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Foreword

For new medications to be used effectively, and for those now available to
provide maximal benefit, improvements in ocular drug delivery are essential.
Drug delivery is no less vital than drug discovery.

Although many drugs can be safely delivered by eye drops, effective
treatment depends on patient compliance. Non-compliance is a major
problem, especially in poorly educated patients and patients who are re-
quired to apply drops frequently. Lack of compliance frequently results in
suboptimal therapeutics, which may lead to blindness. People with chronic
conditions or debilitating disease find complicated eye drop regimens to
be a serious handicap.

Even when drugs can be delivered through the cornea and conjunctiva,
concentrations may be suboptimal and the therapeutic effect minimal. In the
past, a variety of approaches to topical drug delivery have been tested,
including gelatin wafers or soft contact lenses soaked in drugs and placed
on the cornea or in the cul-de-sac, corneal collagen shields, and iontophor-
esis. The diversity of these approaches is an indication of the need for a
superior method of topical drug delivery and a testament to the fact that no
uniformly acceptable method has been developed to date. Currently, vehi-
cles and carriers such as liposomes and substances that gel, as well as nano-
particles, are being evaluated. Also, prodrugs, such as medicines that
hydrolyze within the eye, are being developed to achieve higher concentra-
tions, prolonged activity, and reduced toxicity of topically applied medica-
tions. These important techniques and others are considered in this book.
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iv Foreword

Perhaps even more important than surface delivery is the need to
apply medications to the posterior segment of the eye. Treatment of blinding
posterior segment diseases, including uveitis, proliferative retinopathy, and
macular degeneration, requires drug delivery to the retina, the choroid, or
the ciliary body in a safe and convenient way. Systemic delivery that can
localize to the retina may be possible. Improving scleral permeability may be
important for periocular delivery, and devices inserted into the vitreous have
certainly been valuable. Both nonbiodegradable controlled-release devices
and biodegradable implants inserted into both aqueous and vitreous show
great promise.

Posterior segment drug delivery is also becoming important for gene
therapy. The need to deliver polypeptide medications and DNA inhibitors
has become clear. The challenge of understanding the pharmacokinetics of
the drug is matched by the challenge of providing a delivery system that can
provide optimal duration of drug delivery in therapeutically sufficient con-
centrations and still be safe and convenient for the patient.

Our approaches to these goals are imperfect at present, but this criti-
cally important book describes in vital detail and with great clarity the
progress that has been made so far and the course that needs to be pursued
in the future. In my pharmacological memory, it does not seem so long ago
that we had no treatment for viral diseases, pilocarpine was the only treat-
ment for glaucoma, and antibiotics were crude and relatively ineffective.
Similarly, our present achievements in the field of ocular drug delivery
may seem equally primitive as we follow the paths to future progress
detailed in this book.

Herbert E. Kaufman, M.D.

Boyd Professor of Ophthalmology, Pharmacology, and Microbiology
Louisiana State University Health Sciences Center

New Orleans, Louisiana, U.S.A.
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Preface

A major goal of pharmacotherapeutics is the attainment of an effective drug
concentration at the intended site of action for a desired length of time.
Efficient delivery of a drug while minimizing its systemic and/or local side
effects is the key to the treatment of ocular diseases. The unique anatomy
and physiology of the eye offer many challenges to developing effective
ophthalmic drug delivery systems, but the knowledge in this field is rapidly
expanding. Systems range from simple solutions to novel delivery systems
such as biodegradable polymeric systems, corneal collagen shields, ionto-
phoresis, and viral and nonviral gene delivery systems, to name a few. An
increase in our understanding of ocular drug absorption and disposition
mechanisms has led to the development of many of these new systems.
The first edition of this book laid the foundation necessary for under-
standing barriers to ophthalmic drug delivery and to review the conven-
tional systems available and/or in various stages of research and
development. Since then, significant advances have been made in under-
standing the molecular mechanisms involved in ocular drug transport.
The book begins with a brief discussion on the anatomy and physiology
of the eye relevant to ocular drug delivery. The latest techniques, such as
microdialysis, and models developed to study ocular drug disposition are
discussed. A review of both the conventional and novel delivery systems
follows. The book stresses the fact that simple instillation of drug solution
in the cul-de-sac is not always acceptable and emphasizes the need for the
development of newer and more efficient systems. The book concludes with

\'}
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vi Preface

the basic information required for pharmaceutical scientists to protect their
inventions.

Part T investigates the fundamental considerations in ocular drug
delivery. The three chapters in this part review the relevant ocular anatomy
and physiology, the constraints imposed by the eye upon successful delivery,
and the associated ion and solute transport processes in the eye. They pro-
vide information on the various transport processes as well as recently
identified drug efflux pumps, which regulate the transport of endogenous
and exogenous substances.

Part II opens with a discussion of pharmacokinetics relevant to ocular
drug delivery. The next chapter discusses the pharmacokinetic processes
guiding the ocular disposition and expands on the pharmacokinetic/phar-
macodynamic modeling processes to determine the appropriate dosage regi-
men. This chapter is followed by a detailed discussion of the various
mathematical models developed to describe the distribution and elimination
of drugs from the vitreous. This part also includes chapters dealing with the
application of microdialysis technique to study ocular drug delivery and
disposition, and the applicability of the microdialysis sampling approach
for the examination of ocular pharmacokinetics and dynamics of ophthal-
mics.

Part III is divided into conventional and advanced drug delivery sys-
stems. The first section deals with such conventional systems as collagen
shields, iontophoresis, microparticulates, and dendrimers. These chapters
have been updated to include advances in ocular drug delivery achieved in
the past decade. The second section examines the delivery of macromole-
cules to treat various ocular pathologies. The reader will find more informa-
tion on the recent developments in animal models of retino-choroidal
diseases. The viral and nonviral gene delivery systems introduced in this
section are still in their infancy but have the potential to provide enormous
therapeutic benefits. This section also focuses on the advances in treating
retinal degenerative diseases. The last chapter in this section discusses
the principles and delivery aspects of gene, oligonucleotide, and ribozyme
therapy.

Part IV provides information on regulatory and patent considerations.
Pharmaceutical scientists will gain knowledge of the regulations governing
animal and human testing and ultimately the release of the product com-
mercially for public use. The final chapter conveys the legal issues involved
in protecting inventions and the basic legal requirements for obtaining
patents.

Ashim K. Mitra
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Overview of Ocular Drug Delivery

Sreeraj Macha* and Ashim K. Mitra
University of Missouri-Kansas City, Kansas City, Missouri, U.S.A.

Patrick M. Hughes
Allergan Pharmaceuticals, Irvine, California, U.S.A.

. INTRODUCTION

Opthalmic drug delivery is one of the most interesting and challenging
endeavors facing the pharmaceutical scientist. The anatomy, physiology,
and biochemistry of the eye render this organ highly impervious to foreign
substances. A significant challenge to the formulator is to circumvent the
protective barriers of the eye without causing permanent tissue damage.
Development of newer, more sensitive diagnostic techniques and novel ther-
apeutic agents continue to provide ocular delivery systems with high ther-
apeutic efficacy. Potent immunosuppressant therapy in transplant patients
and the developing epidemic of acquired immunodeficiency syndrome have
generated an entirely new population of patients suffering virulent uveitis
and retinopathies. Conventional ophthalmic solution, suspension, and oint-
ment dosage forms no longer constitute optimal therapy for these indica-
tions. Research and development efforts to design better therapeutic systems
particularly targeted to posterior segment are the primary focus of this text.

The goal of pharmacotherapeutics is to treat a disease in a consistent
and predictable fashion. An assumption is made that a correlation exists
between the concentration of a drug at its intended site of action and the
resulting pharmacological effect. The specific aim of designing a therapeutic
system is to achieve an optimal concentration of a drug at the active site for

*Current affiliation: Boehringer Ingelheim Inc., Ridgefield, Connecticut, U.S.A.
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2 Macha et al.

the appropriate duration. Ocular disposition and elimination of a therapeu-
tic agent is dependent upon its physicochemical properties as well as the
relevant ocular anatomy and physiology (1). A successful design of a drug
delivery system, therefore, requires an integrated knowledge of the drug
molecule and the constraints offered by the ocular route of administration.

