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ABSTRACT

Purpose To clarify the transport and inhibition characteristics in-
volved in verapamil transport across the inner blood-retinal barrier
(inner BRB).

Methods The transport of [*H]verapamil across the inner BRB
was investigated using retinal uptake index and integration plot
analyses in rats. The detailed transport characteristics were studied
using TR-BRB2 cells, a conditionally immortalized rat retinal capil-
lary endothelial cell line that is an in vitro model of the inner BRB.
Results The apparent influx permeability clearance of [°H]verapa-
mil was 614 uL/Amin-g retina), which is 4.7-fold greater than that of
brain. The retinal uptake of [H]verapamil was slightly increased by
3 mM verapamil and 10 mM qunidine and inhibited by 40 mM
pyrilamine, supporting the carrier-mediated eflux and influx trans-
port of verapamil across the inner BRB. TR-BRB2 cells exhibited a
concentration-dependent uptake of [3H]verapami| with a K, of
61.9 uM, and the uptake was inhibited by several cations, such as
pyrilamine, exhibiting a different profile from the identified trans-
porters. These transport properties suggest that verapamil transport
at the inner BRB takes place via a novel organic cation transporter.
Conclusions Our findings suggest that a novel organic cation
transporter is involved in verapamil transport from the blood to
the retina across the inner BRB.
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INTRODUCTION

The blood-retinal barrier (BRB) is located between the
retinal tissue and the circulating blood, and it is known that
the responsible cells at the BRB are retinal pigment epithe-
lial (RPE) cells and retinal capillary endothelial cells, form-
ing the outer and inner BRB, respectively (1-3). Although
the inner BRB prevents passive diffusion v paracellular
solute transport, the inner BRB efficiently provides the
retina with essential nutrients from the circulating blood (3).

In retinal capillary endothelial cells, the expression of
various transporters has been reported including transport-
ers for low-molecular weight molecules, such as D-glucose
(4), monocarboxylates (5), amino acids (6), organic cations
and vitamins (7,8), at the inner BRB. These contribute to
the transport of nutrients to the retina from the circulating
blood and the involvement of transporters, such as L
(leucine-referring) amino acid transporter 1 (LAT1/Slc7a))
and monocarboxylate transporter 1 (MCT1/8Slcl6al), in drug
transport across the BRB has been reported (5,6). Organic
anion transporting polypeptide 1a4 (oatpla4/oatp2/Slcola4),
organic anion transporter 3 (Oat3/Slc22a8) and multidrug
resistance protein 4 (Mrp4/Abcc4) are involved in the efflux
transport of endogenous metabolites, such as estradiol 17-p-D-
gluconide and dehydroepiandrosterone sulfate, and anionic
drugs including benzylpenicillin, 6-mercaptopurine, and
p-aminohippuric acid (PAH) across the inner BRB (3,9-11).
In addition, P-glycoprotein (P-gp/Mdr1/Abcbl)is localized in
the luminal membrane of retinal capillary endothelial cells to
restrict the distribution of lipophilic and cationic drugs to the
neural retina (12,13). Therefore, it is not easy to achieve
systemic drug delivery to the retina which is important because
retinal diseases, such as diabetic retinopathy, are in major
therapeutic targets.
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In BRB research, information about  viwvo/in vitro rela-
tionships is helpful for predicting drug distribution to the
retina, and Kadam and Kompella and Toda e al. have
reported lipophilicity-based estimations of  viwo drug dis-
tribution to ocular tissue (14,15). Previously, we also
reported a close correlation between the lipophilicity (log
DC value; log n-octanol/Ringer distribution coeflicient) and
the retinal uptake index (RUI) for a variety of chemical
classes, using 13 compounds that were expected to undergo
blood-to-retina-directed passive diffusion and had log DC
values ranging from —2.6 to 2.5 (16). Although a predictable
relationship between the RUTI and log DC values was shown
for compounds that display no significant influx and efflux
transport, substantially higher RUI values than those of our
lipophilicity-based prediction were exhibited by several
compounds, such as D-glucose, L-arginine, L-leucine, and
L-Dopa, which are substrates of influx transporters (16).

