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ABSTRACT

Purpose To determine the lipophilicity trend line from the
relationship between the blood-retinal barrier (BRB) permeability
and the lipophilicity of permeants and compare it with that of the
blood-brain barrier (BBB).

Methods The retinal (RUI) and brain uptake index (BUI) of 26
radiolabeled compounds across the rat BRB and BBB,
respectively, were measured using the carotid artery injection
method.

Results RUI was determined using |3 compounds expected to
be transported from blood to the retina by passive diffusion and
with a log n-octanol/Ringer distribution coefficient (DC) ranging
from —2.56 to 2.48. The RUI values were correlated with the
log of the DC [RUI=46.2 X exp (0.515 X log DC), r*=0.807].
A similar trend was obtained between BUI and lipophilicity. The
RUI' value for substrates of the influx transporters and
P-glycoprotein (P-gp) was greater and smaller than the lipophilicity
trend line, respectively. In contrast, [*H]verapamil, which is a
substrate of P-gp, has a greater RUI value than the lipophilicity
trend line, but not for BUI, suggesting that the BRB has an influx
transport system for verapamil.

Conclusions The lipophilicity trend line constructed from the
RUI' and DC values is considered to reflect the transport
properties of drugs undergoing passive diffusion across the
BRB.
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INTRODUCTION

Drug delivery to the retina from the circulating blood is
limited by the membrane permeability of the blood-retinal
barrier (BRB), which forms complex tight junctions of
retinal capillary endothelial cells (inner BRB) and retinal
pigment epithelial cells (outer BRB) (1,2). Understanding
the barrier and transport functions at the BRB, as well as
the physicochemical and biological factors that control
solute transfer, is important for the design of drug delivery
systems to the retina and for preventing entry into the
neural retina to avoid unexpected side effects. Although the
paracellular transport of drugs across both the endothelium
and epithelium is prevented by these tight junctions, the
permeability of the BRB varies considerably depending on
the properties of drugs and the conditions of the BRB (1,3).

The BRB efficiently supplies nutrients to the retina and
removes endobiotics and xenobiotics from the retina to
maintain a constant milieu in the neural retina (4). Recent
progress in BRB research has revealed that retinal capillary
endothelial and retinal pigment epithelial cells express
several influx and efflux transporters, such as facilitative
glucose transporter 1 (GLUT1/Slc2al), Na'-dependent
multivitamin transporter (SMVT/8Slc5a6), L (leucine-referring)
amino acid transporter 1 (LAT1/8Slc7a5), cationic amino acid
transporter 1 (CAT1/Slc7al), organic anion transporter 3
(OAT3/S1c22a8), P-glycoprotein (P-gp/mdrl/ABCBI),
multidrug resistance protein 4 (MRP4/ABCC4), and breast
cancer resistance protein (BCRP/ABCG2) (2,5—-11). Thus, it is
known that nutrients, such as D-glucose, vitamins, and amino
acids, cross the BRB (5-8). It is also believed that lipophilic
compounds cross the BRB. Although Kadam and Kompella
reported that i vitro n-octanol/Ringer distribution coefficients
(DC) of drugs can be predicted to i vivo retinal distribution of
drugs after #rans-scleral delivery (12), there are no reports on
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systematic BRB permeability estimates from lipophilicity. The
lipophilicity trend line produced as an indication of the
relationship between transport from the blood to the retina
and the lipophilicity of permeants 1s important to predict BRB
permeability form i vitro DC of drugs and to compare the
transporter-mediated transport.

In the brain, the blood-brain barrier (BBB) is structurally
similar to the inner BRB and limits drug transport from the
circulating blood to the brain (13). Several research groups
have demonstrated that the BBB permeability of permeants
is proportional to their lipophilicity (13—15). Lipophilicity
trend lines are available, and it is possible to predict the
BBB permeability of certain drugs from their lipophilicity.

The purpose of this study was to determine the lipophilicity
trend line estimated from the relationship between the BRB
permeability and lipophilicity of permeants. The BRB
permeability was measured for 26 radiolabeled compounds
using the carotid artery injection method and compared with
their BBB permeability.

