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Purpose. To evaluate the growth and barrier properties of an immor-
talized rat retinal endothelial cell line (TR-iBRB) maintained on per-
meable membrane for drug transport studies.

Methods. TR-iBRB cells were grown on permeable membrane filters.
The effect of coating material on cell growth was investigated. Trans-
port of ['*C]-3-O-methyl-pD-glucose (3-OMG), AGN 194716, AGN
195127, AGN 197075, acebutolol, alprenolol, atenolol, brimonidine,
carbamazepine epoxide (CBZ-E), metoprolol, nadolol, rhodamine
123, and sotalol was measured across the cultured cell layer to deter-
mine the apparent permeability coefficients (P,,,). Rhodamine 123
uptake into these cells in the presence of these test compounds was
evaluated. Western blot was performed to detect the efflux trans-
porter P-glycoprotein (P-gp). Bidirectional transport in MDRI1-
MDCK cell monolayers overexpressing the human P-gp was mea-
sured for AGN 197075.

Results. TR-iBRB cells form confluent cell layers when grown on
fibronectin-coated membrane and exhibit characteristic spindle-
shaped morphology. A good correlation between P,,, and cLogD
(pH 7.4) of the compounds tested was observed, except for 3-OMG,
AGN 197075, and rhodamine 123, which are substrates of carrier-
mediated transport systems such as P-gp and a glucose transporter
(GLUT1). When grown on permeable membrane, TR-iBRB cells
expressed functional P-gp and GLUTI.

Conclusions. TR-iBRB cells, when grown on permeable membrane,
provide a useful tool for predicting permeability across the BRB. The
usefulness of this model for high-throughput screening and rank or-
dering of drug candidates intended for the back of the eye in treat-
ment of ocular diseases needs further characterization upon correla-
tion with in vivo data.

KEY WORDS: blood-retinal barrier (BRB); cell culture; immortal-
ized; transport; permeability.

INTRODUCTION

Many ocular diseases involve pathologic conditions of
the retina. Glaucoma patients suffer from progressive vision
loss caused by damaged retinal ganglion cells as a result of
elevated intraocular pressure. Retinal neovascularization and
the resulting vascular hyperpermeability cause vision loss in
diabetic retinopathy (1). In the case of infectious diseases,
especially in the acquired immunodeficiency syndrome
(AIDS) patient population, the infection may affect retina or
the posterior portion of the eye and lead to sudden vision loss
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(2). Retinitis pigmentosa involves disturbances in retinal me-
tabolism, pigment clumping at the site of the retinal pigment
epithelium, and is manifested by progressive visual field loss,
night blindness, and abnormal electroretinogram (3). These
ocular diseases warrant effective drug delivery to the retina
and/or the posterior segment of the eye.

From a systemic drug delivery perspective, retina drug
delivery may be improved by modification of blood-retinal
barrier (BRB) permeability, chemical modification of the
drug for better BRB penetration, and liposome encapsulation
or coupling of the drug to specific vectors. The BRB is well
known to be a particularly tight barrier, similar to the blood—
brain barrier (BBB), and responsible for homeostasis of the
neuroretina (4). The BRB consists of the outer barrier in the
retinal pigment epithelium and an inner barrier in the endo-
thelial membrane of the retinal capillary vessels. Retinal cap-
illary vessels differ from vessels in other parts of the body
(except those in the brain) in that their intercellular junctions
demonstrate extensive “zonulae occludentes,” which com-
pletely seal the intercellular space of the endothelium (5).

Several laboratories have developed various in vitro
models of the inner BRB to understand transport processes
across these endothelial cell layers (6-8). Compared to in vivo
animal models, in vitro models manage to avoid the complex
anatomic structure and inaccessibility of the retina for delin-
eation of drug transport. Recently, a transgenic rat model
harboring the temperature-sensitive SV40 large T-antigen
gene was used to develop an immortalized rat inner BRB cell
line named TR-iBRB cells by Hosoya et al. (9). TR-iBRB
cells become immortalized and grow rapidly when maintained
at 33°C.