In contrast, the substrates of P-gp exhibited interesting
results, and verapamil had a 5.3-fold greater RUI value
than that of the lipophilicity trend line in spite of the lower
RUI values shown by digoxin and vincristine (16—19), sug-
gesting the possible involvement of carrier-mediated influx
transport process(es) in verapamil transport across the BRB.
However, our knowledge of the verapamil transport at the
inner BRB was incomplete and there was a report that an
unknown cation transporter contributes to verapamil trans-
port at the outer BRB (20). Verapamil, a cationic Ca®*
channel blocker, is a drug used for the treatment of arterial
hypertension and arrhythmia (21), and it has been also
studied as an anti-glaucoma drug (22). Therefore, in order
to achieve systemic drug delivery to the retina, more de-
tailed evidence about the transport of verapamil at the inner
BRB will be helpful.

The purpose of this study is to clarify the properties of
verapamil transport across the inner BRB, such as the
involvement of carrier-mediated transport, the inhibitory
profile and molecules which might be candidate transport-
ers. The mechanisms governing verapamil influx transport
at the inner BRB were investigated by i viwo vascular injec-
tion methods and an uptake study using TR-iBRB2 cells.
TR-1BRB2 cells are a key i vitro tool to study the inner BRB
since they have similar cell morphology and gene expression
profile to retinal capillary endothelial cells, and are signifi-
cantly correlated with i vivo BRB permeability (23-25).

MATERIALS AND METHODS
Animals
The experimental protocols for the present animal study

conformed to the provisions of the ARVO (The Association
for Research in Vision and Ophthalmology) Statement and
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were approved by the Animal Care Committee, University
of Toyama. Male Wistar rats (160-180 g) were purchased
from Japan SLC (Hamamatsu, Japan) and kept in a con-
trolled environment.

Reagents

[N-methyl-’H]Verapamil hydrochloride ([*H]verapamil,
80 Ci/mmol) and z-[1-'*C]butanol (['*C]a-butanol,
2 mCi/mmol) were purchased from American Radiolabeled
Chemicals (St. Louis, MO). [Pyridinyl-5-*H]pyrilamine
([*H]pyrilamine, 20 Ci/mmol) was purchased from
PerkinElmer Life and Analytical Sciences (Waltham,
MA). Nipradilol was kindly provided by Kowa Co.,
Ltd. (Nagoya, Japan). All other chemicals were of
reagent grade and available commercially.

Blood-to-Retina [*H]Verapamil Transport Study

Integration plot analysis was performed as described previ-
ously (8,26,27). In order to determine the apparent influx
permeability clearance (K,) of [*H]verapamil in the retina,
[*H]verapamil (3 pCi/rat) in 400 pL (93.8 nM) Ringer-
HEPES buffer (141 mM NaCl, 4 mM KCI, 2.8 mM CacCl,,
10 mM HEPES, pH 7.4) was injected into the femoral vein
of rats anesthetized with pentobarbital (50 mg/kg body
weight).

The retinal and brain uptake index (RUI and BUI)
methods were carried out as described previously
(8,16,28,29). To evaluate the inhibitory effects of cationic
compounds (3—40 mM) on the blood-to-retina/brain trans-
port of [*H]verapamil, the test solutions were injected into
the rat common carotid artery of rats anesthetized with
pentobarbital. The injected solution was 200 pL Ringer-
HEPES buffer containing [*H]verapamil (3 pCi, 188 nM)
and a diffusible internal reference, ['*C]z-butanol (0.5 pCi),
with or without cationic compounds. The radioactivity
measurements of ["H]verapamil and ['*C]n-butanol were
performed using a liquid scintillation counter (LSC-7400,
Aloka, Tokyo, Japan).

The obtained data were analyzed as described in our
previous reports (8,16,24-29). In the integration plot analy-
sis, the apparent tissue-to-plasma concentration ratio, over
the time-period of the experiment (¢), was defined as V(¢
and was used as an index of the tissue distribution character-
istics of [*H]verapamil. V4(f) can be calculated as the
amount of ["H] per gram tissue divided by that per milliliter
plasma, and the apparent influx permeability clearance of
[3H]verapamil in tissue (K, rssue) Was determined by using
the following Eq. 1:

Vd(t) = K{n, tissue X AUC (t)/cp(t) + Vi (1)
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where AUC(/) (dpm-min/mL), (i,() (dpm/mL), and V; (mL/g
tissue) are the area under the plasma concentration time curve
of [*H]verapamil from time 0 to ¢, the plasma [*H]verapamil
concentration at time /4 and the rapidly equilibrated distribu-
tion volume of [*H]verapamil in the tissue, respectively. In the
present study, V; was thought to be comparable with the
vascular tissue volume as described elsewhere (8).

