 U/ml penicillin and 100 pg/ml
streptomycin. After 3 days the explants were removed and
outgrowing cells were expanded and passaged by trypsini-
sation. At confluence the cells had the ‘cobblestone’ mor-
phology characteristic of large vessel endothelium, ex-
pressed von Willebrand factor and grew in medium con-
taining D-valine (a capacity lacking in fibroblasts and
smooth muscle cells). Cells were used after passage 3
which is the earliest stage at which sufficient cells were
available for experimentation.

2.6. S-Ag specific CD4* T cell lines

Lewis rat T-cell lines specific for purified bovine retinal
soluble -antigen (S-Ag) were prepared as previously de-
scribed (Sedgwick et al., 1989). Briefly, lymph nodes were
collected from bovine S-Ag immunised rats and the lym-
phocytes propagated by periodically alternating antigen
activation with IL-2 stimulation. The cell lines express the
marker of the CD4™ T cell subset, are CD45Rc™®" and
recognise S-Ag in the molecular context of MHC class IT
determinants (Zhao et al., 1994). These cells have previ-
ously been shown to be highly migratory across monolay-
ers of primary culture brain and retinal endothelia
(Greenwood and Calder, 1993; Greenwood et al., 1995)
and RPE monolayers (Devine et al., 1996a,b).

2.7. SV40 large T immortalisation of brain and retinal
endothelium and retinal pigment epithelium

A replication deficient SV40 retrovirus was produced
from the producer cell line SVU19.5 (a generous gift from
Dr. P.S. Jat, Ludwig Institute, London, UK) in which a
packaging defective mouse moloney leukaemia provirus
was present. The retroviral vector encodes a temperature
sensitive (tsa58), non-SV40-origin binding mutant of the
large T-antigen and a selectable neomycin resistance gene
(aminoglycoside phosphotransferase I). The supernatant
was passed through a 0.45 um filter to remove unwanted
producer cells and added to primary cultures of endothelial
or RPE cells previously plated 2-3 days prior to the
transfection. 200 w1 of virus in 2 ml of media containing 8
wg/ml polybrene (Aldrich, Dorset) was added and incu-
bated with cells for either 2 h (for RPE) or 4 h (for
endothelia) at 37°C with gentle agitation. Incubation media
was removed and 5 ml of fresh medium added and cul-
tured for 48 h. Cells were then plated into selective media
containing 200 wg/ml G418 (geneticin, Gibco) and im-
mortalised parent lines were obtained by selection of resis-
tant colonies. Clones were acquired from parent lines by
trypsinisation and plating into 96 well plates at a theoreti-
cal concentration of 0.33 cell per well. Several clones were
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expanded and on morphological criteria a single clone
from each parent line was expanded for investigation.

2.8. Detection of endothelial and epithelial cell antigens by
ELISA, immunocytochemistry and flow cytometry

2.8.1. ELISA

Rat brain and rat retinal endothelial cells (primary
cultures and immortalised cells) and RPE were seeded at
confluent density onto 96 well plates and cultured for 3
days before use in experiments. Untreated cells or cells
treated with cytokines were washed four times in ice-cold
Hanks buffered salt solution (HBSS) and fixed with 0.1%
glutaraldehyde in phosphate buffered saline A (PBSA) for
10 min at room temperature. Aldehydes were subsequently
quenched with 50 mM Tris—HCI, pH 7.5 for 20 min at
room temperature. Primary antibodies against aldehyde-re-
sistant antigens were diluted in 100 ul HBSS containing
100 wg/ml normal rabbit IgG and 4 mg/ml bovine serum
albumin and incubated with cells for 45 min at 37°C. Cells
were washed 4 times with PBSA containing 0.2% Tween-
20 and incubated with biotinylated-anti-mouse-IgG (1:700;
Amersham) for 45 min at 37°C. Cells were again washed 4
times with PBSA containing 0.2% Tween-20 and incu-
bated with streptavidin-horseradish peroxidase (1:700;
Amersham) for 45 min at 37°C. Cells were washed 4 times
in PBSA containing 0.2% Tween-20 and incubated with
100 !l tetramethylbenzidine (0.1 mg/ml) and 0.03% H,0,
in citrate-acetate buffer (pH 5) for 10 min. Reactions were
stopped by the addition of 50 pl 1 M sulfuric acid and
product quantitated by optical density at 450 nm. No
endogenous activity was observed in any of the cell lines
tested. Control reactions in which primary antibody was
omitted were performed on all cell lines and found to be
negligible.

