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Purpose. To develop a pharmacokinetic/pharmacodynamic (PK/PD)
model for an «,-blocker (bunazosin) after instillation. The PK/PD
model can predict both the drug concentrations in various ocular
tissues and the hypotensive effect.

Methods. Bunazosin concentrations were determined with High Per-
formance Liquid Chromatography (HPLC) in tear fluid, the aqueous
humor, cornea, and iris-ciliary body after instillation or ocular injec-
tion into the anterior chamber in rabbits. After instillation of bunazo-
sin in rabbits, intraocular pressure (IOP) was also determined with a
pneumatic tonometer. The PK/PD parameters were estimated by fit-
ting the concentration-time profiles and the hypotensive effect-time
profiles to the developed PK/PD models using the MULTI
(RUNGE) program.

Results. On the basis of the concentration-time profiles of bunazosin,
a PK model, including seven compartments, was developed for ex-
amining the behavior of bunazosin after instillation. Then, two PK/
PD models for hypotensive effect of bunazosin were developed using
an indirect response (model A) and the relationship between IOP
and aqueous humor flow (model B). These models well described the
concentration-time profiles and hypotensive effect-time profiles of
bunazosin after instillation.

Conclusions. This study is the first trial to develop a PK/PD model
for an antiglaucoma agent using an indirect response and the rela-
tionship between IOP and aqueous humor flow.

KEY WORDS: bunazosin; eye; indirect response; intraocular pres-
sure; pharmacokinetic/pharmacodynamic model.

INTRODUCTION

Upon instillation of an ophthalmic drug, most of the in-
stilled drug is rapidly eliminated from the precorneal area due
to drainage through the nasolacrimal duct and dilution by tear
turnover (1). These physiological complexities have inter-
fered with the development of pharmacokinetic (PK) models
for ophthalmic agents. Logical use of ophthalmic drugs based
on a knowledge of pharmacokinetics is important for effective
medication. In a previous report, we successfully developed
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an ocular PK model that accounted for the corneal diffusion
process to predict the behavior of instilled B-blockers (2).

On the other hand, the pharmacodynamics of an instilled
drug are more important than the pharmacokinetics in the
design of an appropriate dosage form and regimen to achieve
the desired therapeutic effect on patients. However, there
have been few reports of ocular pharmacokinetic/pharmaco-
dynamic (PK/PD) models for ophthalmic drugs after instilla-
tion. Especially, the pharmacokinetics of antiglaucoma agents
in ocular tissues and their relationship to the corresponding
intraocular pressure (IOP) has never been thoroughly inves-
tigated.

In the current study, we newly developed an ocular PK/
PD model that enabled us to predict both the drug concen-
trations in ocular tissues and the IOP after instillation of
bunazosin in rabbits. Bunazosin (a;-blocker) is commercially
available as a new antiglaucoma agent.

MATERIALS AND METHODS

Animals

Male Nippon albino rabbits (2.0-3.0 kg) were individu-
ally housed in cages in an air-conditioned room and main-
tained on a standard laboratory diet (ORC4, Oriental Yeast
Co., Ltd., Tokyo, Japan). The rabbits had free access to water
and were maintained in a 12-h light-dark cycle (lights on at
7:00 aM, and lights off at 7:00 pm). All experiments in the
current study conformed to the“Principles of Laboratory Ani-
mal Care”(NIH Publication No. 85-23, revised 1985).

Materials

Bunazosin hydrochloride was kindly supplied from
Santen Pharmaceutical Co., Ltd. (Osaka, Japan). Prazosin hy-
drochloride was purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). All other chemicals of reagent
grade were obtained from Nacalai Tesque Inc. (Kyoto, Ja-
pan). The drug solution was prepared with pH 7.4 phosphate-
buffered saline (PBS).

Drug Disposition After Instillation

Unanesthetized rabbits were placed in restraint boxes.
Twenty-five pl of drug solution (bunazosin: 0.1%) were care-
fully instilled with a micropipette (Gilson Medical Electron-
ics, Villiers-le-Bel, France) into the middle of the lower con-
junctival eye sac. At the appropriate time after instillation,
tear fluid (0.5 pl) was collected in glass capillary (EM mini-
caps, Hirschmann Laborgerate, Eberstadt, Germany) from
the middle of a lower marginal tear strip and diluted with 50
wl of acetonitrile.