The RUI and BUI values reflect the fractional uptake of
["H]verapamil as a percentage of the fractional uptake of
['*C]n-butanol in the retina and brain, respectively. In the
present study, they were used as an index of the distribution
characteristics of [*H]verapamil into organs, and can be
described by the following Eq. 2;

RUI or BUI = ([’H]/["*C] (dpm in the retina or brain))/
(PH]/["*C] (dpm in the injectate solution)) x 100

(2)
Cell Culture and Uptake Study

TR-1BRB2 cells (passage number 23-35), a conditionally im-
mortalized rat retinal capillary endothelial cell line, were
cultured in Dulbecco’s modified Eagle’s medium (Nissui Phar-
maceuticals, Tokyo, Japan) with 10% fetal bovine serum,
20 mM NaHCOs;, and antibiotics, as described previously
(5). The optimal growth temperature for TR-iBRB2 cells
was set at 33°C because of the expression of temperature-
sensitive large T-antigen in TR-IBRB2 cells (24,25). Prior to
the uptake study, cells were rinsed with extracellular fluid
(ECF)-buffer (122 mM NaCl, 25 mM NaHCO3;, 3 mM
KCl, 1.4 mM CaCly, 1.2 mM MgSO,, 0.4 mM KyHPO,,
10 mM D-glucose and 10 mM HEPES (pH 7.4)), and the
uptake studies were performed at 37°C as described elsewhere
(5,24,25). In the present study, the assay buffers were 200 pL
of ECF-buffer containing 0.1 nCi [*H]verapamil (6.25 nM) or
[’H]pyrilamine (25 nM) at 37°C with or without inhibitors. In
the analysis of Na'-dependent transport, Na'-free ECF-
buffer was prepared by replacement with equimolar LiCl
and KHCOy3. The radioactivity measurements of [*H]verap-
amil and [*H]pyrilamine were performed using a liquid scin-
tillation counter (LSC-7400, Aloka), and the cellular protein
content was measured by means of a detergent compatible
protein assay, according to the manufacturer’s instructions (a
DC protein assay kit, Bio-Rad, Hercules, CA).

Data analyses of i vitro uptake study were performed as
described previously (8,16,24—29). In order to express cellu-
lar uptake of [*H]verapamil or [*H]pyrilamine, the cell-to-
medium ratio was calculated using Eq. 3:

Cell/medium ratio = ([*H] dpm per cell protein (mg))/
([°H] dpm per pL. medium)

(3)

To determine kinetic parameters for transport activity,
the uptake data of verapamil and pyrilamine were fitted to a
one saturable and one nonsaturable process model (Eq. 4)
and a two saturable processes model (Eq. 5), respectively.

j:]maXXC/(I{m—i—C)-i-KdXC (4)

] :L‘].Zmaxl X C/(Kml + C) +]max2 X C/(I{mQ + C) (5)

In Eq. 4 and Eq. 5, 7, C, K., Jmax and Ky represent the
uptake rate, the substrate concentration, the Michaelis con-
stant, the maximal uptake rate and nonsaturable uptake
rate, respectively. The nonlinear least-square regression
analysis program, MULTI, was used to determine kinetic
parameters (30).

The contribution of the saturable process to verapamil
uptake was estimated from Eq. 6.

Contribution(%o) = 100 X (Fmax/En) /[(Fmax/Fan) + Ka] ~ (6)

Statistical Analysis

Statistical analyses were carried out using a one way analysis
of variance (ANOVA) followed by the modified Fisher’s
least-significant difference method and an unpaired two-
tailed Student’s #test for several and two groups, respective-
ly. Unless otherwise indicated, all data represent means*t
S.E.M. except for kinetic parameters. The data for the
kinetic parameters represent means+S.D.

RESULTS

Blood-to-Retina Transport of Verapamil Across
the BRB

The n vivo blood-to-retina transport of verapamil across the
BRB was evaluated to allow comparison with the blood-to-
brain transport across the blood-brain barrier (BBB) using
integration plot analysis after intravenous administration of
[*H]verapamil to rats (Fig. 1). By means of Eq. 1, the K,
retina Of [3H]verapamil was determined from the slope rep-
resenting the apparent influx permeability clearance across
the BRB and found to be 614140 pL/(min'g retina)
(Fig. 1a). This is a much higher value than that previously
determined for [*H]D-mannitol (0.626 pL/(min-g retina))
(7). The K, prain Of [SH]verapamil was 131132 pL./(min-g
brain) (Fig. 1b) which is 4.7-fold lower than that determined
for the retina.