2.8.2. Immunocytochemistry

Immunocytochemical studies were performed on pri-
mary cultures and immortalised cells which were seeded
onto plastic Nunc LabTek chamber slides (Gibco, Paisley)
and grown to confluence. Surface antigen detection
(ICAM-1, VCAM-1, PECAM-1, GLUT-1, transferrin re-
ceptor) was achieved by washing the cells in HBSS and
subsequently blocking with HBSS containing 100 pg/ml
normal rabbit IgG and 4 mg/ml bovine serum albumin.
Both omission of the primary antibody and substitution
with an isotype-matched mAb served as controls except
for the anti-von Willebrand factor polyclonal Ab which
was substituted with rabbit serum. Primary antibodies were
then added to unfixed cells and incubated for 1 h over ice,
washed, and a second anti-species-specific biotinylated or
directly conjugated to FITC antibody added for 30 min.
With the biotinylated mAb the cells were then washed and
the third layer, which consisted of FITC-labelled strep-
tavadin, was incubated with the cells for 15 min. Cells
were then washed, fixed, mounted and viewed on a Zeiss

Axiophot (Carl Zeiss, Herts). Internal epitopes were de-
tected by permeabilising the cells with either acetone (PgP,
SV40 antigen) or methanol (von Willebrand factor) at
—20°C for 5 min, washed with PBS and treated with
antibodies as described above.

2.8.3. Uptake of acetylated LDL

Primary cultures of brain and retinal endothelial cells
and immortalised lines were treated with Dil-acetylated
LDL (10 wg/ml) for 4 h at 37°C. The cell monolayers
were then washed thoroughly and the cells fixed with 3%
formaldehyde and mounted and viewed under standard
rhodamine excitation /emission filters on a Zeiss Axiophot
microscope.

2.8.4. Flow cytometry

Flow cytometry of brain or retinal endothelial cell or
RPE cultures was performed on a FACScan (Becton-Dick-
inson FACScan, Oxford). After washing, cell monolayers
were dissociated in HBSS containing 1 mg/ml collage-
nase/dispase and 0.2% EDTA and cells resuspended in
phosphate buffered saline. S X 10* cells per vial were
incubated for 1 h on ice with primary antibodies against
surface expressed epitopes followed by a further 1 h
incubation with FITC conjugated rabbit anti-mouse IgG
F(ab')2 antibody (FITC-RAMIG) in the presence of 20%
normal rat serum. After washing twice, cells were resus-
pended in phosphate buffered saline and analysed. Un-
stained cells were used to set the parameters, and cells
stained with FITC-RAMIG alone were used to set back-
ground control. Negative controls were carried out using
isotype matched irrelevant antibodies in place of the pri-
mary antibody.

In addition, dissociated endothelial cells were incubated
for 30 min with the FITC-labelled lectin Griffonia simpli-
cifolia at a final concentration of 20 ug/ml in PBS
supplemented with 0.1 g/1 of CaCl, (pH 7.4) and 10%
FCS. The cells were then washed and resuspended in 20%
FCS-BSA for flow cytometric analysis. Control cells re-
ceived no lectin.

2.9. T-lymphocyte transmonolayer migration

The ability of the immortalised cells to support the
transendothelial migration of antigen specific T cells was
determined as previously described (Greenwood and
Calder, 1993). Briefly, T-cells were added (2 X 10°
cells /well) to 24 well plates containing monolayers of
primary and immortalised cell cultures of cerebral EC,
retinal EC and RPE. T-cells were allowed to settle and
migrate over a 4 h period. To evaluate the level of
migration cocultures were placed on the stage of a phase-
contrast inverted microscope housed in a temperature con-
trolled (37°C), 5% CO, gassed chamber (Zeiss). A 200 X
200 pm field was randomly chosen and recorded for 10
min spanning the 4 h time point using a video camera
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linked to a time-lapse video recorder. Recordings were
replayed at 160 X normal speed and cells were identified
and counted that were on the surface of the monolayer and
that had migrated through the monolayer. T-cells on the
surface of the monolayer were identified by their highly
refractive appearance (phase-bright) and rounded or par-
tially spread appearance. In contrast, cells that had mi-
grated through the monolayer were phase-dark, highly
attenuated and were seen to probe under the endothelial
cells in a distinctive manner (Greenwood and Calder,
1993; Greenwood et al., 1995; Devine et al., 1996a,b). The
data was expressed as the percentage of total lymphocytes
within a field that had migrated through the monolayer. A
minimum of six wells per assay was performed.