Under the same conditions, the rabbits were sacrificed by
an overdose of sodium pentobarbital at the appropriate time
after drug instillation. After thoroughly rinsing the corneal
and conjunctival surfaces with 0.9% NaCl and blotting them
dry, the aqueous humor was aspirated from the anterior
chamber using a 1.0-ml disposable syringe with a 27-gauge
needle. The cornea and iris-ciliary body were dissected with a
surgical knife. The samples were submitted to an HPLC as-
say.
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Drug Disposition After Ocular Injection

Unanesthetized rabbits were placed in restraint boxes.
About 10 min before the administration of the drug, the eyes
were anesthetized locally with 0.4% oxybuprocaine hydro-
chloride. One microliter of drug solution (bunazosin: 0.01%)
was injected into the anterior chamber using a microsyringe
fitted with a 30-gauge needle. After injection, the needle was
carefully removed to prevent leaks of drug solution. The pro-
tocol for sampling the aqueous humor and other tissues was
as described above. The samples were then submitted for an
HPLC assay.

Drug Determination

The tear fluid samples for bunazosin were centrifuged at
8000g for 10 min and the supernatants (10-30 wl) were mixed
with water (60 pl) after appropriate dilution with acetonitrile.
The samples (50 pl) were injected into an HPLC system. The
drug concentrations were determined with an external stan-
dard.

The aqueous humor samples of bunazosin were mixed
with acetonitrile (1 ml) containing an internal standard (20
nM prazosin hydrochloride). The cornea and iris-ciliary body
were homogenized with acetonitrile (1 ml) containing an in-
ternal standard (20 nM prazosin hydrochloride) on ice. These
mixtures were centrifuged at 8000g for 5 min, and the super-
natants (100 wl) were diluted with 200 wl of water. The
samples (50 pl) were then injected into an HPLC system.

The HPLC system (LC-10AD, Shimadzu Co., Ltd., Kyo-
to, Japan) was used in the reversed-phase mode for the assay.
The stationary phase used was a TSKgel ODS-80T,, packed
column (250 mm length x 4.6 mm i.d., Tosoh Inc., Tokyo,
Japan). A mixture of acetonitrile and 66 mM NaH,PO, (3.7,
v/v) was used for the mobile phase with a flow rate of 0.6
ml/min (for tear samples) or 0.8 ml/min (for ocular tissue
samples). Retention of the drug was monitored with a spec-
trofluorometric detector (RF-10A, Shimadzu Co., Ltd.; exci-
tation wavelength 350 nm, emission wavelength 405 nm).

Measurement of IOP

Unanesthetized rabbits trained enough to be handled
were placed in restraint boxes. Twenty-five microliters of
drug solution (bunazosin: 0.002%, 0.01%, and 0.1%) were
carefully instilled into the rabbits’ eyes. The control group
received 25 pl of PBS. One drop of 0.4% oxybuprocaine hy-
drochloride was instilled into both eyes prior to IOP mea-
surements. [OP was determined using a pneumatic tonometer
(Modeling 30 Classic Pneumatonometer, Mentor Co., Ltd.,
Santa Barbara, CA, USA).

Data Analysis

The concentration-time profiles for bunazosin in the tear
fluid (Fig. 1) were analyzed by a two-compartment model.
The concentration (Cy) at time t is expressed as follows:

Cr=A-e*"+B P! @
Hybrid parameters, A, B, «, and B, are defined as a + B

= Krri + Kgir + Koo @ B = Kgyp - Kycand (A-a+ B -
B)/(A + B) = Kg;r. The parameters Ky, and Ky, are the
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Fig. 1. Concentration of bunazosin in the tear fluid after instillation.

(@) Experimental data and (—) fitting line. Each point represents the
mean + SE of at least six experiments.

o

transfer rate constants between the tear fluid and reservoir-1
(Res. 1), and Ky, is the elimination rate constant from the
tear fluid. The parameters were estimated from the tear fluid
concentrations after instillation of bunazosin using MULTI, a
nonlinear least-squares computer program (3).