MATERIALS AND METHODS
Animals

Male Wistar rats, weighing 250-300 g, were purchased
from Japan SLC (Hamamatsu, Japan). The investigations
using rats described in this report conformed to the
provisions of the Animal Care Committee, University of
Toyama, and the ARVO Statement on the Use of Animals
in Ophthalmic and Vision Research.

Reagents

p-[glycyl-2-"H]-Aminohippuric aid (["H]PAH, 4.04 Ci/
mmol), d-[8,9-’H(N)]biotin ([*H]biotin, 60 Ci/mmol),
[1,2,6,7-°H(N)]-corticosterone ([*H]corticosterone,
78.5 Ci/mmol), ["H(G)]-digoxin ([*H]digoxin, 35.4 Ci/
mmol), 3,4-[ring-2,5,6-’H]-dihydroxyphenylethylamine
([’H]dopamine, 54.2 Ci/mmol), [PH]H,O (1.0 mCi/g),
L-[4,5-’H(N)]-leucine ([*H]L-leucine, 59.2 Ci/mmol),
D-[1-*’H(N)]mannitol ([*H]D-mannitol, 14.2 Ci/mmol),
a-[1-"*C]methylaminoisobutyric acid (['*C]MeAIB,
50.5 mCi/mmol), [1,2,6,7-"H(N)]-testosterone ([*H]testos-
terone, 70.0 Ci/mmol), L-[3',5"-'*T]-thyroxine, (['*’I]T,,
4400 Ci/mmol), and [5,6-"H]-uracil ([*H]uracil, 1.9 Ci/
mmol) were purchased from Perkin-Elmer Life and
Analytical Sciences (Boston, MA). [N-methyl-"H] Acetyl-
L-carnitine hydrochloride ([*H]acetyl-L-carnitine, 85 Ci/
mmol), [N-methyl-'*CJantipyrine (['*CJantipyrine,
55 mCi/mmol), L-[2,3-’H]arginine ([*H]L-arginine,
50.6 Ci/mmol), n-[1-"*C]butanol ([**C]butanol, 5 mCi/
mmol), [4-'*C]creatinine (['*C]creatinine, 55 mCi/mmol),
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[N-methyl-'*C]diazepam (['*C] diazepam, 55 Ci/mmol), L-
3,4-[ring?2,5,6-"H]dihydroxyphenylalanine, ([3H]L-Dopa,
60 Ci/mmol), [1,2,6,7-*H]progesterone ([*H]progesterone,
101.3 Ci/mmol), [N-methyl *H]verapamil hydrochloride
([PH]verapamil, 80 Ci/mmol), and [*H(G)]vincristine sulfate
([*H]vineristine, 10 Ci/mmol) were purchased from Amer-
ican Radiolabeled Chemicals (St. Louis, MO). D-[2-"H(N)]
Glucose ([*H]D-glucose, 8.4 Ci/mmol), [4,5-"H]valproic
acid ([*H]valproic acid, 51.0 Ci/mmol), and (RS)-[phenyl-
4-"H]warfarin ([*H]warfarin, 17.4 Ci/mmol) were obtained
from Moravek Biochemicals (Brea, CA) and [2,8-°H]
adenosine ([*H]adenosine, 35.9 Ci/mmol), [U-'*C]glycine
(["*C]glycine, 101 mCi/mmol), and I-[2,6-’H]phenylala-
nine ([*H]L-phenylalanine, 54.0 Ci/mmol) were obtained
from GE Healthcare (Piscataway, NJ). All other chemicals
were of reagent grade and available commercially.

Carotid Artery Injection Method

Carotid artery injections were performed in rats to measure
the retinal (RUI) and brain uptake index (BUI) of radiolabeled
compounds (16-18). Briefly, rats were anesthetized with an
intraperitoneal injection of sodium pentobarbital (60 mg/kg),
and then a 200 pL injection solution was injected into the
common carotid artery. The injection solution consisted of
Ringer-Hepes buffer (141 mM NaCl, 4 mM KCI, 2.8 mM
CaCly, 10 mM Hepes, pH 7.4) which contained both 5 pCi
[*H]test compound, and 1 pCi ["*C]butanol as a highly
diffusible reference in the presence or absence of inhibitors.
When the test compound is in the ["*C] or [*’I] form
(1 uCi), [PHH,O (5 pCi) is used as a highly diffusible
reference. Rats were decapitated 0.25 min after injection,
and the retina and cerebrum were removed. The retina and
cerebrum were dissolved in 2 N NaOH and subsequently
neutralized. After double-isotope liquid-scintillation counting
with quench correction (LSC-5000, Aloka, Tokyo, Japan),
the RUT and BUI values for the [*H], ['*C], and ['*’I] form
of the test compound was calculated (16—18). For RUI and
BUI for the [’H] form of the test compound,