The main advantage of an immortalized retinal capillary
endothelial cell line over primary cell culture is obviation of
the experimental complexity of harvesting cells from source
tissues as small as the retina capillaries and the requirement
to be freshly isolated from animals. Moreover, primary cell
cultures are typically more susceptible to heterogeneity in cell
population, which introduces greater variability across stud-
ies. Therefore, very few transport studies using primary cul-
tured retinal endothelial cells have been reported. The TR-
iBRB cells, being an immortalized cell line derived specifi-
cally from purified retinal endothelium (9), may serve as a
useful tool to investigate drug transport at the inner BRB.

The purpose of this study was to grow the TR-iBRB cells
on a permeable membrane, characterize the cell layer devel-
opment, and evaluate the cell culture for permeability mea-
surements to predict transport across the inner BRB.

MATERIALS AND METHODS

Materials

Fetal bovine serum (FBS), antibiotic-antimycotic 100x
cocktail (penicillin, streptomycin, and amphotericin B), Dul-
becco’s modified Eagle’s medium (DMEM) low glucose, Dul-
becco’s phosphate-buffered saline, and trypsin-EDTA were
purchased from Invitrogen Life Technologies (Carlsbad,
CA). Bovine endothelial cell growth factor (bECGF) was
purchased from Roche Applied Science (Indianapolis, IN).
Cell-freezing media were obtained from Sigma (St. Louis,
MO). Collagen type I-coated cell culture flasks and recombi-
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nant human fibronectin were purchased from BD Sciences
(Bedford, MA). Transwell™ plates and 12-well cluster dishes
were purchased from Costar (Cambridge, MA).

Cell Culture

TR-iBRB cells were obtained from YS New Technology
Institute, Inc. (Tochigi, Japan) and were used between pas-
sages 22 and 50. Cell growth media consisted of DMEM low-
glucose media supplemented with 10% FBS, 1x antibiotic-
antimycotic, and 15 pg/ml bECGF. Cell stock was grown in
type I collagen-coated cell culture flasks in a 5% CO, humidi-
fied chamber at 33°C. For cells grown on Transwell™ filters,
cells were seeded at 2 x 10° cells/cm®. Membrane coating
material as cell substrata including collagen, fibronectin, ma-
trigel, and gelatin were tested for optimal cell growth. Mor-
phologic characterization was carried out to determine the
choice of membrane coating material for subsequent cell cul-
tures.

P-gp-transfected Madin-Darby Canine Kidney (MDR1-
MDCK) epithelial cells were obtained from Dr. Piet Borst at
the Netherlands Cancer Institute (Amsterdam, Netherlands)
and were used between passages 13 and 29. Cell growth media
consisted of DMEM high-glucose media supplemented with
50 U/ml penicillin, 50 pg/ml streptomycin, and 10% FBS.
Cells were grown in a 5% CO, humidified chamber at 37°C.

Transepithelial (transendothelial) electrical resistance
(TEER) values were measured across cell layers grown on
Transwell™ membrane filter using Endohm™ resistance me-
ter (WPI, Sarasota, FL). The reported TEER values were
calculated by subtracting TEER values of blank filters from
the direct measurement of TEER for cell layers grown on
filters.

Transport Studies in TR-iBRB Cells

For transport experiments, TR-iBRB cells were seeded
on fibronectin-coated Transwell™ filters at 2 x 10° cells/cm?
and grown for 3 days, at which time cell layers became con-
fluent. To assess the permeability barrier property of the en-
dothelial cell layer, transport of [**C]-3-O-methyl-D-glucose
(3-OMG), AGN 194716, AGN 195127, AGN 197075, acebu-
tolol, alprenolol, atenolol, brimonidine, carbamazepine epox-
ide (CBZ-E), metoprolol, nadolol, rhodamine 123, and so-
talol across the cell layer was measured. Briefly, a total of 200
wl dosing solution (10 uM test compound) was applied to the
apical side of the cell layer, while the basolateral side was
bathed in 800 pl unsupplemented DMEM low-glucose me-
dium as the transport buffer. At 2, 5, 10, 20, 40, and 60 min
postdose, aliquots of 400 wl fluid were sampled from the ba-
solateral compartment and analyzed by either a liquid scin-
tillation counter, fluorescence spectrophotometer, or LC-MS/
MS. Each time after sampling, 400 pL of fresh transport
buffer was immediately added back to the basolateral com-
partment to maintain a “sink” condition, and the fluids were
mixed by pipetting up and down at least three times. Trans-
port of all compounds was also measured across blank fibro-
nectin-coated Transwell™ filters to access the barrier prop-
erty presented by the filter alone. Unless otherwise indicated,
four filters with or without cell layers were used in transport
studies of each compound.