The active sites for the antibiotics, antivirals, and steroids are the
infected or inflamed areas within the anterior as well as the posterior seg-
ments of the eye. Receptors for the mydriatics and miotics are in the iris
ciliary body. A host of different tissues are involved, each of which may pose
its own challenge to the formulator of ophthalmic delivery systems. Hence,
the drug entities need to be targeted to many sites within the globe.

Historically, the bulk of the research has been aimed at delivery to the
anterior segment tissues. Only recently has research been directed at delivery
to the tissues of the posterior globe (the uveal tract, vitreous, choroid, and
retina).

The aim of this chapter is merely to present the challenges of designing
successful ophthalmic delivery systems by way of introduction. The reader is
referred to specific chapters within this book for a thorough discussion of
the topic introduced in this section.

Il. MECHANISMS OF OCULAR DRUG ABSORPTION

Topical delivery into the cul-de-sac is, by far, the most common route of
ocular drug delivery. Adsorption from this site may be corneal or noncor-
neal. A schematic diagram of the human eye is depicted in Figure 1. The so-
called noncorneal route of absorption involves penetration across the sclera
and conjunctiva into the intraocular tissues. This mechanism of absorption
is usually nonproductive, as drug penetrating the surface of the eye beyond
the corneal-scleral limbus is taken up by the local capillary beds and
removed to the general circulation (2). This noncorneal absorption in gen-
eral precludes entry into the aqueous humor.

Recent studies, however, suggest that noncorneal route of absorption
may be significant for drug molecules with poor corneal permeability.
Studies with inulin (3), timolol maleate (3), gentamicin (4), and prostaglan-
din PGF,, (5) suggest that these drugs gain intraocular access by diffusion
across the conjunctiva and sclera. Ahmed and Patton (3) studied the non-
corneal absorption of inulin and timolol maleate. Penetration of these
agents into the intraocular tissues appears to occur via diffusion across
the conjunctiva and sclera and not through reentry from the systemic cir-
culation or via absorption into the local vasculature. Both compounds
gained access to the iris—ciliary body without entry into the anterior cham-
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Figure 1 Anatomical structure of the human eye. (From Ref. 12.)

ber. As much as 40% of inulin absorbed into the eye was determined to be
the result of noncorneal absorption.

The noncorneal route of absorption may be significant for poorly
cornea-permeable drugs; however, corneal absorption represents the major
mechanism of absorption for most therapeutic entities. Topical absorption of
these agents, then, is considered to be rate limited by the cornea. The ana-
tomical structures of the cornea exert unique differential solubility require-
ments for drug candidates. Figure 2 illustrates a cross-sectional view of the
cornea. In terms of transcorneal flux of drugs, the cornea can be viewed as a
trilaminate structure consisting of three major diffusional barriers: epi-
thelium, stroma, and endothelium. The epithelium and endothelium contain
on the order of 100-fold the amount of lipid material per unit mass of the
stroma (6). Depending on the physiochemical properties of the drug entity,
the diffusional resistance offered by these tissues varies greatly (7,8).
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Figure 2 Cross-sectional view of the corneal membrane depicting various barriers
to drug absorption. (From Ref. 12.)

The outermost layer, the epithelium, represents the rate-limiting bar-
rier for transcorneal diffusion of most hydrophilic drugs. The epithelium is
composed of five to seven cell layers. The basement cells are columnar in
nature, allowing for minimal paracellular transport. The epithelial cells,
however, narrow distal to Bowman’s membrane, forming flattened epithelial
cells with zonulae occludentes interjunctional complexes. This cellular
arrangement precludes paracellular transport of most ophthalmic drugs
and limits lateral movement within the anterior epithelium (9). Corneal
surface epithelial intracellular pore size has been estimated to be about
60 A (10). Small ionic and hydrophilic molecules appear to gain access to
the anterior chamber through these pores (11); however, for most drugs,
paracellular transport is precluded by the interjectional complexes. In a
recent review, Lee (10) discusses an attempt to transiently alter the epithelial
integrity at these junctional complexes to improve ocular bioavailability.
This approach has, however, only met with moderate success and has the
potential to severely compromise the corneal integrity.

Sandwiched between the corneal epithelium and endothelium is the
stroma (substantia propia). The stroma constitutes 85-90% of the total
corneal mass and is composed of mainly of hydrated collagen (12). The
stroma exerts a diffusional barrier to highly lipophilic drugs owing to its
hydrophilic nature. There are no tight junction complexes in the stroma, and
paracellular transport through this tissue is possible.
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The innermost layer of the cornea, separated from the stroma by
Descermet’s membrane, is the endothelium. The endothelium is lipoidal in
nature; however, it does not offer a significant barrier to the transcorneal
diffusion of most drugs. Endothelial permeability depends solely on mole-
cular weight and not on the charge of hydrophilic nature of the compound
(13,14).

Transcellular transport across the corneal epithelium and stroma is the
major mechanism of ocular absorption of topically applied ophthalmic
pharmaceuticals. This type of Fickian diffusion is dependent upon many
factors, i.e., surface area, diffusivity, the concentration gradient established,
and the period over which concentration gradient can be maintained. A
parabolic relationship between octanol/water partition coefficient and cor-
neal permeability has been described for many drugs (15-19). The optimal
log partition coefficient appears to be in the range of 1-3. The permeability
coefficients of 11 steroids were determined by Schoenwald and Ward (15).
The permeability versus log partition coefficient fit the typical parabolic
relationship, with the optimum log partition coefficient being 2.9.
Narurkar and Mitra studied a homologous series of 5" aliphatic esters of
5-iodo-2'-deoxyuridine (IDU) (16,17). In vitro corneal permeabilities were
optimized at a log partition coefficient of 0.88, as can be seen graphically in
Figure 3 and in Table 1, where CMP represents the corneal permeability
values as measured by in vitro perfusion experiments on rabbit corneas (I =
IDU, II = IDU-propionate, III = IDU-butyrate, IV = IDU-isobutyrate,

In Vitro CMP (crvs) x 10 ©
L=

ester chain length

Figure 3 A plot depicting the parabolic relationship between in vitro CMP and
ester chain length. (From Ref. 16.)
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Table 1 Physicochemical Properties of IDU and Its 5'-Ester Prodrugs

Solubility® in pH 7.4
phosphate buffer, 25°C K*+SD

Compound® m.p. (°C) (M/L £ SD [><103]) (octanol/water)
I 168171 (dec) 5.65 (0.5) 0.11 (0.02)
IT 167168 3.48 (0.3) 4.77 (0.1)
111 145-146 1.45(0.1) 7.50 (0.3)
IV 144145 1.75 (0.3) 6.92 (0.8)
\Y% 142-143 0.40 (0.2) 27.54 (2.0)
VI 106-107 0.44 (0.1) 22.10 (1.5)
N = 3.

®See text for compound identification.

V = IDU-valerate, VI = IDU-pivalate). A homologous series of n-alkyl-p-
aminobenzoate esters in a study of Mosher and Mikkelson fit the parabolic
relationship displaying optimal permeability at a log partition coefficient of
2.5 (18). Maximizing bioavailability of ophthalmic mediations, then,
requires that the active compound be neither extremely hydrophilic nor
lipophilic. To this end, the pH of the postinstillation precorneal fluid
becomes an important factor. The postinstillation pH time course will be
dictated by the buffer concentration of the formulation. Most ophthalmic
formulations are formulated in the pH range of 5-6; hence, depending on
the pK, of the drug to be administered, the postinstillation buffering capa-
city of the formulation may greatly affect the drug’s bioavailability. Mitra
and Mikkelson studied the effect of varying the concentration of citrate
buffer in a pH 4.5 formulation on the miosis versus time profile of a 1%
pilocarpine solution (20). The area under the miosis-time profile, maximum
pupillary response, and duration of mitotic activity were all decreased with
increasing buffer concentrations. Figure 4 displays the effect of increasing
buffer concentration on the mitosis-time profiles for different total molar
citrate values (0.0, 0.055, 0.075, 0.110). The ratio of pilocarpinium ion to
pilocarpine increases with the postinstillation buffering capacity, thus redu-
cing the net transcorneal flux of pilocarpine.

lll. CONSTRAINTS TO OCULAR DRUG DELIVERY

Ocular tissues are protected from exogenous toxic substances in the envir-
onment or bloodstream by a variety of mechanisms, notably, tear secretion
continuously flushing its surface, an impermeable surface epithelium, and a
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Figure 4 Miosis-time profiles: Plots of the average observed changes in pupillary
diameter (APD) as a function of time following the instillation of 25.0 pL of the
isotonic 1% pilocarpine nitrate solutions, which contained the different concentra-
tions of citrate buffer. The vertical lines through the data points are +SD (data
points with standard deviation lines omitted is for clarity of the figure). (From
Ref. 20.)

transport system actively clearing the retina of agents potentially able to
disturb the visual process. However, the same protective mechanisms may
cause subtherapeutic drug levels at the intended site. The difficulties can be
compounded by the structure of the globe itself, where many of its internal
structures are isolated from the blood and the outside surface of the eye.
A major goal in ocular therapeutics is to circumvent these structural
obstacles and protective mechanisms to elicit desired pharmacological
response.