RUI = ([*H]/["*C](dpm in the retina))/

(PH]/["*C](dpm in the injectate)) x 100 )

BUI = ([SH]/[HC}(dpm in the cerebrum))/

Syq1 /(14 . - (2)
(['H]/["C](dpm in the injectate)) x 100

RUI and BUI express the fractional uptake of the [*H]
form of the test compound as a percentage of the fractional

uptake of the reference compound ['*C]butanol in the
retina and brain, respectively.
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For RUI and BUI for the ['*C] or ['*’I] form of the test
compound,

RUI = (["*C] or ['1]/[*H](dpm in the retina))/
(["Clor["*1]/[’H] (dpm in the injectate)) x 100
(3)

BUI = (["*CJor["*’1]/["H](dpm in the cerebrum))/
(["*Clor["*1]/[’H](dpm in the injectate)) x 100
(4)

RUI and BUI express the fractional uptake of the ['*C]
or ['*I] form of the test compound as a percentage of the
fractional uptake of the reference compound ["HJH,O in
the retina and brain, respectively.

In order to estimate extraction of reference compounds
by the retina and brain at 0.25 min after injection, the
elimination rate constant (k) of reference compounds was
measured. At 0.25, 0.5, 1.0, 3.0 min after injection of 1 uCi
["*C]butanol or 5 pCi [*’H]H,O, rats were decapitated, the
retina and cerebrum were removed, and radioactivity was
measured as described above. The change in retina and
brain content of the reference compounds with time is

described (19):
E(t) = [E(0)]e™ (5)

where E(t) is the extraction by the retina or brain at
0.25 min after injection, E(0) is the initial or maximal
extraction [E(0)=1], and t is the time after carotid
injection. Extraction (Eg) by the retina (Eq yena) and brain
(Ed, brain) of the test compound by the retina or brain was
calculated as follows:

Ed, retina — RUI/I()O X Ebul(OAQS) or EHQ()(O-25) (6)

Eq, brain = BUI/100 X Epy(0.25) or Ep,0(0.95) (7)

where Ejy0.25) or En,o0(025) 1s the extraction of the
reference compound, ['*C]butanol or [*H]H,O at
0.25 min after injection, respectively. The permeability-
surface-area product (PS) of the retina (PSggp) or brain
(PSppg) for the test compound is determined from the
following relationship (18,20):

PSBRB =—FxIn (1 — Ed7 retina/loo) <8)

PSppg = —F X In (1 — Eq, prain/100) (9)

where I is the retinal blood flow, which is 0.70 mL/(min-g
retina) for the rat retina (21) or the cerebral blood flow,
which is 0.81 mL/(min-g brain) for the rat brain (18).

Determination of Distribution Coefficients

The DC of radiolabeled compounds between nr-octanol/
Ringer-Hepes buffer (pH 7.4) was determined as described
previously (12,22). Briefly, the buffer and n-octanol were
mutually saturated by shaking at 37°C for 16 h. The DC at
37°C was determined by incubating 1 mL the equilibrated
buffer containing radiolabeled test compound with 1 mL of
n-octanol for 24 h to reach distribution equilibrium. At the
end of 24 h, the n-octanol and buffer phase were separated
by centrifugation, and the radioactivity of test compound in
both phases was measured in a liquid scintillation counter

(LSC-5000, Aloka).
DC =dpm per g n-octanol/dpm per g buffer (10)

Data Analysis

Unless otherwise indicated, all data represent means T
SEM. An unpaired, two-tailed Student’s t-test was used to
determine the significance of differences between two
groups.