To obtain a transport parameter, clearance was calcu-
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lated for each compound. The increment in cleared volume
between successive samplings was calculated by dividing the
amount of solute transported during the interval by the donor
solution concentration. The total volume cleared at each time
point was calculated by summing the incremental cleared vol-
umes up to the given time point,

Clearance (uL) =[Clg x Vr/[Clp @

where [C]i is the sampled receiver solution concentration,
Vg is the receiver compartment volume, and [C]y, is the do-
nor solution concentration. During the 60-min experiment,
the clearance volume increased linearly with time. The aver-
age cleared volume was plotted vs. time, and the slope was
estimated by linear regression analysis (Microsoft Excel™
97). The slope of the clearance curves for cell layers grown on
filter was denoted PS,, where PS is the permeability—surface
area product in pl/min. The slope of transport across blank
filter was denoted PS;. The PS value for TR-iBRB cell layers
(PS.) was subsequently calculated from

1/PS, = 1/PS, - 1/PS, )

The PS,. values were divided by the surface area of the
filter membrane to generate the permeability coefficient P,,,
(cm/s) for the TR-iBRB cell layer. The octanol-water parti-
tion coefficients of all tested compounds as partially dissoci-
ated at pH 7.4 (cLogD) were calculated using ACD/LogD
Suite™ (version 5.15, Advanced Chemistry Development,
Toronto, Canada).

Uptake Experiments

Uptake of rhodamine 123, a known P-gp substrate, was
carried out in TR-iBRB cells grown in 12-well cluster dishes,
in the presence and absence of AGN 194716, AGN 195127,
AGN 197075, acebutolol, alprenolol, atenolol, brimonidine,
carbamazepine epoxide (CBZ-E), metoprolol, nadolol, and
sotalol.

For all uptake experiments, cells were grown to conflu-
ency as determined by light microscopy. The growth medium
was first aspirated off, and the cells were preequilibrated in
fresh transport buffers (DMEM low glucose) at 37°C for 30
min. The cell layers were then equilibrated at 37°C for 30 min
either in transport buffer (control) or in transport buffers
containing test compounds (at 1 mM). Uptake of rhodamine
123 (10 uM) was then measured at 37°C for 2 h in the absence
(control) and presence of test compounds (at 1 mM). At the
end of the experiments, dosing solutions were removed, and
the cell layers were rinsed three times with ice-cold stop so-
lution (PBS containing 0.1% w/v sodium azide). The cell lay-
ers were then solubilized on an orbital shaker (200 rpm) for 1
h by lysing solution (0.5% v/v Triton X-100 in 0.2 M NaOH).
Fluorescent level of the cell lysate was determined by
Fluostar Galaxy (BMG Labtechnologies, Durham, NC) at ex-
citation/emission wavelengths of 485/520 nm. Autofluores-
cence of untreated cells was also measured and subtracted
from that of cells incubated with rhodamine 123. The amount
of intracellularly accumulated rhodamine 123 was quantified
against a standard curve of rhodamine 123 in lysing solution
(from 0.01 to 2.0 pM).

The protein content of each cell layer was determined by
the DC protein kit (Biorad Laboratories, Hercules, CA) to
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normalize for cell number. Uptake data were expressed as
percent of rhodamine 123 accumulation compared to control.