Physiological barriers to the diffusion and productive absorption of
topically applied ophthalmic drugs exist in the precorneal and corneal
spaces. Anterior chamber factor also greatly influence the disposition of
topically applied drugs. Precorneal constraints include solution drainage,
lacrimation and tear dilution, tear turnover, and conjunctival absorption.
For acceptable bioavailability, a proper duration of contact with the cornea
must be maintained. Instilled solution drainage away from the precorneal
area has been shown to be the most significant factor reducing this contact
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time and ocular bioavailability of topical solution dosage forms (21,22).
Instilled dose leaves the precorneal area within 5 minutes of instillation in
humans (21,23). The natural tendency of the cul-de-sac is to reduce its fluid
volume to 7-10 pL (24-26). A typical ophthalmic dropper delivers 30 pL,
most of which is rapidly lost through nasolacrimal drainage immediately
following dosage. This drainage mechanism may then cause the drug to be
systemically absorbed across the nasal mucosa or the gastrointestinal tract
(27). Systemic loss from topically applied drugs also occurs from conjuncti-
val absorption into the local circulation. The conjunctiva possesses a rela-
tively large surface area, making this loss significant.

Simple dilution of instilled drug solution in the tears acts to reduce the
transcorneal flux of drug remaining in the cul-de-sac. Lacrimation can be
induced by many factors, including the drug entity, the pH, and the tonicity
of the dosage from (28-30). Formulation adjuvants can also stimulate tear
production (20).

Tear turnover acts to remove drug solution from the conjunctival cul-
de-sac. Normal human tear turnover is approximately 16% per minute,
which can also be stimulated by various factors, as described elsewhere
(21,25). These factors render topical application of ophthalmic solutions
to the cul-de-sac extremely inefficient. Typically, less than 1% of the instilled
dose reaches the aqueous humor (27,31). The low fraction of applied dose
(1%) of drug solution reaching the anterior chamber further undergoes
rapid elimination from the intraocular tissues and fluids. Absorbed drug
may exit the eye through the canal of Schlemm or via absorption through
the ciliary body of suprachoroid into the episcleral space (27). Enzymatic
metabolism may account for further loss, which can occur in the precorneal
space and/or in the cornea (32,33). Age and genetics have been determined
to be two important factors in ocular metabolism (34,35).

Clearly, the physiological barriers to topical corneal absorption are
formidable. The result is that the clinician is forced to recommend frequent
high doses of drugs to achieve therapeutic effect. This pulsatile dosing not
only results in extreme fluctuations in ocular drug concentrations but may
cause many local and/or systemic side effects. Approaches taken to circum-
vent this pulsatile dosing and their ramifications on ocular therapies are the
subject matter of this text.

For the effective treatment of diseases involving the retina, drugs must
cross the blood-ocular barrier in significant amounts to demonstrate ther-
apeutic effect. The blood-ocular barrier is a combination of microscopic
structures within the eye, which physiologically separate it from the rest
of the body. It is comprised of two systems: (a) blood-aqueous barrier,
which regulates solute exchange between blood and the intraocular fluid,
and (b) blood-retinal barrier, which separates the blood from the neural

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Overview of Ocular Drug Delivery 9

retina. Both barriers contain epithelial and endothelial components whose
tight junctions limit transport.

A transient increase in the blood-retinal barrier permeability can be
achieved by modification of the barrier properties. For instance, opening of
the blood-retinal barrier can be achieved by intracarotid infusion of a hyper-
osmotic solution, such as mannitol or arabinose. Perfusion with such a
solution for about 30 seconds is shown to open the blood-retinal barrier
reversibly. Osmotically induced shrinkage of the retinal and brain capillary
endothelial cells causes opening of the tight junctions. Other methods
include perfusion with oleic acid or protamine. These methods, however,
produce a nonspecific opening of the blood-retinal barrier, possibly with
associated retinal and central nervous system toxicity.

Chemical modification is more commonly employed to enhance drug
transport across biological barriers. Lipophilic analogs of the parent drug
increase lipid solubility and thereby their blood-retinal barrier perme-
ability. Another approach to enhance transport across the blood-retinal
barrier could involve utilizing specific carrier systems on the epithelial
membrane. Drugs may be modified in such a way that their structures
resemble endogenous ligands for a specific carrier system on the blood-
retinal barrier.

Drug delivery through nutrient transport systems has been reported
previously with intestinal absorption (36-38). B-Lactam antibiotics and
other compounds that share the structural features of the endogenous pep-
tides are recognized by the peptide transporters. Recently valacyclovir (valyl
ester of acyclovir) (39,40) and valganciclovir (valyl ester of ganciclovir) (41)
were shown to be the substrates for peptide transporters. These prodrugs
increased the oral bioavailability of acylclovir and ganciclovir significantly
(42,43), thus reducing the daily oral dose requirement.

Various transporters/receptors are reported to be present on the retina
and/or the blood-ocular barriers. The reader is referred to specific chapters
in this volume for detailed description. However, very few studies have been
carried out to explore the transporters present on the retina or the blood-
ocular barrier. The transporters/receptors present on the retina or the
blood-ocular barrier may be exploited to increase ocular bioavailability of
drugs with poor intrinsic permeability.
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Membrane Transport Processes in
the Eye

Gangadhar Sunkara* and Uday B. Kompella
University of Nebraska Medical Center, Omaha, Nebraska, U.S.A.

. INTRODUCTION

Epithelial and/or endothelial cells sealed by tight junctions serve as the
major membrane barriers for the transport of nutrients, ions, and drugs
into intraocular tissues. The principal membrane barriers of the eye are
located in the cornea, conjunctiva, iris-ciliary body, lens epithelium, and
retina (Fig. 1). Various specialized transport processes in these barriers
control the movement of solutes into and out of intraocular chambers.
These processes maintain the visual function, control intraocular pressure,
provide nutrients to avascular cornea and lens, and protect ocular tissues
from xenobiotics. An alteration in the function of these transporters is often
the underlying cause of various ocular diseases. In addition, these transport
processes can play a role in drug transport.

Drug therapy is useful in the treatment of corneal epitheliopathy,
keratitis, conjunctivitis, extracellular infections, glaucoma, iritis, and catar-
act—diseases that afflict the anterior segment of the eye—and vitreoproli-
ferative disorders, endophthalmitis of bacterial and fungal origins, uveitis,
viral retinitis, diabetic retinopathy, and macular degeneration—diseases that
afflict the posterior segment of the eye. Ocular drug therapy often involves
topical or systemic administration of drugs. Therefore, for effective delivery
to intraocular tissues, drugs must penetrate across cornea, conjunctiva, and/
or sclera following topical administration or across endothelial barriers

*Current affiliation: Novartis Pharmaceuticals, East Hanover, New Jersey, U.S.A.
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Figure 1 Various epithelial and endothelial barriers of the eye.

along with the epithelial barriers of the iris-ciliary body or retina following
systemic administration. However, as these barriers restrict the transport of
therapeutic agents, the ocular bioavailability of drugs following topical or
systemic administration is low. These barriers also play a role in the drug
clearance following periocular or intraocular administration.

This chapter describes the various ocular epithelial and endothelial
barriers and the associated ion and solute transport processes in the eye.
The discussion includes ocular drug transport processes as well as recently
identified drug efflux pumps.