RESULTS

Relationship Between Retinal Uptake Index
and Lipophilicity

To determine the effects of lipophilicity on drug transport
across the BRB and BBB, we measured the RUI and BUI
for 13 radiolabeled compounds which are expected to be
transported from the blood to the retina by passive diffusion
and with a log DC ranging from —2.56 to 2.48 (Table I)
and results are shown in Fig. 1. The RUI values of ["H]D-
mannitol and ["H]MeAIB were used from our previous
reports (23,24). The RUI values increased with increasing
log DC and ranged from 11.6% to 235%. The estimated
regression line is RUI=46.2xexp (0.515%log DC) as a
lipophilicity trend line for BRB permeability. This correlation
between RUI and log DC was significant (*=0.807, p<0.01)
(Fig. 1a). A similar relationship was obtained between the
BUI and log DC. The BUI values ranged from 2.99% to
166%. The estimated regression line is BUI=24.2Xexp
(0.816 xXlog DC) as a lipophilicity trend line for BBB
permeability. This correlation between BUI and log DC
was significant (*=0.885, p<0.01) (Fig. 1b). In a comparison
between RUI and BUI values, hydrophilic compounds (log
DC<—1), such as [*C]MeAIB, [’H|PAH, [*H]D-mannitol,
['*C]creatinine, and [*H]dopamine, have 3- to 5-fold
greater RUI values than BUI values, whereas for lipophilic
compounds (log DC>0), such as ["H]valproic acid, ['*C]
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Fig. | Correlation of the retinal (RUI) (A) and brain uptake index (BUI) (B) and the n-octanol/Ringer distribution coefficient (DC) in rats. For these
thirteen compounds, an exponential relationship is described by the equation RUI = 46.2 x exp(0.515 x log DC) (*=0.807, p<0.01) (A) and
BUI = 24.2 x exp(0.816 x log DC) (*=0.885, p<0.01) (B). Each point represents the mean = SEM (n=23-9). PAH, p-aminohippuric acid; MeAIB,

a-methylaminoisobutyric acid.

antipyrine, [*H]warfarin, [*H]corticosterone, [*H]testoster-
one, and [14C]diazepam, the values are almost the same
(Table I).

Relationship Between Permeability-Surface Product
of BRB and Lipophilicity

Afer carotid artery injection of ['*C]butanol or ["H]H,O, the
elimination constant, k, was calculated from the % remaining
in the retina or brain »s time profile. [*C]Butanol was
exponentially eliminated from the retina and brain, and k
was 0.218+0.083 min ' for the retina and 0.413+
0.019 min~! for the brain (data not shown). The Epy0.25
in the retina and brain was found to be 0.947 and 0.902,
respectively, using Eq 5. In the exponential elimination of
[’H]H,O in the retina and brain, k was 0.350+0.051 min~'
for the retina and 0.469+0.060 min~" for the brain (data not
shown). The Ey,(0.25) in the retina and brain was found to
be 0.916 and 0.889, respectively, using Eq. 5.

The direct relationship between the BUI and permeability
of the BBB can be obtained by application of the Crone
equation (Eq. 9, (20)). We hypothesized that the permeability
of the BRB can be obtained from the RUI value by this
equation (Eq. 8). Confirmation of this hypothesis was sought
by obtaining estimates of the PSpry and attempting to
correlate the PSgrp with distribution coefficients and
comparing this with a correlation of the PSgpp with
distribution coeflicients (Table I). Of the 13 radiolabeled
compounds undergoing passive diffusion, [’H]progesterone,
['*C]diazepam, [*H]testosterone, and ['*CJantipyrine were
omitted when plotting the PSgrp or PSgpp vs distribution
coeflicients because the Eq reina and Eq_ prain were more than
100%. As demonstrated in Fig. 2a, log PSprp exhibits a

linear relationship with the log DC. In this instance, log
PSgre = —0.382 + 0.263 X log DC describes the statistically
significant ("=0.706, p<0.01) correlation between these
parameters. A similar result was obtained between log PSppp
and log DC: log PSppg = —0.647 + 0.442 x log DC (=
0.861, p<0.01) (Fig. 2b).