3. Results

3.1. SV40 large T transfection of rat cerebral and retinal
endothelia and RPE

Transfected cells selected by sustained growth in G418
produced parent lines of brain and retinal endothelia which
were designated the codes GP8 and JG2, respectively.
From these parent lines a number of clones were produced.
Using morphological criteria one clone from each parent
line was selected for expansion and investigation. The
cerebral endothelial clone was designated as GP8.3 and the
retinal endothelial clone as JG2.1. The parent cell line of
the transfected RPE cells was designated LD7 and the
selected clone as LD7.4. Each clone expressed the large T
antigen at the permissive temperature (Fig. 1) and was
cultured for up to passage 35 without observed differences.
In order to establish that SV40 large T-antigen immor-
talised cells were incapable of producing infective SV40
virus, due to contamination of cells with helper viruses,
culture supernatants from GPS8.3, JG2.1 and LD7.4 were
transferred to subconfluent cultures of wild type mouse
Swiss 3T3 fibroblasts for 4 h. Endothelial and RPE condi-
tioned medium was then removed and fibroblasts cultured
for 48 h in DMEM supplemented with 10% foetal calf
serum. Swiss 3T3 fibroblasts were then seeded into selec-
tive media containing 800 wg/ml G418. No G418 resis-
tant colonies were isolated demonstrating the absence of
infective SV40 virus in endothelial and RPE conditioned
media. It was independently established that wild type
Swiss 3T3 fibroblasts were sensitive to G418 above a
concentration of 800 wg/ml but that cells transfected with
pSV2neo were insensitive to G418 at 800 ug/ml.

3.2. Endothelial and RPE cell morphology

Primary cultures of brain and retinal endothelia exhib-
ited spindle shaped morphology characteristic of these
cells (Fig. 2). The morphology of the SV40 large T

transfected parent lines and clones differed from the pri-
mary cultures in that the brain endothelia (GP8.3) were
marginally more cobblestone in appearance. The retinal
endothelia (JG2.1) retained their spindle-shaped appear-
ance but were slightly more rounded than primary cultures
(Fig. 2). The morphology of the transformed RPE cells
(LD7.4) were similar to primary cultures but were more
regular in shape with less spreading (Fig. 2). Unlike
primary cultures, the immortalised cells were not pig-
mented.

Fig. 1. Immunocytochemical localisation of SV40 large T-antigen in
G418 resistant cell clones. (A) SV40 large T immortalised brain endothe-
lial cell clone GP8.3, (B) SV40 large T immortalised rat retinal endothe-
lial cell clone JG2.1, and (C) SV40 large T immortalised RPE cell clone
LD7.4. Cells were fixed in 3% paraformaldehyde, permeabilised and
stained with mouse anti-large T-antigen IgG followed by anti-mouse-
FITC. No staining was observed when the primary Ab was omitted or
when substituted with an irrelevant isotype-matched control. Bar = 50

pm.
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3.3. Expression of endothelial, CNS-endothelial and RPE
markers

Primary cultures of brain and retinal endothelium, T-an-
tigen expressing parent lines and derived clones showed
constitutive expression of the CNS-endothelial specific
markers P-glycoprotein, GLUT-1 and the transferrin recep-
tor which was not expressed on aortic endothelium (Table
1). In contrast, the phenotype-discriminating OX-43 mAb
which is normally only found on peripheral endothelia was
expressed on aortic endothelia but not by either primary
cultures or immortalised CNS-derived endothelial cells
(Table 1). In addition, primary cultures and immortalised
cultures of both rat brain and retinal endothelia were

positive for von Willebrand factor (Table 1; Fig. 3) and the
rat endothelial-specific antigen RECA-1 (Table 1; Fig. 4).
Similarly the lectin Griffonia simplicifolia, which binds to
endothelia (Roux et al., 1994), bound to both primary and
immortalised endothelial cells (Fig. 4).

Both primary cultures of RPE and the immortalised
RPE clone ‘'LD7.4 were positive for the RPE specific
antigen RET-PE2 although the level of expression in the
primary cultured cells was an order of magnitude higher
(Fig. 5). Furthermore, the expression of cytokeratins, which
are commonly used to identify RPE cells, were found to be
present to the same degree in both primary and immor-
talised cells as assessed by flow cytometric analysis (Fig.
5).