Il. GENERAL MECHANISMS AND ROUTES OF
TRANSPORT

A. Mechanisms of Transport

The membrane, whether it is plasma membrane or a membrane encompass-
ing cellular organelles, imposes a barrier to the free movement of molecules.
Simple diffusion, facilitated diffusion, primary active transport, secondary
active transport, transcytosis, and group translocation are six primary
mechanisms of solute transport across a membrane (Saier, 2000a). Simple
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or passive diffusion is a process that does not require cellular energy, but
requires a chemical gradient for the solute to be transported. Facilitated
diffusion is similar to simple diffusion in not requiring energy and following
chemical gradient, but it requires a membrane transporter or carrier to facil-
itate the transport. Two primary modes of facilitated transport have been
recognized in the biological systems: channel type and carrier type. In
channel-type facilitated diffusion, the solute passes in a diffusion-limiting
process from one side of the membrane to the other via a channel or pore
that is lined by appropriately hydrophilic, hydrophobic, or amphipathic
amino acyl residues of the constituent proteins. In carrier-type facilitated
diffusion, some part of the transporter is classically presumed to pass through
the membrane together with the substrate. Carriers usually exhibit rates of
transport, stereospecificity, and saturation kinetics in higher magnitude com-
pared to channels. Solute transport processes where energy is required to
transport the solutes against a concentration gradient are referred to as active
transport processes. In primary active transport, energy is directly expended
by the transporter in the form of ATP hydrolysis or electron flow. In
secondary active transport, the transporter does not directly expend cellular
energy but relies on a primary active transport process for its driving force.
Some macromolecules cross the cell bafflers through endocytosis (receptor-
mediated, adsorptive, or fluid-phase) followed by exocytosis, a process
known as transcytosis. Finally, with group translocation, the transported
substance is chemically modified by the membrane transporter during the
transport event, which may require energy either directly or indirectly.

B. Routes of Transport

Across any continuous epithelium, a solute can be transported either through
the cells or between the cells. The cellular pathway is known as the transcel-
lular route, and the intercellular pathway is known as the paracellular route
(Fig. 2). The transport of most of the solutes is contributed by both
pathways. Lipophilic molecules and molecules with specialized transport
processes prefer the transcellular route, whereas hydrophilic molecules lack-
ing membrane transport processes prefer the paracellular route. However,
dissecting the fraction contributed by each pathway is difficult (Ho et al.,
1999). One measure of the overall barrier permeability is its electrical
resistance, a measure of the resistance of the tissue to ion transport. The
electrical resistance of various ocular barriers is summarized in Table 1.
The mechanisms of transcellular transport include simple diffusion,
facilitated diffusion, active transport, and endocytosis. The plasma mem-
brane of a cell consists of a lipid bilayer with an array of peripherally and
integrally associated proteins, some of which serve as specific transporters or
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Figure 2 Transcellular and paracellular pathways for drug transport across epithe-
lial and endothelial barriers.

receptors, which allow solute uptake into the cell via active transport,
facilitated diffusion, or receptor-mediated endocytosis. However, for a
majority of the currently available drug molecules, no such transporters
or receptors exist, and these drugs are transported by passive diffusion
through the apical membrane, through the cell proper, and across the baso-
lateral membrane to move across the cell. During transcellular movement,
the solute must interact with some components of the cell membrane. The
interaction of the solute with the cell is influenced by both the structural
characteristics of the solute and the cell itself.

Transport along the paracellular route is passive and is only limited by
the size and charge of the intercellular spaces. The paracellular pathway is
an aqueous route involving diffusion of the solute between adjacent epithe-
lial cells/endothelial cells restricted by the presence of a series of junctional
strands known as tight junctions or zonula occludens (ZO), which are joined
at the apical pole (Madara and Trier, 1982; Yu, 2000). Freeze-fracture
electron microscopy studies demonstrated that ZO forms fusion sites that
appear as a complex network of protein strands that seal the intercellular
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Table 1 Transmembrane Electrical Resistances of Various Ocular Barriers
Rt
Tissue (ohm-cm?) Ref.
Cornea
Intact rabbit cornea 7500 Marshall and Klyce, 1983
Primary rabbit corneal epithelial 5000 Chang et al., 2000
cultures (air interface)
Ciliary body
Intact rabbit ciliary body 77 Noske et al., 1994
Rabbit nonpigmented epithelial 20-30 Cilluffo et al., 1993
cell cultures
Human nonpigmented epithelial 20 Noske et al., 1995
cell culture
Conjunctiva
Excised rabbit conjunctiva 1400 Kompella et al., 1993
Primary rabbit conjunctival 1900 Saha et al., 1996
cultures (liquid interface)
Primary rabbit conjunectival 1100 Yang et al., 2000
cultures (air interface)
Retina
RPE-Choroid
Adult human 79 Quinn and Miller, 1991
Fetal human 206 Quinn and Miller, 1991
Bovine 138 Steinberg et al., 1978
Rabbit 350 Quinn and Miller, 1992
Cat 133-259 Joseph and Miller, 1991
Cultured RPE
Fetal human 70 Hernandez et al., 1995
Fetal bovine 329 Hernandez et al., 1995
Adult human 225 Hu et al., 1994

space all around the cell perimeter (Lapierre, 2000). The tightness of the
barrier increases with an increase in the number of junctional strands. In
general, the tight junctions are essentially impermeable to molecules with
radii greater than 15 A. Various proteins that form the tight junctional
complex include ZO-1, ZO-2, cingulin. and occludin (Lapierre, 2000). In
addition to tight junctions, intercellular spaces possess intermediate junc-
tions or zonula adherens, desmosomes, and gap junctions. Zonula adherens
and desmosomes are sites of firm adhesion between cells that ensure
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mechanical stability. Gap junctions are responsible for electrical and meta-
bolic coupling between cells (Simon and Goodenough, 1998).

C. Transporters

Transport systems serve the cell by allowing the cellular entry and exit of
essential ions and nutrients, and by expelling the toxic metabolites out of the
cell. All transmembrane transport processes are mediated by integral mem-
brane proteins, sometimes functioning in conjunction with extracytoplasmic
receptors or receptor domains and/or cytoplasmic energy coupling and reg-
ulatory proteins or protein domains. These integral membrane proteins and
any associated protein or protein domains are referred to as a transport
process, transport system, transporter, porter, permease system, or per-
mease (Saier, 2000a). Many transporters are localized in a polarized manner
in an epithelium or endothelium to perform vectorial transport of solutes.
All transporters are proteins with specific conformations, which makes them
unique in their function. Broadly, various types of transporters on the cell
membrane can be classified as channels, pumps, uniporters, symporters or
cotransporters, and exchangers or antiporters (Table 2) (Saier, 2000a). Some
transport proteins having multiple substrate domains are structured so that
these domains are arranged in the plane of the membrane in a circle, thereby
forming a barrel to transport small solutes such as H", Na™, and K" into
and out of the cell. When ions or solutes pass through such a transporter by
passive diffusion, the transporter is called a channel. Alternatively, the
transporter protein may directly utilize energy, usually derived from ATP,

Table 2 Commonly Used Symbols for Various Transporters

Transporter Symbol Example
Channel — Na’, K", and CI™ channels
Cotransporter ( ] Na "-glucose and Na -
(symporter) amino acid transporters
Exchanger ( ) I Na“/H" and CI"/HCO3
(antiporter) exchangers
Uniporter — Glucose transporter
(GLUT)

Pump ‘/L@ Na /K" -ATPase

—\@—' P-glycoprotein/MRP
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to actively drive solutes from one side of the plasma membrane to the other,
in which case it is called as a pump. A uniporter transports one solute at a
time. A symporter transports the solute and one or more cotransported
solutes at the same time in the same direction. An antiporter transports
the solute in (or out) and another solute in the opposite direction.
Transporter proteins may exist in different isoforms with the same function
but with variable affinities, uptake kinetics, and tissue expression profiles.
For example, facilitated glucose transport is mediated by a family of glucose
transporter (GLUT) proteins, seven isoforms of which are known to date
(Thorens, 1996). GLUT1, GLUT2, GLUT3, and GLUT4 are involved in
cellular glucose uptake; GLUTI1, GLUT3, and GLUT4 are high-affinity
glucose transporters, and GLUT2 has a significantly lower affinity.
GLUTS is a high-affinity fructose transporter with poor glucose transport
capacity. GLUT?7 is closely related to GLUT2, but it is retained in the
endoplasmic reticulum and not transported to the plasma membrane. The
role of GLUT® is still unknown. Similarly, various families of transmem-
brane transporters exist in the mammalian plasma membranes for amino
acids and their derivatives (Palacin et al., 1998; Saier, 2000b). Transfer of
amino acids across the hydrophobic domain of the plasma membrane is
mediated by proteins that recognize, bind, and transport these amino
acids, which exhibit broad substrate specificity and stereospecificity. There
are three best-known amino acid transport systems present in the plasma
membrane of mammalian cells based on the type of amino acid the protein
moves and the thermodynamic properties of the transport: (a) zwitterionic
amino acid systems (A, ASC, N, BETA, GLY, IMINO, PHE, B’, L), (b)
cationic amino acid systems (B>*”, b™, y*, y"L, b%"), and (c) anionic
amino acid systems (X~ ag, Xc)- A detailed description of these transporters
is provided elsewhere (Palacin et al., 1998).