Comparison of Retinal Uptake Index Relationships
in Transporters and the Lipophilicity Trend Line

In order to determine the effect of influx and efflux
transporters on BRB and BBB permeability, the RUI and
BUI of substrates of solute carrier (SLC) transporters and
P-gp were examined (Fig. 3 and Table I). The RUI values
of [*H]biotin, [*H]adenosine, [*H]acetyl-L-carnitine, and
['*C]glycine and the BUI value of [*H]acetyl-L-carnitine
were taken from our previous reports (6,23-25). For the
compounds expected to undergo influx transport by SLC
transporters, the RUI and BUI values of [*H]L-arginine,
["H]D-glucose, [*H]L-Dopa, [*H]biotin, [*H]L-leucine,
and ["H]L-phenylalanine were more than 2.84-fold greater
than the lipophilicity trend line which was estimated from
Fig. 1. The RUI and BUI values of ["*C]glycine were 2.17-
and 1.41-fold greater than the lipophilicity trend line,
respectively. The RUI and BUI values of [*H]adenosine
were placed on the lipophilicity trend line, whereas the
RUI and BUI values of [*H]acetyl-L-carnitine and ['*’I| T,
were lower than the lipophilicity trend line. To confirm the
involvement of a transporter for ["H]L-Dopa and [*H]L-
arginine, an inhibition study was carried out (Table II). In
the presence of 10 mM L-Dopa and L-arginine, the RUI
values of [*’H]L-Dopa and [*H]L-arginine were reduced by
30.1% and 70.3%, and the BUI values were reduced by
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Fig. 2 Correlation of the permeability-surface area product of the retina (PSggrg) (A) and brain (PSggg) (B) and the n-octanol/Ringer distribution coefficient
(DC) in rats. For these nine compounds, a linear relationship is described by the equation log PSgrs = —0.382 4 0.263 x log DC (*=0.706, p<0.01)
(A) and log PSgag = —0.647 + 0.442 x log DC (*=0.861, p<0.01) (B). Each point represents the mean + SEM (n=3-9). PAH, p-aminohippuric

acid; MeAIB, a-methylaminoisobutyric acid.

69.6% and 83.9%, respectively. These results support the
hypothesis that L-Dopa and L-arginine undergo influx
transport by LAT1 and CATI, respectively, at the BRB
and BBB (7,8,26,27). In the case of [*’I] T, the BUI value
was reduced by 47.7% in the presence of 50 uM T4, whereas
the RUI value was not changed. The BUI value of ['*C]
glycine was unchanged in the presence of 10 mM glycine.
For the compounds expected to undergo efflux transport
by P-gp, the RUI and BUI values of [*H]digoxin and [*H]

(A)
500 =~ Verapamil
400 = Q
300 = L-Arg
200 = @]
L-Phe
— 100 =  D-Glucose L-Dopa
= = L-Leu -
< = Q 4
S 50 Digoxin !)
x - Biotin Adenosin Vincristine
- @ Acetyl-L-carnitine
10 =
5
| | 1 | | | |
-4 -3 -2 -1 0 1 2 3
Log DC

vincristine were lower than the lipophilicity trend line. To
confirm the involvement of a transporter for [*H]digoxin,
an inhibition study using a P-gp inhibitor was carried out
(Table II). Although the RUI and BUI values of [*H]
digoxin exhibited little change in the presence of 10 pM
digoxin, these values were increased to 142% and 197%,
respectively, in the presence of 5 mM verapamil, supporting
the hypothesis that digoxin undergoes efflux transport by
P-gp at the BRB and BBB. Interestingly, although the BUI

(B)

200
100 L-Phe
50 ==D-Glucose Q.L-Dopa Vincristine
T @
& § L-Leu . @,
- L-Arg Verapamil
-ag an
=] Biotin
" 10 = . Adenosine
L
-
5
- Acetyl-L-carnitine
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Fig. 3 Comparison of the retinal (RUI) (A) and brain uptake index (BUI) (B) relationship in transporters and the lipophilicity trend line. The lipophilicity
trend line indicates the correlation between the RUI (A) and BUI (B) and the log DC of the thirteen compounds in Fig. |. Blue and red circles are
substrates for SLC transporters and P-gp, respectively. Each point represents the mean + SEM (n=3-6). L-Arg, L-arginine; L-Phe, L-phenylalanine; L-Leu,