The ocular behaviors of bunazosin after instillation and
injection into the anterior chamber (Figs. 2 and 3) were ana-
lyzed by the PK model (Fig. 4) in which the cornea was con-
sidered to be divided into two subcompartments, one to rep-
resent the epithelium and the other to represent the stroma.
Based on this model, the differential equations of drug
amounts in the corneal epithelium (Xg), the corneal stroma
(Xcs), the aqueous humor (X,), the iris-ciliary body (X;),
and Res. 2 (Xy,) can be expressed as follows:

dXcg
dt =Kre - X1 = Kgs - Xce 2
dX s
T KEgs - Xcg + Kac " Xa = Kea - Xes 3
dX,
T Kea * Xes + Kraoa - Xpo = (Kac+ Kaga + Ko+ Kaeq
+Kae2) - Xa 4
X K XA_K, - X )
dt - AT A Te T
dXgr,
T =Karz " Xa — Kgroa * Xgr2 (6)

where X is drug amount in the tear fluid, K is the transfer
rate constant from the tear fluid to the corneal epithelium,
Kgg is the transfer rate constant from the corneal epithelium
to the corneal stroma, K, is the transfer rate constant from
the aqueous humor to the iris-ciliary body, K-, and K, are
the transfer rate constants between the corneal stroma and
the aqueous humor, K, x, and Ky, are the transfer rate
constants between the aqueous humor and Res. 2, K, is the
elimination rate constant from the iris-ciliary body, and K , .,
and K., are elimination rate constants from the aqueous
humor by aqueous humor flow and other routes, respectively.
The value of K., was obtained from the data reported by
Sakurai et al. (4). The PK parameters were estimated from the
drug amount-time profiles in the ocular tissues after instilla-
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Fig. 2. Concentration of bunazosin in the (A) cornea, (B) aqueous
humor, and (C) iris-ciliary body after instillation. (@) Experimental
data and (—) fitting line. Each point represents the mean + SE of at
least three experiments.

tion and injection. The estimations were carried out by using
MULTI (RUNGE), a nonlinear least-squares computer pro-
gram based on the Runge-Kutta-Gill method (5).

Based on reports that bunazosin reduces IOP by increas-
ing outflow of aqueous humor (6,7), the hypotensive effect-
time profiles after instillation (Fig. 5) were analyzed by the
PK/PD model using an indirect response (Fig. 6A) (8). The
model represents a general approach where the rate of
change in response is controlled by a zero-order process
(zero-order rate constant K, ) for production of the response
and a first-order process (first-order rate constant K_,,) for
loss of the response. In the indirect response modeling, IOP
is produced at zero-order, and IOP loss is indirectly con-
trolled by drug concentrations in the aqueous humor (C,)
according to an E,,,, model, which can be related to receptor
theory. The differential equation of IOP can be expressed as
follows:

Sakanaka et al.
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Fig. 3. Concentration of bunazosin in the (A) cornea, (B) aqueous
humor, and (C) iris-ciliary body after injection into the anterior
chamber. (@) Experimental data and (—) fitting line. Each point
represents the mean + SE of at least three experiments.

dIOP Eaxa - Ca
T:KinA_KoutA'<1+m>'IOP )
where K, is the zero-order rate constant for IOP produc-
tion, and K, is the first-order rate constant for IOP loss. It
is assumed that K;,, and K_ 4 fully account for production
and loss of the IOP. E_ . 1 is the maximum effect attributed
to the drug, and ECs,, is the drug concentration producing
50% of the maximum effect. C, is defined as C, = X, /V4.
The aqueous humor volume V, is obtained from the data
reported by Conrad and Robinson (9). The PD parameters
were estimated from the hypotensive effect-time profiles after
instillation. The estimations were carried out using MULTI
(RUNGE).