Western Blot Analysis

Cell membrane protein was prepared for Western blot
analysis. TR-iBRB cell layers grown in type I collagen-coated
cell culture flasks and fibronectin-coated Transwell™ filters
were scraped off and resuspended in MSEP solution (125 mM
mannitol, 40 mM sucrose, 1 mM EDTA-Tris, and 5 mM
PIPES-Tris) containing protease inhibitor cocktail (Sigma, St.
Louis, MO). After homogenization, the cell homogenate was
centrifuged at 1000 x g for 10 min. The supernatant was fur-
ther centrifuged at 367,000 x g at 4°C for 15 min and the
pellets resuspended with MSEP for further analysis. The
same procedure was carried out for MDR1-MDCK cells
grown in cell culture flasks and on Transwell™ filters to serve
as the positive control. Protein quantification was carried out
by the DC protein assay. The isolated membrane protein (60
wg) was electrophoresed on SDS-polyacrylamide gel (7.5%
Tris-HCI Bio-Rad Precast Gel) and subsequently electro-
transferred to a Hybond membrane (Amersham Biosci-
ences). Primary mouse monoclonal C219 anti P-gp antibody
(Signet, Dedham, MA) and secondary goat-antimouse anti-
body (Bio-Rad) were used to detect P-gp. The immunoblot
procedure using the enhanced chemiluminescence method
(ECL) was performed (Immun-Star chemiluminescent Kkit,
Bio-Rad).

P-gp Functional Study Using MDR1-MDCK Cells

MDR1-MDCK cell layers grown on noncoated Trans-
well™ filter were used to measure AGN 197075 transport in
the apical to basolateral (A to B) and basolateral to apical (B
to A) directions. The A to B transport was carried out as
described above for transport in TR-iBRB cells. For B to A
transport, 800 pl dosing solution was placed at the basolateral
side of the cell monolayer, and 100-pl samples were taken
from a total of 200 wl apical fluid at 2, 5, 10, 20, 40, and 60 min
postdose. Apical fluid was replenished with 100 .l fresh trans-
port buffer after each sampling point. Samples were analyzed
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using a liquid chromatography tandem mass spectrometry
method (LC-MS/MS).

RESULTS

Morphologic and Bioelectrical Characterization of Cell
Layers Grown on Permeable Membrane

TR-iBRB cells exhibit the endothelial characteristic
spindle-fiber-shaped morphology when grown on rat tail col-
lagen type I-coated tissue culture flasks (9). When the cells
were seeded on permeable membrane of Transwell™ filters,
their morphologic development is dependent on the subcel-
lular matrix coated on the membrane. On noncoated and
gelatin-coated filter membrane, the cells adopt a “cobble-
stone” appearance with distinct cell borders (Fig. 1). On ma-
trigel-coated membrane, the cells clearly formed multiple cell
layers with a thin fibrous appearance. When the membrane
filter was coated with type I collagen, the cells aggregated and
did not form confluent cell layers as they did on other matri-
ces. Only when the membrane was coated with recombinant
human fibronectin did the cells assume the spindle-fiber-
shaped morphology similar to that observed when they are
grown on solid support as well as to primary cell culture of the
bovine brain endothelial cells (10).

However, the cell layers failed to form tight barriers as
gauged by their TEER values on any type of subcellular ma-
trix (Fig. 2). The TEER values plotted reflect the difference
between TEER of cell layers grown on filters and that of bare
filters with corresponding coating material. Over 5 days of cell
culture, TEER values typically climbed slowly (except for
cells grown on collagen-coated filter) and plateued 4 days
postseeding at lower than 30 Q-cm?. Among the five different
subcellular matrices, only TEER values measured for cell lay-
ers grown on collagen-coated filters were statistically differ-
ent from others (p < 0.05).

Transport across TR-iBRB Cells

A typical result for a transport experiment using four
filter inserts coated with human fibronectin with and without

Fig. 1. Phase-contrast micrographs of TR-iBRB cells grown on (A) noncoated polyethylene Transwell™
filter; (B) gelatin-coated filter; (C) matrigel-coated filter; (D) type-I collagen-coated filter; and (E) human
fibronectin-coated filter (x100 magnification).
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Fig. 2. Time course of TEER development for TR-iBRB cells cul-
tured on permeable membrane filter with different subcellular matrix
coating. Cells were seeded at 2 x 10° cells/em®. Each data point rep-
resents mean + SD forn = 3.