lll. TRANSPORT BARRIERS IN THE EYE
A. Cornea

While primarily being a refractive element of the eye, the cornea acts as a
mechanical and chemical barrier to intraocular tissues. The mammalian
cornea, with relatively few exceptions, consists of five to six distinct layers,
with a total thickness of 300-500 pm (Pepose and Ubels, 1992). These layers
include (Fig. 3): corneal epithelium, underlying basement membrane, acel-
lular Bowman’s layer, corneal stroma, Descemet’s membrane, and corneal
endothelium. Bowman’s layer is absent in the cornea of rabbit, a routinely
used animal model in eye research (Fig. 3).
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1. Corneal Epithelium

The corneal epithelium plays critical roles in the maintenance of a barrier
against tearborne agents and in maintaining a balanced stromal hydration.
The corneal epithelium, with a total thickness of 35-50 um, is made of five
cell layers constituted by superficial, wing, and basal cells and is maintained
by several cell-cell and cell-substrate interactions (Pepose and Ubels, 1992).
The superficial cells are joined by numerous desmosomes, and the barrier
function of these cells is due to the presence of tight junctional complexes
that are exclusive to superficial cells in the epithelium. Wing cells are
attached to superficial cells and to one another by desmosomes. Large
gap junctions are also present between the wing cells, allowing a high degree
of intercellular communication in this layer. The basal cells also have des-
mosomes and gap junctions that are fewer in number. Corneal epithelium
overlies on an array of collagen fibrils and glycosaminoglycans (GAGs)
known as acellular Bowman’s membrane followed by stroma, a hydrated
(75-78% water) matrix of collagen fibrils and GAGs, which constitutes 90%
of the corneal thickness. This arrangement is followed by Descemet’s mem-
brane and corneal endothelium. Descemet’s membrane forms the basement
membrane for the corneal endothelium (Fig. 3).
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The corneal epithelium is considered a “tight” epithelium due to its
high shunt resistance, which is in the range of 12-16 kohm-cm? (Marshall
and Klyce, 1983). The tightness of the corneal epithelium is due to the
existence of zonulae occludens or tight junctions between the superficial
cells. These intercellular junctions maintain the asymmetrical distribution
of several receptors for endogenous molecules such as hormones or growth
factors and transporters such as Na* /K " -ATPase, ClI~ channel, and Na "
amino acid cotransporter in order to maintain the vectorial transport (Klyce
and Crosson, 1985).

The resistance to transport across the cornea is the sum of the resis-
tances to transport across each of the individual corneal layers, i.e., Reormea
= Repithelium + Rstroma + Rendothelium- AlthOUgh the corneal epithelium
represents less than 10% of the entire corneal thickness, it contributes
99% of the resistance to solute diffusion across cornea. Of this, the super-
ficial epithelial cells contribute as much as 60%. The stroma and endothe-
lium contribute 3% to the total corneal electrical resistance. The
transepithelial or transmembrane resistance of various corneal preparations
is summarized in Table 1.

2. Corneal Endothelium

Corneal endothelium is a monolayer of polygonal cells, most of which are
hexagonal in shape with about 20 pm diameter and 4-6 pm thickness. These
cells play a key role in maintaining corneal transparency through their
transport, synthetic, and secretory functions. Contrary to the corneal epithe-
lial cells, macular occludens, not entirely occlusive junctions, rather than
zonula occludens exist between the endothelial cells (McLaughlin et al.,
1985). This results in a “leaky’ barrier between aqueous humor and stroma.
The endothelium has a passive permeability that allows the passage of large
molecules up to 70 kDa in size (Pepose and Ubels, 1992). Although the
endothelium is leakys, it is the site of the major active ion and fluid transport
mechanisms that maintain constant corneal thickness. Gap junctions pre-
sent on the lateral membranes of the endothelial cells contribute to inter-
cellular communication.

3. lon and Organic Solute Transport

Corneal surface and stromal hydration is maintained by the movement of
Na™, K*, and CI™ across the apical and basolateral membranes of the
epithelium and the corneal endothelium (Fig. 4). The active transport of
these ions is responsible for the tear-side negative potential difference of the
corneal epithelial cells. The ouabain-sensitive Na /K "-ATPase on the
basolateral side of the epithelium actively transports Na™ out of the cells
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Figure 4 Putative ion and solute transport processes in the mammalian corneal
epithelium and endothelium.

in exchange for K" (Green, 1970). Cl~ entry across the basolateral mem-
brane of the epithelium is mediated by a loop diuretic—sensitive Na™ /K */
CI™ cotransporter (Klyce, 1972; Marshall and Klyce, 1983). This CI™ entry
occurs against an electrochemical potential and is ouabain sensitive, suggest-
ing that CI~ entry is coupled to the Na™ /K "-ATPase activity. The Na ™/
K /CI™ cotransporter elevates the intracellular ClI~ concentration to three
to four times greater than that expected from simple equilibrium, enabling
the passive transport of C1~ through CI~ channels located on the apical side.
K™ has low paracellular permeability, and it enters the cells through Na ™/
K "-ATPase (Marshall and Klyce, 1983) and exits through K™ channels
located on the basolateral side.

In endothelial cells, the Na " /K "-ATPase is located on the basolateral
side (Whikehart and Soppet, 1981; Whikehart et al., 1987). Inhibition of this
pump with ouabain stops sodium transport, causes corneal swelling, and
eliminates the transendothelial potential difference. Stromal Cl~ concentra-
tion is in part determined by Cl~ entry through a C17/HCOj3 exchanger
located on the apical membrane of the endothelial cells and exit through CI™
channel on the basolateral membrane of the endothelium (Bonanno et al.,
1998). Also, Na™ /K" /Cl~ cotransporter present on the lateral membrane
of the corneal endothelium contributes to the transendothelial C1™ flux
(Jelamskii et al., 2000).
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In corneal epithelial and endothelial cells, Na* /H" exchanger, Na -
HCO5 symport, and CI" /JHCOj5 exchanger are involved in the regulation of
intracellular pH (Jentsch et al., 1985; Bonanno et al., 1999). Na®/H™"
exchanger is present in the basolateral membranes of both epithelial and
endothelial cells. Na™ /HCOj transporter is predominantly localized on the
basolateral side of the corneal endothelium and is weakly expressed in the
corneal epithelium (Sun et al., 2000).

H " -lactate cotransport is present on the baslolateral side of the rabbit
corneal epithelium (Bonanno, 1990) and on both sides of the rabbit corneal
endothelium (Giasson and Bonanno, 1994). In addition, the corneal
endothelium has a Na™-lactate cotransport process on the basolateral
side (Giasson and Bonanno, 1994). These transport processes efficiently
remove lactate from the highly glycolytic cornea, thereby preventing lac-
tate-mediated corneal swelling.

The corneal epithelium is relatively impermeable to water-soluble
compounds such as amino acids derived from tears (Thoft and Friend,
1972). The limbal blood supplies less than 20% of the corneal nutrients,
with the aqueous humor being the primary source of amino acids (Thoft and
Friend, 1972). Indeed, corneal endothelium, the principal barrier between
the aqueous humor and the corneal epithelium, transports amino acids from
the aqueous humor to the extracellular fluid of the stroma against a con-
centration gradient in the rabbit cornea (Riley, 1977). Consistent with this,
the steady-state concentrations of most free amino acids in the stroma of the
rabbit cornea are higher than those in the aqueous humor (Thoft and
Friend, 1972; Riley et al., 1973; Riley and Yates, 1977). Similarly, the
high glucose requirements of the corneal epithelium are met in part by the
facilitated glucose transporter, GLUT 1, present on the basolateral side of
the epithelium (Takahashi et al., 1996).