On the other hand, the hypotensive effect-time profiles
after instillation (Fig. 5) were also analyzed by another PK/
PD model considering aqueous humor flow (Fig. 6B). This
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Fig. 4. Pharmacokinetic models for bunazosin in the precorneal area
and other tissues after instillation, and after injection into the anterior
chamber.

model includes an equilibrium of the aqueous humor flow
(F,,) to the aqueous humor flow (F,), with trabecular out-
flow (F,.,)- Fi.a expressed as follows:

Ftra = Cof (IOP - PV) (8)

tra tra

where Py, is the episcleral venous pressure and C; is the
outflow facility. Based on these relationships, the IOP was
expressed by aqueous humor flow as follows (10):

Fin B Fu%
[OP=P,, + "t

C.. ®

As bunazosin reduces IOP by increasing uveoscleral out-
flow (7), the differential equation of IOP after instillation of
bunazosin can be expressed as follows:

dIOP  dF,, 1

dt ~ dt C,

(10)

In indirect response modeling, F is indirectly controlled
by drug concentrations in the aqueous humor (C,) according
to the E . model. Bunazosin is considered to be a suppress-
ing biological factor, which reduces F,, via the a,-receptor
(11). Therefore, the differential equation of F,, can be ex-
pressed as follows:

dFus K K 1 EmaxB ) CA F 11
dt — B™inB 7 MoutB - ECS()B + CA us ( )

where K, g is the zero-order rate constant for production of
F. and K_ 5 is the first-order rate constant for loss of F . It
is assumed that K,z and K_, fully account for production
and loss of the F .. E, .5 is the maximum effect attributed to
the drug, and ECs is the drug concentration producing 50%
of the maximum effect.

When Eq. 9 and Eq. 11 were substituted in Eq. 10, we
obtained the equation for the PK/PD model considering the
relationship between IOP and aqueous humor flow as fol-
lows:

awoe_ [ +_ Enuw Ca )
dt - inB — DoutB - ECSOB + CA
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Fig. 5. Intraocular pressures after instillation of bunazosin in rabbits.

(A) 0.002%, (B) 0.01%, (C) 0.1%. (@) Experimental data revised by

control, (—) fitting line for the indirect response model, (- - -) fitting

line for the aqueous humor flow model. Each point represents the

mean + SE of at least 10 experiments.
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1
' [Fin - Cof ' (IOP - PV)]} a (12)

Cof
Physiological parameters Py, F;,, and C_; were obtained
from the data reported by Sakurai et al. (4). PD parameters
Kings Koutss Emaxss and ECsgp were estimated from the hy-
potensive effect-time profiles after instillation of bunazosin.
The estimations were carried out using MULTI (RUNGE).

RESULTS

The concentration-time profiles of bunazosin in the ocu-
lar tissues were determined after its instillation into the rab-
bits’ eyes. Figure 1 shows the concentrations of bunazosin in
the tear fluid. The profile showed a biexponential curve. The
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Fig. 6. Pharmacokinetic/pharmacodynamic model for bunazosin: (A)
the indirect response model, (B) the aqueous humor flow model.

elimination rate constant and apparent distribution volume
were estimated according to a two-compartment model. Fig-
ure 2 shows the concentrations of bunazosin in the cornea,
aqueous humor, and iris-ciliary body after instillation. The
bunazosin concentrations in the cornea were higher than
those in the aqueous humor and the iris-ciliary body. The
aqueous humor and the iris-ciliary body concentrations of
bunazosin reached a maximum at 30 or 60 min after dosing
and then gradually disappeared.

The concentration-time profiles of bunazosin in the cor-
nea, aqueous humor, and iris-ciliary body were also deter-
mined after injection into the anterior chamber of the rabbits
and are shown in Fig. 3. The bunazosin concentrations in the
cornea were not much higher than those in the aqueous hu-
mor and the iris-ciliary body. The profiles in the aqueous
humor and the iris-ciliary body showed a biexponential curve.

In order to develop a PK/PD model for bunazosin, the
IOP were determined with a pneumatic tonometer after in-
stillation into the rabbits. Figure 5 shows the hypotensive
effect-time profiles of bunazosin after instillation at 0.002%,
0.01%, and 0.1%. The intraocular pressure reductions
reached a maximum at 60 min after instillation. Thereafter,
the response gradually returned to the baseline with a later
return found with the larger dose.

DISCUSSION

Glaucoma is characterized by high IOP, hardening of the
eyeball, and partial or complete loss of vision (1). The IOP is
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maintained by a complex and dynamic equilibrium of aque-
ous humor production and escape. Bunazosin («,-blocker) is
commercially available as a new antiglaucoma agent. After
topical application, bunazosin has been demonstrated to sig-
nificantly lower IOP in rabbits (7,11), cats (11), and humans
(6). We newly developed a PK/PD model for bunazosin, as
there have been no such reports, after its instillation into
rabbits.