Fig. 2. Morphology of primary cultures and G418 resistant clones of rat CNS endothelial and RPE cells. (A) Primary culture of rat brain endothelial cells.
(B) SV40 large T immortalised rat brain endothelial cell clone GP8.3. (C) Primary culture of rat retinal endothelial cells. (D) SV40 large T immortalised
rat retinal endothelial cell clone JG2.1. (E) Primary culture of rat RPE cells. (F) SV40 large T immortalised RPE cell clone LD7.4. Bar = 200 um.
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3.4. Endothelial cell uptake of acetylated LDL

Primary cultures of both brain and retinal endothelia,
and the immortalised cell clones GP8.3 and JG2.1 exhib-
ited uptake of acetylated LDL (Fig. 3).

3.5. Expression of endothelial antigens on primary cul-
tures and immortalised lines

Primary cultures of both brain and retinal endothelia,
and immortalised cells derived from these cultures were
screened against a panel of brain-endothelial positive anti-
bodies originally raised against microglial cells (Flaris et
al., 1993) and subsequently found to bind to brain endothe-
lial cells (Male et al., 1995). All antigens were strongly
expressed by primary cultures of rat brain endothelia, with
some reduction in antigen expression after immortalization
with the antibodies 2H4 and 1A8B (Table 2). There was
also reduced expression of 4C6C on the GP8 parent line
and 3B7 on the GP8.3 clone. With the immortalized retinal
endothelial cells there was a reduced expression of 3B7
and 4C6C compared to primary cultured cells. The anti-
gens 1C1 and 1D2 were strongly expressed on primary
cultures of brain and retinal endothelia but were not de-

tected on the immortalized parent lines and clones (Table
2). Of particular interest was the lack of expression of the
1A8B antigen on both primary cultures and immortalized
cells of retinal endothelia.

3.6. Expression of major histocompatibility antigens

All endothelial and RPE cultures showed some constitu-
tive expression of MHC class 1 (OX-18) (Table 1; Figs. 4
and 6) which was upregulated by treatment with 100
U/ml rat recombinant IFN-y for 24 h (Fig. 6; Table 1).
Primary cultures of brain and retinal EC as well as all
T-antigen expressing parent lines and clones showed negli-
gible constitutive expression of MHC class II (Table 1;
Fig. 4). However, cultures of endothelia treated for 48 h
with 200 U /ml rat recombinant IFN-vy, but not 200 U /ml
TNFea, showed strong induction of MHC class II 1-A
(OX-6) (Table 1). Both primary and immortalised RPE
cells also expressed negligible MHC class II I-A or MHC
class II I-E but following IFN-vy activation (100 U /ml) of
the LD7.4 clone I-A was increased significantly after 1 day
(p < 0.05) and I-E after 2 days ( p < 0.05), both increas-
ing in their level of expression to day 5 (P < 0.001 and
0.005, respectively) (Figs. 6 and 7). This level of response
was comparable with primary RPE cells (data not shown).

il

Fig. 3. Fluorescent light micrographs of (A) rat brain endothelial cell clone GP8.3 expression of ICAM-1 stained with anti-ICAM-1 mAb 1A29. Bar = 50
pm. (B) Rat brain endothelial cell clone GP8.3 expression of PECAM-1 stained with anti-PECAM-1 mAb 3A12. Bar = 50 um. (C) Rat retinal endothelial
cell clone JG2.1 uptake of Dil-labelled acetylated LDL. Bar = 50 um. (D) Rat retinal endothelial cell clone JG2.1 expression of von Willebrand factor
stained with cross-reactive anti-human von Willebrand factor polyclonal Ab. Bar = 20 pwm. No staining was observed when the primary Ab was omitted or

when substituted with an irrelevant isotype-matched control.
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Fig. 4. Flow cytometric analysis of untreated SV40 large T immortalised
rat brain endothelial cell clone GP8.3. Cells were stained with (A)
Griffonia simplicifolia lectin, (B) ICAM-1, (C) rat endothelial cell spe-
cific marker RECA-1, (D) OX-18 (MHC class ), (E)} OX-6 (MHC class
11 1-A), and (F) OX-17 (MHC class II I-E). FITC-RAMIG controls are
shown in each case as open histograms. No positive staining was
observed with isotype-matched irrelevant antibody controls.
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Fig. 5. Flow cytometric analysis of cytokeratins and the RET-PE2 antigen
on primary cultures of RPE and SV40 large T immortalised RPE cell
clone LD7.4. Cytokeratin staining on (A) primary culture RPE cells and
(C) LD7.4 RPE cell line. RET-PE2 expression on (B) primary culture
RPE cells and (D) LD7.4 RPE cell line. FITC-RAMIG controls are
shown in each case as open histograms. No positive staining was
observed with isotype-matched irrelevant antibody controls,