In Table I, the greater influx transport of verapamil
across the BRB compared with BBB was also supported by
the estimated RUI (507%) of [BH]verapamil which was

@ Springer



850

Kubo et al.

—_
Q
~

6.0 ~
5.0 +
4.0 4 é
3.0+

2.04

V(1) (mL/g retina)

1.0 1

0.0 T T T
0 2 4 6 8

AUC(8)/C,(f) (min)

(b)

1.0 o

. 0.8+
£ ®
g
S 06+ ®
2
E
— 0.4+
e
Ny
0.2
0.0 =+ T Y Y T
0 2 4 6 8

AUC(1)/C,(#) (min)

Fig. | The initial uptake of [*H]verapamil by the retina (a) and brain (b) in
rats. In the integration plot analysis, [*H]verapamil (3 uCi/rat) was injected
into the femoral vein. Each point represents the mean =S.E.M (n=3-4).

much higher than the BUI (12.1%). Verapamil and quini-
dine, at a concentration of 3 mM and 10 mM, slightly
increased the RUT of [*H]verapamil to 133% and 127%
compared with the control, respectively, while the BUI was
markedly increased to 799% and 822%, respectively. Pyril-
amine, at a concentration of 3 mM, had no significant effect
on the RUI, whereas the BUI was increased to 289%. In
addition, pyrilamine, at a concentration of 40 mM, signifi-
cantly reduced the RUI to 72.9% but not for the BUI, and
choline at 40 mM had no significant effect on either. These
in vivo results clearly show the carrier-mediated efflux and
influx transport of verapamil across the BRB.

Uptake of [*H]Verapamil by TR-iBRB2 Cells

To investigate the mechanism of verapamil transport across
the BRB, an uptake study with TR-iBRB2 cells was
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performed. TR-iIBRB2 cells showed a time-dependent in-
crease in [*H]verapamil uptake for at least 5 min, with an
initial uptake rate of 56.9+t4.1 pL/(min-mg protein)
(Fig. 2a). The effects of Na'-free buffer and temperature
on [*H]verapamil uptake were investigated, and a temper-
ature of 4°C significantly reduced [*H]verapamil uptake by
57% whereas Na'-free conditions produced no change in
["H]verapamil uptake (Fig. 2a). In addition, no significant
effect on [BH]vcrapamil uptake was exhibited at pH 6.4,
and 8.4 (Fig. 2b). The pretreatment of TR-IBRB2 cells with
NH,Cl produced no significant alteration in the ["H]verap-
amil uptake (data not shown), suggesting that the [*H]ve-
rapamil uptake is not affected by intracellular acidification.

Figure 3a shows that the [*H]verapamil uptake by TR-
iBRB2 cells took place in a concentration-dependent manner
with a A}, of 61.9+3.9 uM, a F.x of 3.31+£0.21 nmol/
(min‘mg protein) and a Ay of 5.9310.95 pL/(min‘mg protein).
Under the experimental conditions used in the present study,
the estimated contribution of the saturable process to verapamil
transport was 90%, suggesting that an Na-independent
carrier-mediated transport system made a major contribution
to the verapamil uptake by TR-1BRB2 cells.

Inhibition Study of [*H]Verapamil Uptake
with Cationic Compounds

The effect of a number of compounds on the [*H]verapamil
uptake by TR-iBRB2 cells is summarized in Table II. Ve-
rapamil, desipramine, imipramine, quinidine, memantine,
pyrilamine, mecamylamine and amantadine, at concentra-
tions of 500 pM, caused marked inhibition by more than
54%. In addition, B-blockers, such as propranolol, nipradilol
and timolol, strongly inhibited [*H]verapamil uptake by
more than 55%, and a-agonists, such as clonidine and
brimonidine, caused moderate inhibition by more than
35%. Moreover, L-carnitine, a substrates of OCTN2
(Slc22a5), at a concentration of 500 pM, produced a slight
inhibition of 23%, whereas similar concentrations of cimeti-
dine, choline, decynium-22, 1-methyl-4-phenylpyridinium
(MPP"), tetraethylammonium (TEA), acetazolamide, seroto-
nin and p-aminohyppuric acid (PAH) had no significant effect.