The physiological complexity of the eye leads to a com-
plicated mathematical model with many compartments and
pathways of transportation. Various compartment models
have already been reported for antiglaucoma agents such as
pilocarpine and timolol (1,12,13). Kato and Iwata (14) suc-
cessfully described ocular absorption of bunazosin with a
simple compartment model after its topical instillation into
rabbits. In order to develop an ocular PK model for bunazo-
sin, two experiments using both instillation and injection into
the anterior chamber were designed to increase the reliability
of the pharmacokinetic parameters.

At first, the concentration-time profiles of bunazosin in
the ocular tissues were determined after its instillation (Figs.
1 and 2). Based on the results of the biexponential profiles in
tear fluid, a two-compartment model was used to describe the
disposition of bunazosin in the precorneal area. Second, the
concentration-time profiles of bunazosin in the ocular tissues
were determined after its injection into the anterior chamber
(Fig. 3). Based on the results of the biexponential profiles in
the aqueous humor and the iris-ciliary body, it is assumed that
bunazosin distributed to intraocular tissues such as the lens
and sclera.

Based on these results, a PK model for bunazosin was
established as described in Fig. 4. The PK parameters were
estimated according to the model given in Table I. Although
the PK model was complicated and had many parameters, the
fitting curves using the PK model and the PK parameters
almost agreed with the measurements (Figs. 1, 2, and 3).

In order to develop a PK/PD model for bunazosin, IOP
was determined with a pneumatic tonometer after its instil-
lation into rabbits (Fig. 5). It was already reported that topical
administration of bunazosin significantly reduced IOP in rab-
bit eyes (7,11). Both single and multiple doses (0.1% x 2
drops) caused a statistically significant decrease in IOP of at
least 29% (7), which is comparable with the current study.

Table I. Ocular Pharmacokinetic Parameters for Bunazosin

Parameter Value Standard deviation
Krgi (min™') 0.173 0.054
Kgyr (min™t) 0.118 0.030
K. (min~1) 0.661 0.044
Kre (min™) 0.018 0.002
Kgs (min™!) 0.212 0.146
Kca (min™) 0.025 0.004
K, (min™t) 0.059 0.015
Ky (min™') 0.141 0.017
Kag, (min™') 1.267 0.562
Kgroa (min™') 0.359 0.167
K, (min™t) 0.010*

Kaer (min™t) 2 x107° 1x107°
K. (min™") 0.495 0.060

* Value reported by Sakurai et al. (4)
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Cats and humans were also reported to show a similar IOP
reduction (6,11).

In the current study, the relationship between aqueous
humor concentrations of bunazosin and IOP changes showed
anticlockwise hysteresis, indicating a delayed response. The
time for maximal response shifted slightly with dose. Tempo-
ral dissociation between the time courses of concentration
and effect might be caused by an indirect response mecha-
nism resulting in anticlockwise hysteresis for the concentra-
tion-effect (IOP change) relationship (15). Therefore, these
results suggest that bunazosin showed a hypotensive effect via
an indirect response. Actually, in the preliminary analysis, the
hypotensive effect-time profiles of bunazosin showed poor
fitting to the common PK/PD (direct response) model (data
are not shown). Therefore, we tried to develop the new mod-
els.

Indirect Response Model

Many drugs act by inhibiting or stimulating the release of
an endogenous substance in nature. These responses via re-
ceptors may be considered indirect. Dayneka et al. indicated
that the actions of adrenergic agonists/antagonists and cho-
linergic agonists/antagonists could be characterized by the
four basic indirect response modelings (8).

The ocular hypotensive mechanism of bunazosin has
been investigated in several studies. Bunazosin reportedly is
selective for the receptor regulating IOP. In rabbits, it did not
affect aqueous flow, but appeared to increase uveoscleral out-
flow (7). Therefore, in indirect response modeling, the drug
concentration in the aqueous humor (C,) was linked to the
PD parameter for IOP loss (K, )- The PD parameters were
estimated according to model A (Fig. 6A) as given in Table II.
The fitting curves using the PK/PD model and PD parameters
were consistent with the measurements (Fig. 5).