B. Conjunctiva

The conjunctiva is a thin, transparent mucous membrane lining the inside of
the eyelids and is continuous with cornea. In rabbits, the conjunctiva occu-
pies 9 times larger surface area, and in humans, it occupies 17 times larger
surface area than the cornea (Watsky et al., 1988). The conjunctiva can be
divided into three layers: (a) an outer epithelium, a permeability barrier, (b)
substantia propria, containing nerves, lymphatics, and blood vessels, and (c)
submucosa, which provides a loose attachment to the underlying sclera. The
conjunctiva differs from cornea in its rich vasculature, the presence of many
goblet cells, and its ability to transdifferentiate.
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1. Conjunctival Epithelium

The conjunctival epithelium is similar to the cornea with respect to the
organization of epithelial cells—it contains superficial, wing, and basal
cells, the three principal corneal epithelial cell types. The epithelium is two
to three cell layers thick, nonkeratinized, stratified and sqamous at the
eyelids, and columnar towards the cornea. The tight junctions in the apical
pole of the conjunctival epithelium render it a relatively impermeable bar-
rier. The epithelial cells of the conjunctiva are attached to one another by
means of desmosomes and to the basal lamina through hemidesmosomes.

2. lon and Organic Solute Transport

The conjunctiva is a tight epithelium with an electrical resistance of 1.4
kohm-cm? (Kompella et al., 1993) (Fig. 5). The potential difference of the
conjunctiva is lumen-negative like the cornea, suggesting a net secretion of
anions and/or a net absorption of cations.

Tears Sclera
(apical) (basolateral)
E K* Na’
or =
/ ==y
Na'
g{ Amino acid
Na~
Glucose Na!
K+
Na~ Cl
\ Nugieoside

Tight junction '

Figure 5 Putative ion and solute transport processes in the mammalian conjunc-
tival epithelium.
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The conjunctiva actively secretes CI~ (Kompella et al., 1993), and about
80% of the conjunctival active ion transport is accounted for by CI™ secretion
through apically localized channels. Cl~ enters the basolateral side via Na ™/
K /CI™ cotransport energized by the basolateral Na ' /K "-ATPase.
Conjunctiva secretes fluid secondary to active Cl~ secretion (Shiue et al.,
2000). Active Na " absorption can counter this fluid secretion. Net fluid secre-
tion rate across the conjunctiva is altered by pharmacological agents known
to affect active C1~ secretion or Na™ absorption (Shiue et al., 2000).

Evidence exists for the presence of ion-dependent solute transport
processes such as Na™'-glucose, Na " -amino acid, and Na™-nucleoside
transporters in the conjunctival epithelium (Kompella et al., 1995; Hosoya
et al., 1996; Hosoya et al., 1998b). After bathing conjunctiva in a glucose-
free glutathione bicarbonate Ringer (GBR) solution, mucosal addition of
D-glucose elevated short-circuit current (Isc) by a maximum of 20% in a
dose-dependent manner. Phlorizin, a specific inhibitor of Na™-glucose
cotransporter, reduced the Isc in a dose-dependent manner, suggesting the
possible apical localization of Na " -glucose cotransporter in the pigmented
rabbit conjunctiva (Hosoya et al., 1996). Similarly, mucosal addition of
glycine, L-arginine, p-arginine, and L-glutamic acid have increased Isc in
the presence but not in the absence of sodium in the medium, suggesting
the possible existence of Na " -amino acid cotransporters on the apical side
of the conjunctiva (Kompella et al., 1995). Furthermore, B"", a sodium-
dependent transporter of neutral (L-Glu) and basic amino acids (L-Arg,
L-Lys, and NS-nitro-L-arginine) is present in the conjunctiva (Hosoya
et al., 1998a).

Uridine, a nucleoside, is transported preferentially from the mucosal
to serosal direction in a temperature- and phlorizin-sensitive manner across
the conjunctiva (Hosoya et al., 1998b). At constant Na " concentration (141
mM) on mucosal side, uridine increased Isc in a dose-dependent fashion. At
constant uridine concentration (10 pM), increasing Na™ concentration
increased Isc with a Hill coefficient of 1.1, suggesting that there is a 1:1
coupling in the transport of Na ™ and uridine. Na " -dependent uridine trans-
port was inhibited by 10 uM adenosine, guanosine, and inosine, but not by
thymidine, suggesting that the transport process may be mainly selective for
purine nucleosides.

C. lIris-Ciliary Body

The iris, ciliary body, and choroid comprise the vascular uveal coat of the
eye. The anterior iris is immersed in the aqueous humor, which enters the
iris stroma through openings or crypts along its anterior surface. The iris
receives its blood supply from the major arterial circle, which lies in the
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stroma of the ciliary body near the iris root. The ciliary body can be divided
into the following regions: nonpigmented ciliary epithelium, pigmented cili-
ary epithelium, stroma, and ciliary muscle. The main arterial blood supply
to the ciliary body is through the long posterior and the anterior ciliary
arteries. These capillaries are fenestrated (Cunha-Vaz, 1979) and leaky
(Stewart and Tuor, 1994).

The ciliary body secretes aqueous humor into the posterior chamber,
from where it flows through the pupil into the anterior chamber and leaves
the eye in a bulk flow through trabecular and uveo-scleral routes at the angle
of the anterior chamber. The aqueous humor is a transparent, aqueous
solution, and its composition is different from that of plasma in its low
concentration of plasma proteins and 20 to 60-fold higher concentration of
ascorbic acid (Caprioli, 1992). The aqueous humor production and the
intraocular pressure are maintained by membrane transport processes.
For instance, the aqueous humor production can be controlled by agents
that directly or indirectly alter the release of CI~ through basolateral chan-
nels of nonpigmented ciliary epithelium, which is the rate-limiting step in the
aqueous humor secretion in the eye (Bowler et al., 1996).

1. Blood-Aqueous Barrier

The blood-aqueous barrier restricts the penetration of solutes such as acri-
flavine (MW 540) into the posterior chamber as well as the anterior chamber
(Rodriguez-Peralta, 1975). With the blood-aqueous barrier, inward move-
ment of solutes from the blood to the eye is more restrictive compared to the
outward movement. The blood-aqueous barrier is principally constituted by
two discrete layers of cells: the endothelium of the iris and ciliary blood
vessels and the nonpigmented ciliary epithelium. To pass from the blood
vessels of iris into the posterior chamber, a substance has to cross the iris
vessels, the stroma, a layer of iris muscle, and the iris epithelium. Transport
from the stroma into the anterior chamber is easier because the cellular layer
on the anterior surface of the iris is incomplete. In the anterior chamber
angle, there is continuous drainage of aqueous humor, which limits the
movement of solutes from the anterior chamber to posterior chamber. To
pass from the blood vessels of the ciliary body into the posterior chamber, a
solute has to cross the ciliary microvessels, the loose connective tissue of the
stroma, and the two-layered ciliary epithelium. The capillaries of the iris
have a relatively thick wall layered by the continuous-type endothelial cells
that are attached to each other by tight junctional complexes (Raviola, 1977,
Freddo and Raviola, 1982). The number of strands in the zonulae occludens
of these cells in the monkey varies from one to eight. As in the blood-brain
barrier (BBB), GLUT-1 and P-glycoprotein are present in iris and ciliary
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vessel endothelial cells, while endothelial antigen PAL-E (Pathologische
Anatomie Leiden-Endothelium) and the transferrin receptor are absent
(Schlingemann et al., 1998). This suggests a phenotypic similarity of iris
and ciliary vessels with brain microvessels. The iris vessels restrict the trans-
port of circulating horseradish peroxidase (HRP) and fluorescein due to the
presence of tight junctions between the endothelial cells. In this regard, the
vessels of the iris, retina, and brain share a common behavior (Hank et al.,
1990; Holash and Stewart, 1993; Stewart and Tuor, 1994). However, ciliary
vessels are permeable to circulating HRP, and it is speculated that it reaches
ciliary muscle by diffusion from the permeable vessels of the ciliary pro-
cesses.