In Fig. 3b, the inhibitory effect of a cationic compound
on [*H]verapamil uptake is shown kinetically. Pyrilamine, at
a concentration of 200 pM, inhibited verapamil uptake, and
the saturable process of [’H]verapamil uptake seems to be
inhibited competitively by pyrilamine.

Uptake of [*H]Pyrilamine by TR-BRB2 Cells

The pharmacological importance of a putative pyrilamine
transporter at the BBB has been proposed (32,33), and it
was thought to contribute to verapamil transport across the
inner BRB. To investigate the characteristics of pyrilamine
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Table | The RUI and BUI Values of [3 H]Verapamil in Rats

Inhibitor RUI (%) % of control BUI (%) % of control
Control 507+23 1005 2.1 +1.0 100+8

3 mM Verapamil 676 £20% 1334 96.8+£3.9*% 799+32
[0 mM Quinidine 644 = 34* 127+7 99.5+7.8% 822+65
3 mM Pyrilamine 506 £47 99.9+9.3 350+ 1.8* 289=+15
40 mM Pyrilamine 370 =46* 72.9+9.0 19.2= 1.1 158+9
40 mM Choline 566+70 [12=14 144+29 [19+24

[ H]Verapamil (3 uCifrat) and ['* CJn-butanol (0.5 uCi/rat) were injected into the common carotid artery in the absence (control) or presence of inhibitors.
Forty mM pyrilamine was used by according to the previous report on the BUI study of [> HJnaloxone (31). Ten mM quinidine and 3 mM verapamil were
set because of its limitation of solubility, and 3 mM pyrilamine was set to compare the effect of pyrilamine to that of verapamil. Forty mM choline was a
negative control since the highest concentration of inhibitors was 40 mM. Each value represents means = S.E.M. (n=3-16). *p <0.01, significantly different

from the control
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Fig. 2 Uptake of [*H]verapamil by TR-BRB2 cells. (a) The time-course
(closed circle) of [*Hverapamil uptake (6.25 nM) was examined at 37°C.
Temperature- (4°C; open circle) and Na™- (open triangle) dependence of
the [*H]verapamil uptake was examined in ECF-buffer with (control; closed
circle) or without Na ™. (b) The pH-dependence (pH 6.4 and 8.4) was also
examined. Except for the time-course and temperature-dependent studies,
the uptake was performed at 37°C for 3 min. The cell uptake of [H]
verapamil was expressed using the cell/medium ratio, and each point and
column represents the mean=+S.E.M (n=3-4). *» <0.01l, significantly
different from the control.

transport at the inner BRB, the [*H]pyrilamine uptake by
TR-iBRB2 cells was investigated. TR-IBRB2 cells exhibited a
time-dependent increase in ["H]pyrilamine uptake for at least
30 sec, with an initial uptake rate of 1124+9 puL/(min'mg
protein) (Fig. 4a). [*H]Pyrilamine uptake exhibited a signifi-
cant reduction (by 49%) at 4°C (Fig. 4b) and, at pH 8.4, there
was a significantly higher [*H]pyrilamine uptake (by 27%)
compared with the control (pH 7.4) (Fig. 4c). The [*H]pyril-
amine uptake was shown to be concentration-dependent, with
a K, of 20.2£4.4 uM, a Fax of 0.83710.179 nmol/
(min'mg protein), a A0 of 25216 pM and a Jax0 of 22.3 %
0.8 nmol/(min‘mg protein) (Fig. 5a).

To clarify the transport properties of the [*H]pyrilamine
uptake in TR-IBRB2 cells, the inhibitory effects of several
compounds were examined (Table II). Verapamil, at a
concentration of 500 uM, strongly inhibited [*H]pyrilamine
uptake by 79%. In addition, desipramine, imipramine, pro-
pranolol, memantine, quinidine, nipradilol, amantadine,
clonidine and timolol, at a concentration of 500 uM, caused
marked inhibition by more than 51% while no inhibitory
effects on [*H]pyrilamine uptake were observed in the pres-
ence of TEA, serotonin, L-carnitine and choline.