Aqueous Humor Flow Model

IOP is required for an optically efficient glove and is
generated by the secretion of aqueous humor. Ciliary pro-
cesses as a result of active transport of solutes form the aque-
ous humor over the double-layered ciliary epithelium and,

Table II. Ocular Pharmacodynamic Parameters for Bunazosin

Parameter Value Standard deviation
PD parameters
Indirect response model
Kina (mmHg - min™") 0.845%
Kouta (min™) 0.039 0.037
E axa 0.478 0.177
ECsy4 (nmol/ml) 0.014 0.014
Aqueous humor flow model
K, (wl/min - min~') 0.077 0.068
Koup (min™) 0.155 0.175
E, B 0.727 0.170
ECsop (nmol/ml) 0.002 0.003
Physiological parameterst
Fi, (nl/min) 2.80
Cop (0l - min™ - mmHg™) 0.170
P, (mmHg) 9.00

* Kina Was estimated by K a-
t Values reported by Sakurai et al. (4).

775

secondary to this, diffusion of water. After entering the an-
terior chamber via the pupil, the aqueous humor is drained by
two different pathways at the iridocorneal chamber angle.
Some of the aqueous humor enters Schlemm’s canal by way
of the trabecular meshwork and then passes via the collector
channels into the episcleral veins. As there is no epithelial
barrier between the anterior chamber and the ciliary muscle,
aqueous humor can pass between the muscle bundles into the
supraciliary and suprachoroidal spaces, from which it is
drained through the sclera. These outflow routes are called
the uveoscleral outflow routes (10).

On the other hand, it was reported that IOP is described
by an equation including episcleral venous pressure (Py,),
aqueous humor flow (F,,), uveoscleral outflow (F ), and out-
flow facility (C;) (10). Antiglaucoma agents change the IOP
by influencing the inflow and outflow rates of aqueous hu-
mor. Zhan et al. reported that bunazosin is an effective ocular
hypotensive drug capable of lowering IOP by increasing
uveoscleral outflow alone (7). Effects of bunazosin on out-
flow facility in rabbits have not been reported. Therefore, this
PK/PD model considering the relationship between IOP and
aqueous humor flow was newly developed to assess the hy-
potensive effect of bunazosin using physiological parameters
(model B, Fig. 6B). In this model, bunazosin indirectly in-
duces uveoscleral outflow by suppressing the receptor (11).
The PD parameters were estimated according to model B
(Fig. 6B) as given in Table II. The fitting curves using this
PK/PD model and PD parameters were consistent with the
measurements (Fig. 5). The PK/PD model considering the
relationship between IOP and aqueous humor flow (model B,
Fig. 6B) showed 73% and 0.002 nmol/ml of E . and ECsp,
respectively. Kimoto et al. reported that the receptor disso-
ciation constant (K,) of bunazosin was 0.0041 nmol/ml with
smooth muscles in the rabbit proximal urethra (16). This K,
value almost agreed with the present ECy value. Using this
K, for bunazosin on the a,-receptor, the receptor occupancy
values of bunazosin 1 h after instillation of 0.002%, 0.01%,
and 0.1% were 60.9%, 88.6%, and 98.7%, respectively (17). A
receptor occupancy model can be introduced from the PK/PD
model using K, instead of ECs,g. This PK/PD model will be
effective in estimating an appropriate regimen for ophthalmic
pharmacotherapy and development of ocular drug delivery
systems.

The equation for the indirect response model is almost
compatible with that of the aqueous humor flow model.
Therefore, Akaike’s information criteria (AIC) value of the
indirect response model (AIC = —5.7) was similar to that of
the aqueous humor flow model (AIC = —4.0). Although the
indirect response model is a simplified model, the aqueous
humor flow model is complicated. The aqueous humor flow
model, however, can analyze the physiological behavior of
aqueous humor flow after drug administration.

In conclusion, the PK/PD models well described the con-
centration of bunazosin in the ocular tissues and its hypoten-
sive effect after instillation into rabbits. This study is the first
to develop a PK/PD model for an antiglaucoma agent using
an indirect response model and the idea of aqueous humor
flow.
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