3.7. Expression of immunoglobulin family adhesion
molecules

Endothelial and RPE cell cultures constitutively ex-
pressed ICAM-1 (assessed using 1A29 mAb and 3H8
antisera) which could be further augmented by treatment
with 100 U/ml IFN-y or 100 U/mi TNF«a for 24 h
(Table 1; Figs. 3, 4 and 6). Primary cultures of endothelial
cells, RPE cells and all T-antigen expressing cells showed
no basal expression of VCAM-1 (5F10). VCAM-1 was

Expression of surface antigens on primary and SV40 large T immortalised cell lines of brain (parent line GP8, clone GP8.3) and retinal (parent line JG2,

clone JG2.1) endothelia

Antigen Primary retinal EC JG2 parent JG2.1 clone Primary brain EC GP8 parent GP8.3 clone Aortic EC
3B7 ++ + + ++ ++ + ++
D11 ++ ++ + + ++ ++ ++ ++
3D7B ++ ++ + ++ ++ + + ++
4C6C ++ + + ++ + ++ + +
2F1B ++ + + + + ++ ++ ++ ++
2H4 + + + ++ + + ++
4E3 ++ ++ + + ++ ++ ++ ++
2AS ++ + + ++ ++ ++ ++ ++
1A8B - - - ++ + + ++
1c1 + + -~ - + + - - ++
1C11 ++ ++ ++ ++ ++ ++ ++
1D2 ++ - - ++ - - + +
4E8.C4 ++ ++ ++ ++ ++ ++ + +

All antigens have previously been shown to be expressed on rat brain endothelium. Cells were plated onto 96 wells and were cultured for 3 days after

which they were fixed and the antigen expression determined using ELISA.

+ + = high level expression, + = low level expression, ~ = no expression.



60 J. Greenwood et al. / Journal of Neurcimmunology 71 (1996) 51-63

UNTREATED LD7.4 IFN ACTIVATED
A. ICAM-1 B. ICAM-1
& 3
o D. OX-18
0
[ B
3
=3
?
(4]
()
2
©
©
o
1 164 102 107 oY %% 19t 1 bt o
s, E.OX-6 s  F.OX-6
T RN T T TR ¢ TR bt v TR T T

Fluorescence intensity (log)

Fig. 6. Flow cytometric analysis of ICAM-1, MHC class I (OX-18) and
MHC class I I-A (OX-6) on untreated SV40 large T immortalised RPE
cell clone LD7.4 (A, C and E) and cells activated for 24 h with 100
U/ml IFN-y (B, D, and F). FITC-RAMIG controls are shown in each
case as open histograms. No positive staining was observed with isotype-
matched irrelevant antibody controls.

induced in both primary cultures of retinal and brain
endothelial cells and T-antigen expressing derivatives after
treatment for 24 or 48 h with 200 U/ml IFN-y or 200
U/ml TNFa but was noticeably stronger at 48 h. Primary
and immortalised RPE cell cultures did not constitutively
express VCAM-1 but after 2-5 days of activation with
IFN-y showed low levels of expression (Fig. 7). All
endothelia were positive for PECAM-1 which was prefer-
entially expressed at the margins of the cell (Table 1; Fig.
3).

3.8. T-lymphocyte transmonolayer migration

There was no significant difference in the ability of
primary or immortalised brain and retinal endothelia to
support Ag-specific T cell line migration. The degree of
migration through the monolayers over a 4 h assay was
52 + 5% for primary brain endothelia; 55 + 7% brain en-
dothelial clone GP8.3; 48 + 4%, primary retinal endothe-
lia; 54 4+ 6% for the retinal endothelial clone JG.1 (Fig. 8).
The migration through primary and immortalised RPE cell

Days IFN-y
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0.D.