In Fig. 5b, the inhibitory effect of verapamil on [*H]
pyrilamine uptake was kinetically studied. Verapamil, at a
concentration of 100 pM, inhibited pyrilamine uptake, and
no intersection of the two lines of pyrilamine uptake on the
abscissa in the presence or absence of 100 uM verapamil
was observed, indicating no competitive inhibition of satu-
rable pyrilamine transport by verapamil.

DISCUSSION

Verapamil is known as a cationic substrate of P-gp, which is
expressed in various tissues such as the BBB, and is involved
in the efflux transport of drugs (17-19). At the BRB, P-gp is
expressed in retinal capillary endothelial cells (inner BRB)
and RPE cells (outer BRB) to remove xenobiotics to the
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Fig. 3 Concentration-dependent uptake of [*H]verapamil. The uptake of [H]verapamil by TR-iBRB2 cells was examined at 37°C for 3 min. (a) Data
obtained over the concentration range studied (1-500 M), were analyzed by Michaelis-Menten kinetics. The dotted, dashed and solid lines represent the
best fit to nonsaturable transport, saturable transport and the overall transport data, respectively. (b) [*H]verapamil uptake (at a concentration of 2-200 14M)
with (open circle) or without (closed circle) 200 uM pyrilamine was performed, and an Eadie-Scatchard plot was used in the data analysis. Each point

represents the mean =S.E.M. (n=3).

circulating blood, and the contribution of P-gp at the inner
BRB is reported to be lower than that of the BBB (12,13).
Our previous reports have suggested the possible involve-
ment of carrier-mediated influx process(es) in verapamil
transport from the circulating blood to the retina across
the BRB, and these influx process(es) could be useful for
systemic drug delivery to the retina, since drugs for ocular
diseases include several cationic ones, although the detailed
transport mechanism is unclear (16,23). In the present study,
in vivo and n vitro analyses were performed to investigate the
functional properties of verapamil influx transport across
the inner BRB, and our results suggest the involvement of
a novel organic cation transporter at the inner BRB.
Integration plot analysis showed that the transport of
[*H]verapamil from the blood to the retina across the
BRB had a far higher A, ,cina (614 pL/(min'g retina);
Fig. la) than that of D-mannitol, a non-permeable para-
cellular marker (7), which suggested the permeation of ve-
rapamil into retina from the circulating blood. Combined
with this result and our previous report that verapamil
exhibits a 5.3-fold higher RUI value than that estimated
from 1its lipophilicity (16), the involvement of an influx
transport system is suggested in verapamil transport across
the BRB. The £, ,cina value is 4.7-fold higher than the £,
brain (131 pLL/(min-g brain); Fig. 1b), and tissue uptake index
analysis also showed a higher RUI (507%) than BUI
(12.1%) for [*H]verapamil (Table I), which implies the
influx transport of verapamil at the BRB works more greatly
than that of the BBB. In the inhibition study of the tissue
uptake index, 3 mM verapamil and 10 mM quinidine had a
significantly higher effect, with approximately 1.3- and 8.0-
fold greater, RUI and BUI values of [*H]verapamil than
controls while 40 mM choline had no significant effects
(Table I). These results support the P-gp-mediated efflux
of verapamil across the BRB since verapamil and quinidine
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Table Il Effect of Compounds on [?H]Verapamil and [*H]Pyrilamine

Uptake by TR-iBRB2 Cells

Compound Relative Uptake (% of control)
[PH]Verapamil H]Pyrilamine
Control 100£3 1002
Desipramine 7.20+0.26* 2.13%+0.10%
Propranolol 9.45+0.21% 16,7+ 1.1%
Imipramine 9.65+0.09% 2.54+0.02%
Quinidine 17.2+0.5% 24.9 +0.9%
Verapamil 9.6+ | .4% 21.2+0.2%
Memantine 27.9£2.9% 24.1 £ 1.3%
Nipradilol 3L =1.2% 13.7+0.23%
Pyrilamine 31.3=1.2% 42.2+0.8*
Mecamylamine 41.8+1.8* N.D.
Timolol 44.5+4.5% 48.2=0.4*
Amantadine 456+ 1.3* 43.0%=1.1*
Clonidine 63.3+3.5% 48.1 £ 1.2%
Brimonidine 65.0+3.6% N.D.
L-Carnitine 76.9+12.8* 129+4
Cimetidine 943+3.0 N.D.
Choline 101 =14 1262
Decynium-22 1036 N.D.
MPP* 105+9 N.D.
TEA [19+5 149 = |
Acetazolamide 121 =17 N.D.
Serotonin 13111 [19£2
PAH 1334 N.D.