L-leucine; Gly, Glycine; T4, thyroxine.
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Table Il The Effect of Inhibitors
on the Retinal and Brain Uptake Compounds Inhibitors RUI (%) % of control BUI (%) % of control
Index for Substrates of Transport-
ers in Rats PH]L-Dopa 957x70 1007 58.0+£3.9 100+7
[0 mM L-Dopa 66.8=3.0% 69.9 £3.1* 177+ 1.3% 30.4+2.3*%
PH]L-Arginine 20418 100+9 33.8x6.4 100+ 19
10 mM L-Arginine 60.5=3.0% 29.7+1.5% 543x0.61* 16.1 £ 1.8%
['*C]Glycine - - 3.04+0.22 100+7
[0 mM Glycine - - 3.08+0.21 101 =7
['2°nT, 61.3+6.8 1005 31.1+32 100+ 10
F_j‘?Evlil]‘fe(nripgisf‘l”?mt:gee:“'_e':;es o 50 UM T4 72.5+823 118+ 14 163+ | 3% 52.3+4.2%
buffer containing 0.1% dimethyl ["H]Digoxin 60.9+3.1 100+5 2.86=+0.22 100+8
sulfoxide was used in this study. 5 mM Verapamil 86.7+2.8*% [42 + 5% 5.62+0.87%* 197 £30%*
*»<0.01; *p<0.05, significantly PH]Digoxin® 56.2=10.8 100+ 19 2.00=0.07 100 =4
different from control. Ty, 10 uM Digoxin® 54.7+2.0 973+3.6 1.65+0.08* 82.5+3.8%

thyroxine

value of [3H]Verapamil was lower than the lipophilicity
trend line, the RUI value of [*H]verapamil was 5.29-fold
greater than the lipophilicity trend line.

DISCUSSION

The present study clearly shows that the lipophilicity trend
line estimated from the RUI and DC values can be
considered as an indication of the transport properties of
drugs across the BRB. Moreover, the demonstration that
the lipophilic properties of compounds undergoing passive
diffusion could be correlated with equal facility to the RUI
or the PSprp suggests that estimations of BRB permeability
can be derived from RUI measurements as is the case for
BBB permeability (13-15). This contrasts with studies
involving relatively larger RUI values compared with BUI
values showing that the BRB is more permeable than the BBB.
In addition, the uptake index of glycine, T, and verapamil,
which are expected to exhibit transporter-mediated transport,
1s different in the BRB and BBB, suggesting that the BRB has
different i wviwo transport functions involving transporter-
mediated transport compared with the BBB.

Alm et al. first demonstrated that the BRB permeation of
nutrients could be evaluated by an RUI study as is the case
for BBB permeation by a BUI study (16,17). The present
study extends this observation to include a wide variety of
compounds. ["H]PAH and ['*C]MeAIB are substrates of
OAT3 and system A (ATA2/Slc38a2), respectively, which
are expressed at the inner BRB and exhibit an uptake
function at the abluminal (retinal) side (9,28). Thus, both
compounds are most likely transported via passive diffusion
in the blood-to-retina/vitreous humor direction (24,29). We
found using several compounds undergoing passive diffusion
that the RUI values correlated with the lipophilicity (log
DC), and the same was true for the observed BUI vs log DC
(Fig. 1). These results support the hypothesis that the

lipophilicity of compounds is correlated with the BRB
permeability as is the case for the BBB permeability. Indeed,
the PSgrp of several compounds has a less than 100% Eq,
retina correlation with log DC, and the same was true for the
observed PSgpp vs log DC (Fig. 2). The lipophilicity trend
line is able to predict the BRB permeability of permeants
from their DC if permeants cross the BRB via passive
diffusion.