0.00 0.05 0.10 0.15 0.20 0.25
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Fig. 7. ELISA analysis of SV40 large T immortalised RPE cell clone
LD7.4. (A) Time course of expression of MHC class II I-A (solid bars)
and I-E (hatched bars) following treatment of cells with 100 U/ml
IFN-v. A significant increase in I-A was observed by 24 h (p < 0.05)
and reached a maximum by day 5 (p < 0.001) whereas the increase in
L-E reached significance by day 2 ( p < 0.05) and was maximal at day 5
(p <0.005). (B) Time course of expression of ICAM-1 (solid bars) and
VCAM-1 (hatched bars) following treatment of cells with 100 U/ml
IFN-vy. ICAM-1 levels were increased but only reached significance after
4 days ( p < 0.001) whereas VCAM-1 expression was significantly in-
creased after 24 h (p < 0.01) and remained up to day 5. Means +s.e.m.

monolayers, however, differed with a greater degree of
migration through primary cells (38 4 3%) than the im-
mortalised clone LD7.4 (17 + 2%, p < 0.01).

Primary BEC
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Primary REC
JG2.1
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Fig. 8. Migration of an antigen-specific CD4* T cell line through
monolayers of primary cultures of rat CNS endothelium and RPE com-
pared with their corresponding immortalised cell line. Transendothelial
migration of T-cells was assessed using time lapse video microscopy after
4 h of coculture.
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4. Discussion

The infection of primary cultures of both rat brain and
retinal endothelial cells and rat RPE cells with a recombi-
nant retrovirus encoding the SV40 large T-antigen and a
selectable neomycin resistance marker has generated
G418-resistant parent cell lines and cell clones which
express the large T antigen. In contrast to human cells
where transfection of the SV40 large T antigen has been
reported to only result in an extended life span of umbili-
cal vein endothelial cell cultures (Fickling et al., 1992),
rodent cells appear to be truly immortalised and appear
stable in long-term culture (Jat et al., 1986). Immortalised
cells derived from primary cultures of brain and retinal
endothelial cells as well as RPE retained a similar mor-
phology to primary culture cells, were growth-factor and
anchorage-dependent and exhibited contact inhibition.
These properties resemble rodent cells transformed with
the polyoma large T-antigen but contrasts with rodent cells
immortalised with the polyoma middle T-antigen which
appear morphologically altered and are highly tumoura-
genic (Jat et al, 1986). The endothelial cell lines and
clones have been maintained for up to 35 passages and
express all of the markers ubiquitous to endothelia as well
as specific markers characteristic of CNS endothelia. Al-
though there are fewer specific markers for RPE, the RPE
cell lines and clones also expressed both cytokeratins and
the rat RPE-specific epitope RET-PE2 (Neill and Barnsta-
ble, 1990). The major difference observed between pri-
mary and transformed RPE cultures was the loss of pig-
ment, which has also been reported previously for a spon-
taneously arising immortal RPE cell line (McLaren et al.,
1993) and an SV40 large T immortalised line (Nabi et al.,
1993). However, it is observed that primary cultures of
RPE normally lose pigmentation as cells grow out from
the heavily pigmented central plaque. Although no pig-
ment could be detected in the RPE clone at the light
microscopy level, dark bodies were observed ultrastruc-
turally which resembled premelanosomes.

A major criticism of using cultures of CNS-derived
endothelia has been their impurity and phenotypic instabil-
ity even during short-term culture. This has presented a
major problem in generating large numbers of cells of high
purity, in particular for immunological and molecular in-
vestigations. This problem, and that imposed by both time
and financial constraints and the difficulty in generating
primary cultures, suggests that the use of immortalised cell
lines would greatly facilitate research into these specialised
endothelia. It has been argued that primary cultures of
these cells do not fully represent their in vivo counterparts
and thus the immortalisation of these cells is likely to lead
to cell lines that are even less representative. Although this
may be true for some functions, providing there is reten-
tion of the properties of interest, we propose that such lines
will provide the necessary purity and biomass often re-
quired for biochemical, immunological and molecular

analysis. With the brain and retinal endothelial cell lines
we have shown that none of the characteristic markers
investigated so far have been lost. Similarly, although
there are fewer markers available for the RPE cells, these
cells have also maintained their phenotype. Indeed, in
recent investigations we have demonstrated that the im-
mortalised RPE cell line LD7.4 when injected subretinally
in the RCS rat produce functional RPE monolayers capa-
ble of supporting photoreceptor function (Litchfield et al.,
1996).