[> H]Verapamil uptake by TR-BRB2 cells was performed in the absence
(control) or presence of 500 uM compounds at 37°C for 3 min. Similarly,
[> H]Pyrilamine uptake by TR-iBRB2 cells was performed at 37°C for
30 sec. Each value represents means =S.E.M. (n=3-16). *» <0.01, sig-
nificantly different from the control. MPP™, |-methyl-4-phenylpyridinium;
TEA, tetraethylammonium; PAH, p-aminohippuric acid., N.D.; not
determined



Verapamil Transport Across the Inner BRB

853

(a)

2501

)
=
=

L

-
a
o

-
(=4
o

Cell/medium ratio
(uL/mg protein)
N
o

0 05 1.0 1.5 2.0 25 3.0 3.5
Time (min)

—
(=2
d

Cell/medium ratio
(uL/mg protein)
*

37°C 4°C

[=2]
o

(uL/mg protein)
=Y
(=]

Cell/medium ratio

N
o

pH6.4 PpH7.4 pHS8.4

Fig. 4 Uptake of PH]pyrilamine by TR-BRB2 cells. (a) The time-course
of [PHlpyrilamine uptake (25 nM) was examined at 37°C. (b) The
temperature-dependence was examined at 37°C or 4°C for 10 sec. (c)
The pH-dependence (pH 6.4 and 8.4) was examined at 37°C for 30 sec.
Each point and column represents the mean +S.E.M (n=3-5). ¥ <0.01,
significantly different from the control.

are a substrate and an inhibitor of P-gp, respectively, and
the lower increases in RUI compared with BUT support the
lower contribution of P-gp at the BRB compared with the
BBB (12,16). Choline is known to be an endogenous cation,

and the results in the presence of choline suggest that cho-
line transport system(s) make only a minor contribution to
the transport of verapamil at the BRB and BBB (Table I)
(34—36). On the other hand, in the presence of pyrilamine,
the RUI and BUI values of [*H]verapamil were affected
differently (Table I). In particular, pyrilamine, at a concen-
tration of 40 mM, significantly reduced the RUI value
during the 1.6-fold increase in the BUI value, confirming
the pyrilamine-sensitive carrier-mediated influx transport of
verapamil at the BRB.

The in viwo analyses suggested carrier-mediated influx
transport of verapamil at the inner BRB (Fig. 1 and
Table I). However, little is known about organic cation
transport systems at the inner BRB while putative organic
cation transporters have been reported at the outer BRB
(20,37). Therefore, the uptake of [*H]verapamil was exam-
ined using an  vitro inner BRB model, TR-iBRB2 cells.
The uptake study suggests that the influx transport of ve-
rapamil across the inner BRB took place in a time- and
temperature-dependent manner and was also Na " - and pH-
independent (Fig. 2a and b). The concentration-dependence
of the verapamil influx transport was also suggested with a
Ky of 5.93 pL/(min'mg protein), a J.x of 3.31 nmol/
(min‘mg protein) and a A, of 61.9 uM, confirming the
major contribution of the saturable process (Fig. 3a). These
results clearly support the involvement of a carrier-mediated
transport system in the influx transport of verapamil across
the inner BRB.