The ciliary body epithelium is made of an outer pigmented epithelium
(PE) and an inner nonpigmented epithelium (NPE) juxtaposed at their api-
cal surfaces (Fig. 6). The tight junctions between NPE cells impose a diffu-
sion barrier between blood and aqueous humor (Schlingemann et al., 1998).
Intravenously injected HRP passes through the fenestrated ciliary endothe-
lial cells and reaches the intercellular spaces around PE cells and those
between PE and NPE cells. However, the tight junctions at the apico-lateral
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Figure 6 Putative ion and solute transport processes in the mammalian pigmented
and nonpigmented epithelial cells of the ciliary body.
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fusion points of the NPE cells block further movement of HRP into the
posterior chamber (Schlingemann et al., 1998). Gap junctions are ubiquitous
in the ciliary body epithelium, connecting PE-to-PE, NPE-to-NPF, and PE-
to-NPE cells (Freddo, 1987) (Fig. 6). The gap junctions between PE and
NPE cells are permeable to molecules at least as large as 900-1000 daltons
(Spray and Bennett, 1985).

In general, the breakdown of the blood-aqueous barrier takes place
when the mammalian eye is subjected to painful or irritant stimuli in
response to mechanical trauma or by carotid infusion of hyperosmotic
agents, leading to the leakage of plasma proteins into the aqueous humor
(Butler et al., 1988). This breakdown may be due to shrinkage of the pig-
mented epithelial cells, degeneration of the junctional complexes, and
separation of the two epithelial cell layers. In addition, stimulation of ocular
motor nerve, local administration of prostaglandin (PGE 1), and systemic
injection of «-MSH causes dilatation of iris and ciliary capillaries and
relaxation of afferent vessels, leading to the disruption of the blood-aqueous
barrier.

4. lon and Organic Solute Transport

Aqueous humor formation was once considered a simple process of diffu-
sion or ultrafiltration of fluid from the plasma across the ciliary epithelia. It
is now well established that active transport of certain solutes by the ciliary
epithelia is the most important process in the formation of aqueous humor
(Caprioli, 1992). Na™ /K "-ATPase (Usukura et al., 1988; Okami et al.,
1989; Martin-Vasallo et at., 1989), H" /K "-ATPase (Fain et al, 1988) and
active ascorbate transport system (Socci and Delamere, 1988) are present in
the ciliary epithelia. Immunoblot analysis revealed the presence of Na ™/
K "-ATPase mainly on the basolateral surfaces of PE and NPE cells, with
the labeling density being twofold higher in PE cells relative to NPE cells
(Okami et al., 1989). H" /K -ATPase is present extensively on the apical
membrane of both PE and NPE cells (Fain et al., 1988). In addition, the
basolateral membrane of pigmented layer contains the entry step for
ClI"/Na® /K™ cotransporter, a Cl /HCOs-exchanger, a Na " /HCOj
cotransporter, a Na"/H" exchanger, and a Na™ /ascorbate cotransporter
(Zadunaisky, 1992). These systems produce low levels of sodium in the two
cells, a high level of potassium, and a high ascorbic content and control the
intracellular pH. The basolateral membrane of the nonpigmented epithe-
lium contains the channels for the exit of chloride, sodium, bicarbonate, and
ascorbate into the posterior chamber and induce the movement of water for
the formation of the aqueous humor (Zadunaisky, 1992).
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In spite of the tight barrier properties of ciliary epithelium, the con-
centration of glucose in aqueous humor is kept at a level similar to that in
plasma. This is facilitated by GLUT]1, a glucose transporter localized in the
ciliary epithelial cells (Hank et al., 1990; Takata et al., 1997). The rate of
glucose transport into posterior chamber is very high. GLUT 1 at the basal
infoldings of NPE cells, which face the posterior chamber, may play a role in
the exit of glucose from the NPE cells to the aqueous humor (Fig. 6).
Immunocytochemical studies indicated a two fold higher expression of
GLUTT1 in basal plasma membrane of PE cells compared to NPE cells.
From blood, glucose crosses fenestrated ciliary endothelial cells and then
enters PE cells by GLUTI1 located in the basal infoldings of their plasma
membrane. From PE, glucose enters NPE cells by passing through the gap
junctions that connect PE and NPE cells. Finally, glucose leaves the NPE
cells via GLUT]1 at the infolded basal plasma membrane and enters the
aqueous humor.

The concentration of most amino acids is higher in the aqueous than
in the plasma, possibly due to active transport of amino acids across the
ciliary epithelium in several mammalian species (Zlokovic et al., 1992, 1994).
In sheep, concentrations of aspartic acid and glutamic acid in the aqueous
were 9-13 times higher compared to plasma, and cystine and lysine levels
were approximately 1.7 times those in the plasma. For other amino acids,
such as alanine, arginine, glycine, isoleucine, leucine, methionine, phenyla-
lanine, serine, threonine, tyrosine, and valine, the aqueous/plasma ratio was
greater than 2. A descriptive statistical study of the covariation of the con-
centration of amino acids and related compounds in human aqueous sug-
gested the existence of six transport systems in the ciliary epithelia: three for
neutral amino acids and one each for basic amino acids, acidic amino acids,
and urea (Ehlers et at., 1978; Zlokovic et at., 1992). The protein concentra-
tion in the aqueous humor is always less than 1% of its plasma concentra-
tion, and it consists primarily of lower molecular weight proteins such as
albumin and B-globulin. Heavy molecular proteins such as g-lipoproteins
and heavy immunoglobulins are present only in trace quantities in the aqu-
eous humor. Diffusion of protein from the stroma of the ciliary body
through the iris stroma and into the aqueous humor has been proposed to
account for the major fraction of protein in the rabbit aqueous humor
(Freddo et al., 1990).

Ciliary epithelium expresses transporters to allow the transmembrane
flux of organic acids such as prostaglandins and eicosanoids (Bito, 1986).
Organic acids such as iodopyracet are actively removed from the eye when
introduced into the vitreous body. The ciliary epithelium contains at least
two systems for the transport of organic acids, the liver-like or L-system,
and the classical hippurate or H-system. These systems limit the accumula-
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tion of eicosanoids in the eye, which are produced in greater amounts under
pathological conditions (Bito and Wallenstein, 1977). The concentrative
accumulation of prostaglandins by the isolated anterior uvea is energy
and sodium dependent (Dibenedetto and Bito, 1980). Prostacycline, 6-
keto-PGF1le, and the classical E and F prostaglandins appear to be sub-
strates for the same transport process. Tissues surrounding the anterior
chamber and those covering the surface of the eye, such as the cornea,
conjunctiva, sclera, and the anterior surface of the iris, do not appear to
possess transporters for prostaglandins (Bito, 1986).

In bovine pigment ciliary epithelial cells, Na *-dependent ['*C] ascor-
bic acid accumulation was seen to proceed against a 40-fold intracellular
gradient (Helbig et at., 1989). This uptake was inhibited by phloretin, oua-
bain, amphotcriein, and D-isoascorbate, but not by glucose. The Na™*
dependence of the uptake indicated that two or more Na™ ions translocate
with each molecule of ascorbate, resulting in an electrogenic transport. In
general transport terms, ocular ascorbic acid fits a type of “pump-leak”
model: the pump consists of ascorbic acid transport into aqueous humor;
the leak is combined loss of ascorbic acid by fluid drainage through the
canal of Schlemm and chemical loss through oxidation. The ascorbic acid
uptake in excised iris-ciliary body is saturable and can be inhibited by D-
isoascorbate, ouabain, and metabolic inhibitors including dinitrophenol,
iodoacetate, and cyanide. The iris-ciliary body resembles retina, ileum,
and kidney in having an active transport process for ascorbic acid (Socci
and Delamere, 1988). Unlike the uptake process, the efflux of ['*Clascorbic
acid was not inhibited by ouabain or other above-mentioned metabolic
inhibitors (Chu and Candia, 1988).

Endogenous nucleosides enter nonpigmented epithelial cells through a
sodium-nucleoside cotransporter localized on the apical side of the nonpig-
mented layer of the ciliary body facing the pigmented epithelium and exit
into the aqueous humor across the basolateral membrane via an equilibra-
tive transport system (Redzic et at., 1998). Knowledge of the transport of
nucleosides through the blood-aqueous barrier is now made more important
with the increasing use of nucleoside analogs in the treatment of acquired
immunodeficiency malignancies and syndrome (AIDS). As synthetic nucleo-
sides are now known to be transported from blood into the aqueous humor
(Redzic et at., 1995), such molecules may compete for the carrier systems
used by endogenous nueleosides.

