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INTRODUCTION

Aqueous humor, secreted into the posterior chamber by
the ciliary processes, flows through the pupil into the anterior
chamber and leaves the eye mostly through the canalicular
system. The rest of agueous humor is eliminated through the
uveoscleral system. Aqueous humor has a role of providing
nutrients to the cornea and lens, and of carrying away their
metabolic wastes to blood circulation.

Two clearance systems, agueous humor outflow-mediated
clearance and systemic clearance by the highly vascular tissues
of the anterior uvea, have been reported in ocular clearance of
drugs administered to the eye, although the contribution of each
clearance pathway is different for various drugs (1). Recently,
several research groups have detected P-glycoprotein (P-gp),
an ATP-dependent efflux pump, in blood-agueous barrier such
as capillary endothelia cells of irisand epithelia of ciliary non-
pigmented cells, as well as in other normal tissues including
the brain, intestine and liver (2-5). This protein transports a
variety of structurally and pharmacologically unrelated,
hydrophobic compounds out of cells to prevent accumulation
in these tissues (6).

Recently, we demonstrated that P-gp in blood-agueous
barrier markedly suppressed the agueous distribution of rhoda-
mine 123 (Rho-123), a P-gp substrate (7), given intravenously
in rabbits (8). In the present study, we further analyzed the role
of P-gp as an active efflux system from agueous humor to blood
circulation using Rho-123.

MATERIAL AND METHODS

Chemicals

Thefollowing reagents were used: Rho-123 (Kanto Chem-
ica Co., Tokyo, Japan), fluorescein isothiocyanate-dextran
4000 (FD-4, Sigma Chemica Co., St. Louis, Mo), quinidine
sulfate dihydrate (Wako Pure Chemicals, Osaka, Japan), and
BSS plus® (a solution for eye irrigation, Alcon Japan, Tokyo,
Japan). Cyclosporin A (CsA) was kindly supplied by Sandoz
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Pharmaceuticals (Basel, Switzerland). All other chemicals used
were of the highest purity available.

Ocular Clearance of Rho-123 In Vivo

New Zealand male abino rabbits weighing 3.0 to 3.5 kg
were used. Theinvestigations utilizing rabbits described in this
report conformed to the Principles of Laboratory Animal Care
(NIH publication #85-23, revised 1985). Rho-123 (2.0 nmol/
ml) and FD-4 (2.0 pmol/ml) were dissolved in BSS plus®
containing 0.1% dimethyl sulfoxide. The pH and osmolarity of
the solution were 7.6 and 278 mOsm, respectively. The mixture
(30 wl) was slowly injected into the anterior chamber through
aselfsealing tract viathe cornea according to published method
(9). Aliquot (approximately 100 wl) of agueous humor was
sampled by a 1-ml syringe with a 27-gauge needle once from
a limbal paracentesis site on each eye at a designated time
after injection. These experiments were repeated to obtain time
courses for Rho-123 and FD-4 remaining in the agueous humor
in each rabbit.

To estimate the contribution of P-gp-mediated ocular clear-
ance, 50 pl of quinidine solution dissolved in 50% ethanol
(12.5 mM) was applied topicaly 5 times at 5 min intervals in
the same manner asreported previoudly (8). The corneal surface
was washed well with physiological saline 5 min after the last
drop of quinidine. Then, the Rho-123 and FD-4 mixture (30
wl) was injected intracamerally. Aqueous humor was sampled
at a designated time.

Effect of topical CsA on Rho-123 ocular clearance was
also examined. CsA was dissolved in 50% ethanol at a concen-
tration of 1.25 or 12.5 mM. The solution was applied topically
in the same manner asthe quinidine. For comparison, asolution
of quinidine dissolved at a concentration of 1.25 mM was also
examined. Aqueous humor was sampled 30 min after intracam-
eral injection of the mixture.

Analysis

Aqueous concentrations of Rho-123, FD-4 and quinidine
were determined by HPLC using TSKgel ODS-80 TM column
(Tosoh, Tokyo, Japan). Mobile phases used were 40% acetoni-
trilein 1% acetic acid for Rho-123 and FD-4, and 30% acetoni-
trile in 1% acetic acid for quinidine. Detection was performed
with afluorometric detector at the following wavelengths: exci-
tation 485 nm and emission 550 nm for Rho-123 and FD-4;
excitation 310 nm and emission 380 nm for quinidine.