Although the RUI values for hydrophilic compounds
(log DC<—1), such as ["*C]MecAIB, [*H]PAH, [*H]D-
mannitol, ['*C]creatinine, and [*H]dopamine, are mostly
3- to 5-fold greater than the corresponding BUI values, the
RUTI values for lipophilic compounds (log DCG>0), such as
[3H]valproi(: acid, ['*C] antipyrine, [*H]warfarin, [*H]
corticosterone, [H]testosterone, and ['*C]diazepam, are
almost the same as the BUI values (Table I). These results
suggest that paracellular transport by the BRB for
hydrophilic compounds is greater than that of the BBB,
and the transcellular transport of lipophilic compounds by
the BRB is the same as that by the BBB. This is in
agreement with the results of Ennis and Betz (30) and
Stewart and Tuor (3). They reported using intravenous and
carotid artery injection techniques in the rat that the BRB
permeability of ["*CJsucrose and ['*C]a-amino-isobutyric
acid 1s about 4-fold greater than that of the BBB (3,30).
Although the contribution of the outer BRB to the retinal
transfer of compounds at the BRB is unclear, Stewart and
Tuor used electron micrographs of the rat inner BRB and
BBB to show that retinal vessels have a higher number of
interendothelial junctions than those of the brain, suggest-
ing that the inner BRB exhibits a higher paracellular
transport than the BBB (3). Thus, permeability for para-
cellular transport between the endothelial cells of the inner
BRB is several times greater than that of the BBB, although
the inner BRB has a similar structure to the BBB. Further
studies are needed to investigate the contribution of the
outer BRB to total BRB transport.

@ Springer



2722

Hosoya, Yamamoto, Akanuma and Tachikawa

The RUI and BUI values of [*H]progesterone, [*H]
diazepam, [*H]testosterone, and ['*C]antipyrine were
more than 100%, suggesting that efflux from the retina
and brain of these compounds is slower than that of
reference compounds. It appears that these lipophilic
compounds bind to some protein in the retina and/or
brain after transport from the blood and, thus, apparently
exhibit an extraction greater than 100%.

Although [*H]L-arginine, ['*C]glycine, ["H]D-glucose,
["H]L-Dopa, [*H]L-leucine, [*H]L-phenylalanine, [*H]
biotin, [*H]acetyl-L-carnitine, and [*H]adenosine are
hydrophilic compounds (log DC<—1.0), their RUI values,
except for [*HJacetyl-L-carnitine, are greater than the
lipophilicity trend line (Fig. 3a). CATI, glycine transporter
1 (GlyT1/Slc6a9), GLUT1, LAT1, SMVT, and equilibrative
nucleoside transporter 2 (ENT2/Slc29a2) are expressed at the
inner BRB and contribute blood-to-retina transport of their
substrates (5—8,23-25). The BUI values of [BH]L-argininc,
["H]D-glucose, [’H]L-Dopa, [*H]biotin, [’H]L-leucine, and
["H]L-phenylalanine are also greater than the lipophilicity
trend line (Fig. 3b). CAT1, GLUTI, LATI1, and SMV'T are
expressed at the BBB and contribute the blood-to-brain
transport of their substrates (26,27,31,32), although the
glycine transporter does not function at the BBB due to a
failure of self-inhibition in the BUI study of ['*C]glycine
(Table II). These findings support the idea that the uptake of
[’H]L-arginine and [’H]L-Dopa by the retina and brain is
inhibited in the presence of 10 mM L-arginine and L-Dopa
(Table T1). In addition to [*H]L-arginine and [*H]|L-Dopa,
we have reported that the uptake of [ *C]glycine, [*H]biotin,
and [*H]adenosine by the retina is inhibited in the presence
of an excess of each compound (6,23,24). This evidence
supports the demonstration that the RUI value of substrates
of SLC transporters is greater than the lipophilicity trend
line. Many patients with Parkinson’s disease have blurred
vision or other visual disturbances, which are reflected in the
reduced retinal dopamine concentration and delayed visual
evoked potentials (33). L-Dopa corrects these deficiencies
(34). LAT1 at the BRB is important for drug delivery to the
retina as well as LAT1 at the BBB (35). However, the RUI
and BUI values of [*H]acetyl-I-carnitine are lower than the
lipophilicity trend line (Fig. 3a and b), although the retinal
uptake of [*H]acetyl-L-carnitine, but not the brain uptake,
was inhibited in the presence of 2 mM acetyl-L-carnitine and
L-carnitine (25). The lack of agreement between the lower
RUI value of ["HJacetyl-I-carnitine and self-inhibition need
to be explained. It appears that Na'-dependent organic
cation/carnitine transporter 2 (OCTN2/Slc22a5) and some
efflux transport process acts on the influx and efflux transport
of acetyl-L-carnitine at the BRB at the same time. The RUI
and BUI values of [*H]adenosine were almost on the
lipophilicity trend line, although the retinal uptake of [*H]
adenosine was inhibited in the presence of 2 mM adenosine