TR-iBRB cell layer is shown in Fig. 3. The slopes of clearance
over time were linear during the 60-min experiment for all
compounds. P,,, values for the tested compounds are listed in
Table I. Only compounds with greater than 80% of recovered
dose were included in the table. Also listed are cLogD values
for each compound. The P, values were plotted against
their cLogD values and shown in Fig. 4. A linear correlation
(r = 0.82) was observed for 10 of the 13 compounds tested.

P-gp Expression and Function in TR-iBRB Cells

Western blot analysis by C219 monoclonal antibody of
membrane protein harvested from TR-iBRB cells and
MDR1-MDCK cells grown both on Transwell™ filter mem-
brane and in cell culture flask is shown in Fig. 5. The protein
detected for TR-iBRB cells had a molecular weight of ~170
kDa, as expected for P-gp. The protein detected for MDR1-
MDCK cells had the same molecular weight.

Rhodamine 123 uptake into TR-iBRB cells in the pres-
ence and absence of test compounds identified AGN 197075
as an inhibitor of P-gp-mediated efflux of rhodamine 123,
whereas all other compounds did not exhibit such an inhibi-
tory effect (Fig. 6). In addition, AGN 197075 was transported
preferentially in the basolateral to apical direction than in the
opposite direction when its bidirectional transport was mea-
sured in confluent MDR1-MDCK cell monolayers (P,, BA/
P,,,AB ratio > 4, Fig. 7).

app

DISCUSSION

Hosoya et al. (9) demonstrated that TR-iBRB cells in
culture express the glucose transporter GLUT1 as well as
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Fig. 3. Clearance of atenolol across cultured TR-iBRB cell layers (H)
or across blank filters coated with human fibronectin () in 60 min.
Data represent mean + SEM (n = 4).
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Table 1. Permeability Coefficient (P,,,) across Cultured TR-iBRB
Cell Layers

P x 10°

Compounds M.W. cLogD,, (cm/s)
3-O-Methyl-D-glucose 194 -2.67 6.00
AGN 194716 232 1.76 15.9
AGN 195127 230 1.54 13.4
AGN 197075 263 1.26 6.50
Acebutolol 336 0.41 6.00
Alprenolol 249 1.13 10.4
Atenolol 266 -1.66 5.10
Brimonidine 292 —-0.49 3.90
CBZ-E 252 0.69 15.8
Metoprolol 267 0.026 4.80
Nadolol 309 -0.47 7.90
Rhodamine 123 344 213 1.35
Sotalol 272 -1.46 2.80

P-gp by Western blot. Additional functional data for GLUT1
were presented via saturable uptake of its substrate 3-OMG
in the TR-iBRB cells. Both GLUT1 and P-gp have been
shown to exist in the inner BRB (6,11). More recently, the
same authors demonstrated the presence of the monocarbox-
ylate transporter 1 (MCT1) in TR-iBRB cells by reverse tran-
scription polymerase chain reaction (RT-PCR) and functional
assay of L-lactic acid transport (12). MCT1 has also been iden-
tified in vivo in the inner and outer BRB to facilitate trans-
port of lactic acid and other monocarboxylates such as pyru-
vate and the ketone bodies between the retina and the blood
(13). Therefore, it appears that this immortalized cell line
retains several active transporter systems identified at the
BRB in vivo. The purpose of the present study was to evalu-
ate TR-iBRB cells, when grown on permeable membrane, as
a potential model for the inner BRB for high-throughput drug
permeability screening.