In this study we have also undertaken preliminary in-
vestigations into the immunological functions of the cell
lines. We have investigated the ability of these cell lines to
support antigen specific T cell line migration. Previous
studies in our laboratory have shown that T cell lines, but
not mitogen activated peripheral lymph node cells, are able
to migrate across primary cultures of CNS-derived en-
dothelial (Greenwood and Calder, 1993) and RPE mono-
layers (Devine et al., 1996a). On non-activated monolayers
this process is mediated predominantly by the interaction
between LFA-1 on the lymphocytes and ICAM-1 on the
endothelia and RPE (Greenwood et al., 1995; Devine et
al., 1996b). The migration of antigen-specific T cell lines
across monolayers of GP8.3 and JG2.1 endothelial cells
was identical to that obtained with primary cultures of rat
brain and retinal endothelia. Although antibody blockade
studies have not been carried out it is reasonable to suggest
that as the immortalised cells express ICAM-1 to a similar
level as on primary culture endothelia, that lymphocyte
migration across these monolayers may also be mediated
by the LFA-1/ICAM-1 interaction. The migration of T
cell lines through LLD7.4 RPE monolayers, however, was
significantly lower than across primary cultures. The rea-
sons for this are at present unclear as the immortalised
cells express similar levels of ICAM-1. However, the
uniformity and closer packing of the immortalised cells
may provide a greater physical barrier for the lymphocytes
to migrate across. In support of this, preliminary data from
our laboratory would suggest that monolayers of LD7.4
RPE cells are capable of maintaining a high transmono-
layer electrical resistance.

As these cells are also able to express other immuno-
logically important molecules such as VCAM-1, PECAM-1
and the major histocompatibility complex (MHC) class 1
and class II (I-A) molecules, they may prove to be invalu-
able cell lines for investigating the immunological proper-
ties of these specialised endothelia (Calder and Green-
wood, 1995). Both the constitutive and temporal sequence
of MHC class I, MHC class 11, ICAM-1, PECAM-1 and
VCAM-1 expression following IFN-vy-activation of the
immortalised endothelium and RPE was similar to that
observed for primary cultures. We are currently using
these cells to investigate signal transduction via endothelial
cell ICAM-1 (Adamson et al., 1995) and its role in facili-
tating lymphocyte migration. It has already been reported
using the RBE4 cell line that signal transduction through
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the ICAM-1 molecule leads to tyrosine phosphorylation of
actin binding proteins (Durieu-Trautmann et al., 1994). An
advantage of the cell lines we have generated over those of
the RBE4 cell line is that the SV40 large T-antigen
contains temperature sensitive mutation (tsa58) which re-
sults in the large T-antigen being degraded when cells are
cultured at temperatures over 37.5°C which will allow the
expression of the large T-antigen to be switched off. This
may be a significant advantage in some investigations.

A further recent development using immortalised en-
dothelial cells has been their use as vectors for gene
therapy to neoplasms of the CNS (Lal et al., 1994). Cells
expressing the lac-Z reporter gene have been intracranially
reintroduced into experimental rat gliomas. These geneti-
cally modified endothelial cells incorporate into the host
tissue and particularly into the host vasculature providing a
novel opportunity for endothelial cell implantation to be
used as a means of delivering therapeutic genes to CNS
neoplasms. This approach may be extended for other CNS
disorders and, as has already been mentioned, we have
carried out preliminary investigations into the therapeutic
use of the RPE cell clone LD7.4 in an experimental model
of retinal macular degeneration (Litchfield et al., 1996).

The screening of the immortalised endothelial cells with
a panel of antibodies known to stain brain endothelial cells
in tissue section has revealed an interesting finding. The
antibody 2A4 was found to be expressed on brain endothe-
lia but not on primary cultures or immortalised lines of
retinal endothelia. To date, we have not been able to detect
any difference between endothelia from these two sites
within the CNS and this finding is the first that appears to
demonstrate a difference between the two vascular en-
dothelia. We are currently exploring these differences fur-
ther.

It is unlikely that the immortalised cells described here
or the RBE4 cell line will completely replace the need for
primary cultures as it will be important to characterise
these cells for each investigation. However, the availability
of these cells, particularly when large numbers of cells are
needed as for genetic manipulation or immunological and
molecular analysis, should prove invaluable for future
research into the cells that constitute the BBB and BRB.
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