RESULTS

Elimination of Rho-123 and FD-4 from Aqueous Humor
In Vivo

A mixture of Rho-123 and FD-4 was injected intracamer-
aly, and the profiles of elimination from agueous humor in the
absence or presence of quinidinein agueous humor weretracked
(Fig. 1). The agueous concentrations of quinidine applied topi-
cally were in arange from 185.0 = 17.7 pM to 73.4 = 30.8
M (means * S.D., 4-5trials) during the 1 h-clearance study of
Rho-123 and FD-4. Rho-123 disappeared from agueous humor
faster than FD-4 in the absence of quinidine in agueous humor.
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Fig. 1. Elimination of Rho-123 (circle) and FD-4 (triangle) from aque-
ous humor after intracameral injection in untreated (open symbol) and
quinidine-treated (closed symbol) rabbits. The units for Rho-123 and
FD-4 in Y-axis are nM and uM, respectively. Quinidine was applied
topically as eye drops (12.5 mM solution) at a volume of 50 wl each
on the corneal surface 5 times at 5 min intervals. Intracameral doses
of Rho-123 and FD-4 were 60 pmol and 60 nmol, respectively. Bars
represent the standard deviation of 4 to 5 trials.

Rho-123 elimination was significantly retarded by topical quini-
dine, though the change in FD-4 elimination was minimal. The
concentration ratio of Rho-123 to FD-4 in agueous humor 30
min after intracameral injection of the mixture was 0.229 +
0.044 (x1073%) in the absence of quinidine. This ratio signifi-
cantly increased to 0.403 + 0.056 (X 10 3) in the presence of
quinidine in agueous humor (P < 0.05).

Phar macokinetic Analysis of Rho-123 Ocular Clearance

The elimination of Rho-123 from aqueous humor was
pharmacokinetically analyzed as a function of aqueous humor
outflow-mediated (canalicular and uveosclera systems), P-gp-
mediated, and other remainder clearance. Clearances of Rho-
123 and FD-4 in the absence or presence of quinidine were
estimated by dividing the dose of each compound by the area
under the aqueous concentration-time curve from time zero to
infinite (AUC) for that compound.

The P-gp-mediated clearance of Rho-123 was estimated
as the decreased ocular clearance of Rho-123 by the presence
of quinidine in agueous humor. The agueous humor outflow-
mediated clearance of Rho-123 was assumed to be equal to
FD-4 ocular clearance. Results are summarized in Table|. The
P-gp-mediated ocular clearance was approximately 50% of total
ocular clearance of Rho-123. The aqueous humor outflow-
mediated clearance accounted for approximately one fourth of
total ocular clearance of Rho-123.

Inhibitory Effect of CsA on Rho-123 Ocular Clearance

Effect of CsA, another P-gp inhibitor (10), on Rho-123
ocular clearance was also examined. In Fig. 2, the effect of
topical CsA on Rho-123 ocular clearance is expressed as the
concentration ratio of Rho-123 to FD-4 in agueous humor,
together with the results of quinidine. CsA applied topically at
a concentration of 12.5 mM aso significantly increased the
ratio of Rho-123 to FD-4 in agueous humor, asdid quinidine. In
contrast, both CsA and quinidine applied at alow concentration
(2.25 mM) did not affect the ratio.
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Fig. 2. Effect of topical quinidine (QD) or CsA on the concentration
ratio of Rho-123 to FD-4 30 min after intracameral injection in rabbits.
Quinidine and CsA were applied topicaly as eye drops (12.5 mM
(high) or 1.25 mM (low)) at a volume of 50 wl each on the corneal
surface 5 times at 5 min intervals. Intracameral doses of Rho-123 and
FD-4 were 60 pmol and 60 nmol, respectively. Bars represent the
standard deviation of 4 to 5 trias. * Significantly different from that
of untreated at alevel of p < 0.05.