One major challenge faced by researchers attempting to
develop in vitro models of the BBB and BRB using endothe-
lial cell culture is to attain cell layers with the same tightness
as that observed in vivo. Many laboratories throughout the
world have made significant efforts to establish such models.
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Fig. 4. Influence of lipophilicity (as estimated by cLogD values) on
permeability coefficient (P,,,) across TR-iBRB cell layers. Linear
regression was generated using filled data points. Key: (1) 3-O-
methyl-D-glucose; (2) atenolol; (3) sotalol; (4) brimonidine; (5) nado-
lol; (6) metoprolol; (7) acebutolol; (8) CBZ-E; (9) alprenolol; (10)
AGN 197075; (11) AGN 195127; (12) AGN 194716; (13) rhodamine
123. Data represented by closed symbols were used to construct the
linear regression.
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Fig. 5. Western blot analysis of P-gp expression in MDR1-MDCK
and TR-iBRB cell membrane. Lane 1: MDR1-MDCK cells grown on
Transwell™ membrane. Lane 2: MDR1-MDCK cells grown in cell
culture flask. Lane 3: TR-iBRB cells grown on Transwell™ mem-
brane. Lane 4: TR-iBRB cells grown in cell culture flask.

However, the highest reported TEER values for these cul-
tured cells were in the range of 400-700 Q-cm? for primary
cultured bovine and porcine brain microvessel endothelial
cells (14,15). Typically the TEER values are below 300 Q-cm?
for these endothelial cell cultures, whether cultured alone or
cocultured with astrocytes (16,17). In this regard, the immor-
talized TR-iBRB cells used in the present study were consis-
tent with previously reported models (Fig. 2), despite the fact
that numerous culture conditions including culture media,
subcellular matrix, and seeding density were tested. Of these
conditions, the cells grown on fibronectin-coated filter mem-
brane manifested similar morphology to that characteristic of
endothelial cells in primary cell culture (Fig. 1). Moreover,
TR-iBRB cell layers were able to differentiate permeability
of compounds with a range of hydrophilicity as well as those
transported by active mechanisms.

It has been well established that drug distribution into
the brain occurs more readily for lipophilic compounds than
for hydrophilic ones (18), and for compounds that passively
diffuse across biologic barriers, there is a good correlation
between BBB permeability and their physicochemical prop-
erties including lipophilicity and molecular weight (19). Be-
cause compounds tested in the current study have similar
molecular weight, we evaluated the correlation between TR-
iBRB cell layer permeability and compound lipophilicity as
gauged by cLogD values (Table I and Fig. 4). The cLogD
values were estimated instead of the octanol-water partition
coefficient (LogP) values conventionally used because they
take into account the ionization of compounds at neutral pH,
at which transport experiments were carried out. The cLogP
estimation, on the other hand, can be accurately performed
only for uncharged substances. The cLogD estimation incor-
porates prediction of both the acid-base ionization coeffi-

Rhodamine 123 Accumulation

& o g & &8
. vl

& <

Fig. 6. Effect of test compounds (1 mM) on rhodamine 123 accumu-

lation in TR-iBRB cells. Data are expressed as percent of control

uptake (n = 4). Statistical significance is denoted by the asterisks.
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Fig. 7. Bidirectional transport of AGN 197075 (10 wM) across
MDCK-MDRI cell monolayers (TEER = 305 Q - cm?). P, values
were estimated at 2.38 x 10~ cm/s and 9.79 x 10~> cm/s for the apical

to basolateral and the basolateral to apical directions, respectively.

cient, pK,, and cLogP, and therefore provides a more accu-
rate estimation of lipophilicity for compounds that are ioniz-
able at neutral pH. Our results show that the TR-iBRB cells
were able to differentiate compounds with different lipo-
philicity with cLogD in the range between approximately —2
and 2 (Fig. 4), the more lipophilic compounds being more
permeable across the cell layers. A similar relationship was
observed for a wide range of compounds when in sifu brain
perfusion was conducted in rats and mice (20), and when
brain uptake of intravenously injected radiolabeled com-
pounds was measured in rats (19).

Based on studies of paracellular permeability across cul-
tured epithelial cell layers such as Caco-2 and MDCK cells,
leakier cell layers with lower TEER values tend to have an
increased contribution by paracelluar transport to the overall
transport (21). In our TR-iBRB cell model, however, the
more hydrophilic solute atenolol, which only crosses cell lay-
ers by paracellular diffusion (22) and has very limited perme-
ability across the BBB in vivo (23), remained one of the least
permeable compounds among all tested. Therefore, the leaki-
ness in the TR-iBRB cell layer may not skew paracellular
transport to an extent that renders this in vitro tool erroneous
in predicting drug transport across the BRB.