In the inhibition study in TR-1IBRB2 cells, verapamil and
quinidine inhibited the [*H]verapamil uptake while they
exhibited higher RUI and BUI values than that of the
controls. Considering this discrepancy, it would appear that
the amount of P-gp expressed in TR-IBRB2 cells is low
compared with in vivo condition. The results of inhibition
study suggest the involvement of a novel organic cation
transporter in the influx transport of verapamil across the
inner BRB since [*H]verapamil uptake was significantly
inhibited by cationic compounds such as imipramine, quin-
idine, memantine, pyrilamine, mecamylamine, timolol, clo-
nidine and amantadine. The specificity for cations is
supported by a lack of effect by PAH which is a typical
anionic compound, and the competitive-like inhibition
shown by pyrilamine (Table IT and Fig. 3b). The chemical
properties of the compounds used, such as the log DC and
functional groups, imply that the novel organic cation trans-
porter preferentially recognizes lipophilic compounds with
secondary or tertiary amines as its substrates since the most
marked inhibition (more than 80%) was exhibited by desi-
pramine, imipramine, propranolol and qunidine. In addi-
tion, the inhibition study implies that drugs with anti-
angiogenic and neuroprotectant properties for ocular dis-
cases can be the substrates of the novel organic cation
transporter because of the significant inhibition produced
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by propranolol, desipramine, nipradilol, and brimonidine
(Table II). According to previous reports, neuroprotective
effects are exhibited by desipramine, nipradilol, and brimoni-
dine, a tricyclic antidepressant, a f-adrenergic antagonist and
an op-adrenergic agonist, respectively, and propranolol, a f-
adrenergic antagonist, is protective against retinal angiogene-
sis (38—41). The novel organic cation transporter at the inner
BRB is suggested to be different from well-characterized
organic cation transporters, such as OCT1 (Slc22al) (42),
OCT?2 (Slc22a2) (43,44), OCT3 (Slc22a3) (45), OCTNI1
(Slc22a4) (46,47), OCTN2 (Slc22a5) (48,49), MATEI1
(Slc47al) (50,51) and PMAT (Slc29a4/ENT4) (52), since their
substrates and inhibitors, such as TEA, MPP", decynium-22,
choline, and cimetidine, had no significant effects on the [*H]
verapamil uptake by TR-iBRB2 cells (Table II). Although the
significant inhibition by L-carnitine implies the possible in-
volvement of OCTN2, it is reasonable to suppose that
OCTN2 is not identical to the novel organic cation transport-
er at the inner BRB because its other substrates and inhibitors,
such as TEA, MPP" and cimetidine, had no effect (Table II)
(48,49). Therefore, the identity of the molecule responsible for
verapamil transport at the inner BRB remains unclear
(Supplementary Material Fig. Sl1).

Regarding reported putative organic cation transporters
at the tissue barriers, a putative verapamil transporter and a
putative pyrilamine transporter have suggested at the outer
BRB and BBB, respectively (20,32,33). The verapamil
transporter at the outer BRB is reported to act in a pH-
dependent manner (20), indicating that it has a different
pH-sensitivity from the verapamil transport across the inner
BRB (Fig. 2b). On the other hand, the contribution of the
pyrilamine transporter was examined in TR-iBRB2 cells
since pyrilamine exhibited an inhibitory effect on the [*H]
verapamil uptake (Table II and Fig. 3b). The results of the
[*H]pyrilamine uptake study suggested that the pyrilamine
transport across the inner BRB takes place in a temperature-,
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pH- and concentration-dependent manner (Fig. 4), and
involves high-affinity (£,,;=20.2 uM) and low-affinity
(Kne=252 uM) processes (Iig. 5a), implying a similar
pyrilamine affinity between the high-affinity process and
the putative pyrilamine transporter at the BBB (32). In the
inhibition study, L-carnitine exhibited no significant effect
on [*H]pyrilamine uptake by TR-iIBRB2 cells, of which
sensitivity to L-carnitine is different from that of [*H]
verapamil uptake, whereas significant inhibitory effects
were observed in the presence of desipramine, proprano-
lol, imipramine, quinidine, verapamil, memantine, nipradi-
lol, pyrilamine, timolol, amantadine and clonidine. The
different pH-sensitivity of verapamil and pyrilamine uptake
by TR-iBRB2 cells indicates that their molecules respon-
sible are not identical, and this is also supported by their
different sensitivity to L-carnitine (Table II) (Supplementary
Material Fig. S1). The kinetic analysis indicates that verapamil
has no competitive effect on the pyrilamine uptake although
verapamil uptake exhibited a competitive-like inhibition
(Fig. 3b and Fig. 5b), supporting the belief that the verapamil
transport system differs from that of pyrilamine in spite of its
sensitivity to pyrilamine.

In conclusion, our investigations suggest that a carrier-
mediated transport system is involved in the verapamil
transport from the circulating blood to the retina. Its trans-
port properties are clearly different from those of well-
characterized organic cation transporter molecules, suggest-
ing that a novel organic cation transporter is involved in the
influx transport of verapamil at the inner BRB. Furthermore,
the inhibition study revealed the possible role of this novel
organic cation transporter in the distribution of cationic drugs,
including anti-angiogenic compounds and neuroprotectants,
to the neural retina. The present findings provide helpful
information to increase our understanding of drug transport
at the BRB with the future possibility of designing suitable
methods for systemic drug delivery to the retina.
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