DISCUSSION

The pharmacokinetic analysis of ocular clearances and/or
elimination rates of drugsfrom agueous humor after administra-
tionto therabbit eye have been reported (11,12). However, up to
now, no report has analyzed the participation of P-gp-mediated
efflux inthe ocular clearance of pharmaceuticals. Intheanalysis
of ocular clearance of Rho-123 in the present study, FD-4 was
employed asamarker for estimation of agueous humor outflow-
mediated clearance (agueous humor clearance). FD-4 ocular
clearance was 7.1 = 1.2 pl/min in the absence of quinidine
and 5.0 = 1.1 wl/min in the presence of quinidine in aqueous
humor (Table I). This estimated value is in good agreement
with the value of aqueous humor clearance reported by Him-
melstein et al. (13), in which they estimated the value (4.7 p.l/
min) by pharmacokinetically analyzing the pilocarpine ocular
clearance in rabbits. On the other hand, some lower values,
such as 2—3 pl/min, are also reported (14,15). The reason for

Tablel. Pharmacokinetic Analysis of Ocular Clearance of Rho-123
after Intracameral Injection in Rabbits

Ocular clearance

(pl/min) Untreated Quinidine-treated
Total® 27.81 + 7.32 12.65 + 3.65¢
P-Glycoprotein-
mediated® (15.16 + 3.65) —
Aqueous humor
outflow-mediated® 7.05 + 1.20 5.00 + 1.07
Remainder (5.60) (7.65 = 1.07)

Note: Intracameral doses of Rho-123 and FD-4 were 60 pmol and 60

nmol, respectively. Quinidine was applied topicaly as eye drops (12.5

mM solution). Each value represents the mean = S.D. of 4 to 5 trials,

and the value in parenthesis was obtained by calculation.

a Estimated by dividing the dose by AUC for Rho-123 in agueous
humor.

b Differenceintotal ocular clearance of Rho-123 between the untreated
and quinidine-treated eyes.

¢ Estimated by dividing the dose by AUC for FD-4 in aqueous humor.

d Significantly different from that of untreated at a level of p < 0.05.
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the higher value estimated in the present study compared to
these values is not apparent, but the intracameral injection of
extra solution (30wl) may affect the rate of aqueous flow to
some extent. When amixture of Rho-123 and FD-4 wasinjected
intracameraly, the estimated initial concentration of FD-4 at
time zero in agueous humor according to a one-compartment
model was 206 M on average, indicating that the volume of
agueous humor was approximately 262 wl. Thisestimated value
is also consistent with the previously reported value (200-300
wl) in rabbits (13). There was no damage to ocular tissues
by topical quinidine, which was examined by determining the
aqueous concentration of protein and LDH activity in treated
eyes, as reported previoudly (8).

The contribution of P-gp-mediated clearance in Rho-123
ocular clearance was estimated by comparing the ocular clear-
ance of Rho-123 in the absence and presence of quinidine in
aqueous humor. Quinidine was applied by topical application
as eye drops to keep the quinidine concentration in agueous
humor at a concentration high enough to suppress the P-gp
function during the study [approximately 50 uM (8)]. In this
application mode, the accumulation in the corneaand, therefore,
the sustained agqueous distribution of an inhibitor can be expec-
ted. In fact, the aqueous concentration of quinidine was main-
tained at more than 70 wM during the study. The contribution
of P-gp-mediated clearance in total ocular clearance of Rho-
123 was estimated to be approximately 50% (Table I). The
clearance of remaining (remainder) in Rho-123 ocular clearance
in Table I, which was almost the same as that of aqueous humor
outflow-mediated clearance, may reflect elimination viaapara-
cellular route and/or atranscellular route in the highly vascular
tissues of the anterior uvea.

P-gp-related compounds, including immunosuppressing
agents, steroid hormones, antibiotics and B-blockers, are fre-
quently used in ophthalmic medical treatments (6). CsA, an
immunosuppressing agent, applied at a higher dose (12.5 mM)
also suppressed Rho-123 ocular clearance significantly, as
did quinidine.

In conclusion, thein vivo P-gp function was clearly shown
to be an active efflux system for Rho-123 from agueous humor
to blood circulation. The contribution of P-gp-mediated ocular
clearance to total ocular clearance of Rho-123 was estimated
at approximately 50%. These results suggest that ophthalmic
medical treatments with P-gp-related pharmaceuticals could be
greatly improved by modulating the P-gp function in the blood-
agueous barrier.
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