Noticeably, 3-OMG, AGN 197075, and rhodamine 123
had estimated P,;,, values significantly deviating from those
predicted by their cLogD values and hence were not included
in constructing the linear relationship between P,,, and
cLogD in Fig. 4. Among the three, 3-OMG is a substrate for
GLUT1, which exclusively mediates the sodium-independent
D-glucose transport across the BRB and BBB to support and
maintain normal metabolic activity in the brain and the retina
(24). We observed higher 3-OMG permeability than that ex-
pected based on its cLogD value (Fig. 4). This is most likely
a result of transport activities by GLUT1. The same observa-
tion was made for glucose permeability across the BBB mea-
sured by in situ perfusion in rats and mice, along with other
substrates of transporter proteins expressed at the BBB in-
cluding alanine and phenylalanine (20). Moreover, the per-
meability value for the P-gp substrate rhodamine 123 was
significantly below the linear regression line (Fig. 4). This is a
direct result of active efflux by P-gp, which was shown to be
expressed in TR-iBRB cells when grown on filter membrane,
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at a similar level as those grown in cell culture flask (Fig. 5).
Again, similar observations were made for other P-gp sub-
strates including vincristine, vinblastine, digoxin, and quini-
dine, when their permeability across the BBB was measured
by either in situ perfusion in rats and mice or brain uptake in
rats following intravenous injection (19,20).

In addition to rhodamine 123, AGN 197075 also stood
out with significantly lower permeability than that predicted
by its lipophilicity. Therefore, experiments were carried out
to determine if it was a P-gp substrate. As shown in Fig. 6,
AGN 197075 significantly inhibited P-gp—mediated efflux of
rhodamine 123 out of the TR-iBRB cells, whereas all other
compounds did not show such inhibition. Incidentally, these
noninhibiting compounds had P, values that correlated well
with their lipophilicity (Fig. 4). Furthermore, AGN 197075
exhibited distinct directional transport across the MDRI1-
MDCK cell layer overexpressing human P-gp, favoring trans-
port in the basolateral to apical direction. This result con-
firmed that AGN 197075 is a substrate for P-gp, as suggested
by the transport data obtained from TR-iBRB cell layers.

Therefore, the cultured TR-iBRB cell layers not only
differentiated compounds in their permeability with a corre-
lation to their physicochemical properties, as observed in vivo
and in situ, they were also able to distinguish compounds that
are transported by active transporters present at the inner
BRB. Some researchers have recommended the usage of cell
lines such as MDCK and Caco-2 cells as in vitro tools for
prediction of BBB permeability (25,26). Although these cell
culture models can probably adequately predict and rank or-
der compounds that passively diffuse across the barriers, they
are not of the same origin as brain and retinal endothelial
cells and would therefore lack the expression of active trans-
porters unique to, or possess transporters that are absent in,
these endothelial cells. For example, Lundquist et al. (27)
compared in vitro permeability of 20 compounds of varying
molecular weight across Caco-2 cells and across primary cul-
tured bovine brain endothelial cells, to the in vivo brain up-
take of the same compounds. Although a good correlation
was observed between in vivo BBB penetration and in vitro
permeability across brain endothelial cells, correlation of ei-
ther to permeability across Caco-2 cells was much poorer.
These observations illustrated the limitation of the Caco-2
cells, which might apply to other cell lines of non-CNS origin,
to predict BBB permeability of compounds in vivo. In this
regard, TR-iBRB cells derived from retinal endothelial cells
would serve as a better model for the BRB in vivo, not only
for passively transported compounds but also for those rec-
ognized and transported by active transporter proteins.

In conclusion, TR-iBRB cells, when grown on permeable
membrane, provide a useful tool for predicting permeability
across the BRB. The usefulness of this model for high
throughput screening and rank ordering of drug candidates
intended for the back of the eye in treatment of ocular dis-
eases needs further characterization on correlation with in
vivo data.
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