@ Springer

(23). ENT2 most likely mediates adenosine at the inner BRB
(23). The adenosine concentration in the rat retina/choroid
(36) (approximately 0.9 nmol/g=0.9 uM) is about 10-fold
greater than that in the blood (90 nM) (37). Therefore, the
net efflux of adenosine transport at the inner BRB may occur
as at the BBB (37), since ENT2 is a bi-directional
equilibrative transporter.

T, is expected to be transported by a transporter from
the blood to the retina or brain because T, is an essential
constituent in the retina and brain as a thyroid hormone
(38). The BUI value of ['*’I]T, was reduced in the
presence of 50 pM T,, but the RUI value was not
(Table II). Although this is in agreement with Ty transport
by organic anion transporting polypeptide lcl (oatplcl/
oatpl4/Slcolcl) at the BBB (39), the total uptake by retina
and brain was lower than the lipophilicity trend line,
suggesting that T, undergoes efflux transport at the BRB
and BBB. Kassem ¢t al. reported that P-gp is involved in the
distribution of T in the choroid plexus (40). It appears that
['*I| T, undergoes efflux by P-gp at the BRB and BBB,
even although oatplcl exhibits influx transport of T4 at the
BBB. The RUI and BUI values of [*H]digoxin and [*H]
vincristin, which are substrates for P-gp (41,42), were lower
than the lipophilicity trend line, and the RUI and BUI
values of ["H]digoxin were increased in the presence of
5 mM verapamil, a P-gp inhibitor (Table II) (43). P-gp is
expressed on the luminal membrane of the inner BRB and
BBB and acts as an efflux transporter for lipophilic
substrates undergoing freely diffuse to endothelial cells
(2,41). No explanation is available at this time for the
observed disparity in [*H]verapamil uptake by the retina
and brain across the BRB and BBB, respectively (Fig. 3).
Although verapamil is a substrate of P-gp (44), it 1s also
most likely a substrate of an unknown novel cationic
transporter which carries out influx transport at the outer
BRB (45). Therefore, verapamil uptake by the retina is
greater than the lipophilicity trend line, and another reason
is that P-gp is less active at the BRB than the BBB, since the
BUI value of [*H]digoxin is smaller than the RUI value
(Table I). Further studies are needed to identify a
transporter for verapamil transport at the BRB.

OATS3 is expressed on the abluminal membrane of the
inner BRB and BBB, and MRP4 and AGCG2 are
expressed on the luminal membrane of the inner BRB
and BBB (9-11,46-48). PAH, which is a substrate for
OAT3 and MRP4, undergoes efflux from retina and brain
to blood most likely via OAT3 and MRP4 at the inner
BRB and BBB after vitreous or brain injection (9,49,50).
The RUI and BUI values of PAH were almost the same as
that of D-mannitol (Table I). Thus, uptake of organic anions
from blood by the luminal membrane of the BRB and BBB is
small, and the role of efflux transporters for organic anions
cannot be estimated using the carotid artery injection method.
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In conclusion, the present study demonstrates that the
BRB permeability for the passive diffusion of compounds is
correlated with their lipophilic properties as is the BBB
permeability. The lipophilicity trend line estimated from
the RUI and DC values is an indication of the transport of
drugs across the BRB. The substrates of influx transporters
and P-gp have a greater and smaller BRB permeability,
respectively, than the lipophilicity trend line. However,
verapamil, which is a substrate of P-gp, has a greater RUI
value than the lipophilicity trend line, but this is not the
case for the BUIL Verapamil transport is different at the
BRB and BBB, and a pharmacological evaluation of such
differences may contribute to improving our understanding
of the delivery of drugs to the retina and brain.
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