D. Lens

The lens is a transparent tissue, with 65% of its weight consisting of water
and the remainder principally of proteins. Anteriorly, the lens is in contact
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with the pupillary portion of the iris, and posteriorly it fits into a hollow
depression of the anterior vitreous surface (Paterson and Delamere, 1992).
The major components of the lens are capsule, epithelium, and lens fiber
cells (Fig. 7). The lens capsule is acellular, transparent, elastic, and acts as an
unusually thick basement membrane that encloses the epithelium and lens
fiber cells. It is mainly composed of type IV collagen together with 10%
glycosaminoglycans (GAGs). The inner portion of the anterior capsule is in
immediate contact with lens epithelium, while the posterior capsule is in
contact with the most superficial lens fiber cells. A single layer of epithelial
cells forms a cap on the inner anterior surface of the lens, and hundreds of
thousands of differentiated fiber cells form its bulk. Lens cortex or periphery
is composed of fiber cells that are formed from the differentiation of epithe-
lial cells in the equatorial zone. Young and superficial fiber cells contain
cytoplasmic inclusions similar to those of epithelial cells. Since the lens does
not shed any of its cellular components from embryonic development
onward, the older cells of the lens will be displaced towards the center or
nucleus of the lens. Most of the cells in the lens nucleus lack nuclei and
particulate cytoplasmic contents. Membrane transport proteins in the lens

Lens epithelial cell  Na, K- Amino agid

\

Anterior
(aqueous humor)

Capsule

Mucleus

Posterior
(vitreous humor)

Lens tiber cell

Figure 7 The lens. Representation of pump-leak system and cellular barriers in the
movement of ions and nutrients. The fiber cells are distributed through out the lens
body.
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play an important role in cell volume regulation, nutrient supply, and lens
transparency (Goodenough, 1992, Rae, 1994). All cells of the lens are inter-
connected by gap junctions that form low-resistance pathways between the
cytoplasm of adjacent cells.

1. Lens Epithelium

The lens epithelium lies beneath the anterior and equatorial regions of lens
capsule, but not under the posterior region of the capsule. The apices of the
epithelial cells face the interior of the lens, and their bases face the lens
capsule. There are several junctional relationships between the cells of the
lens epithelium. The lateral and apical aspects of the plasma membranes
have desomosomes for cell adhesion. Zonula occludens is also present
between epithelial cells in both frog and human lens, and these junctions
could restrict the movement of high molecular weight solutes (Lo and
Harding, 1986). There is a small number of gap junctions between the
lens epithelial cells and the underlying lens fibers, which allow cell-to-cell
communication (Brown et al., 1990). The cells of the lens epithelium are
anatomically and physiologically polarized, thereby bringing net transport
of many essential nutrients. While the lens epithelial cells are selectively
permeable to K, lens fiber cells have a low and nonselective overall con-
ductance (Robinson and Patterson, 1982).

2. lon and Organic Solute Transport

In the mammalian lens, the concentration of ions inside the cells plays a
major role in the development of cataract. Ions such as Ca®" have been
shown to form aggregates with lens a-crystallins, thereby causing opacity
(Benedek, 1971; Benedek et al., 1999). Low intracellular calcium is main-
tained by Na™ /Ca”?" exchanger and Ca®*-ATPase (Hightower et al, 1980).
Evidence exists for the presence of Na™/Ca®* exchanger in the apical mem-
brane of lens epithelial cells (Ye and Zadunaisky, 1992a.,b). In rabbit,
bovine, dog, and rat lenses, while the lack of sodium did not affect the efflux
of Ca®* from the cells, inhibitors of Ca?"-ATPase, lanthanum and propra-
nolol inhibited Ca?" efflux (Hightower et al, 1980). ATPase is present in
both the lens epithelium and cortex but absent in the nucleus, with the
expression being the highest in the epithelium (Ye and Zadunaisky,
1992b) (Fig. 8). Na“/H" exchanger regulates intracellular pH in the lens
epithelial cells as well as the lens fiber cells (Wolosin et al., 1988).

Because of lens avascularity, there is a need for the continuous supply
of nutrients such as glucose, amino acids, and ascorbic acid for metabolic
and synthetic reactions. Lens derives most of its nutrients from aqueous
humor. Entry of solutes into the lens occurs by both saturable and nonsa-
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Figure 8 Putative ion and solute transport processes in the mammalian lens epithe-
lial and fiber cells.

turable paths (Merrimann-Smith et al., 1999). While water, chloride, urea,
and glycerol are likely to traverse the plasma membrane of the lens epithelial
cells by simple diffusion, amino acids are transported actively. The uptake of
D-glucose and nonmetabolizable 3-O-methyl-p-glucose into the rat lens was
saturable and the capacity of the system for p-glucose was similar at both
anterior and posterior surfaces. Transport studies with a variety of sugars
indicated that a C-1 conformation and the presence of H or OH on carbon
number 1 are critical to transport. Furthermore, the GLUT family of pro-
teins, GLUT 1 and GLUTS3, is predominantly responsible for the uptake of
glucose in the anterior epithelium (Kern and Ho, 1973; Merrimann-Smith et
al., 1999). These transporters are abundant in the lens nucleus and present in
the cortex to a lower extent in both human and rat eyes.

Lens contains a higher concentration of amino acids compared to the
surrounding aqueous and vitreous humors. In vitro lens uptake studies with
labeled amino acids indicated saturation kinetics, energy and temperature
dependency, consistent with their active transport (Zlokovic et al., 1992).
Furthermore, separate systems exist for the transport of neutral, basic, and
acidic amino acids in the lens. Lens expresses A-, L-, Gly-, -, and Ly *-
systems (Kern et al., 1977). The ASC system, selective for three- or four-
carbon neutral amino acids, is present in the lens epithelial cell, and it is the
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preferred pathway at physiological levels of L-alanine, L-serine, and L-cystein
(Kern et al., 1977). The lens behaves like a ““pump-leak system’ in which the
substances actively transported by the epithelium are concentrated in the
lens and then diffuse toward the posterior pole and eventually leave the lens
across the posterior capsule.

The rate of differentiation of lens epithelial cells into fiber cells is
dependent on the synthesis of phosphoinositides from myoinositol
(Zelenka and Vu, 1984). Since myoinositol synthesis in the lens is negligible,
membrane transport is the major source of cellular myoinositol. The lens
allows both sodium-dependent active transport and passive diffusional
transport of myo-inositol (Diecke et al., 1995).

The oxidative balance in the lens is maintained by ascorbic acid, whose
primary source is aqueous humor (Kern and Zolot, 1987). The active uptake
of ascorbic acid by lens epithelium is 20 times greater than L-glucose. Within
7 minutes following systemic administration, ['*Clascorbic acid is concen-
trated more in the lens epithelium than the aqueous humor.

Nucleotides enter the lens via Na ' -dependent transport processes,
with the uptake being comparable at the two surfaces of the lens, similar
to sugars (Redzic et al., 1998). Saturable uptake was observed for purines
such as guanosine, inosine, and adenosine, but not for pyrimidines and
adenine.

E. Blood-Retinal Barrier

Fully developed retina is organized into the following layers (Fig. 9): retinal
pigment epithelium (RPE), photoreceptor layer, outer limiting membrane,
outer nuclear layer, outer plexiform layer, inner nuclear layer, inner plexi-
form layer, ganglion cell layer, nerve fiber layer, and inner limiting mem-
brane (Wu, 1995). Large retinal vessels are present in the optic nerve fiber
layer, and retinal capillaries are present between the inner nuclear layer and
the outer plexiform layer. The outer and inner limiting membranes of the
retina are quite permeable. The outer limiting membrane has traditionally
been described as a layer of zonulae adherens that connect Miiller cells to
photoreceptors, and it is permeable to macromolecules. The inner limiting
membrane is a continuous glycoprotein coating identical to the basal lamina
of epithelia or endothelia. The inner limiting membrane contains the cell
bodies of most neurons and forms a basement membrane for the Miiller and
glial cells and separates the base of the Miiller cells from the vitreous body.
The intercellular clefts between the Miiller cell processes that abut the inner
limiting membrane are open and lack specialized intercellular junctions.
Freeze-fracture studies confirmed the absence of zonulae occludens between
the basal feet of the Miiller cells in both humans and monkey. The perme-
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Figure 9 Cellular organization of the retina.

ability properties of inner limiting membrane are likely similar to the basal
laminae, which retain particulate matter but allow the transport of mole-
cules up to the size of ferritin (400 kDa) (Wu, 1995). Among all the retinal
layers, the principal barrier to solute transport is the blood-retinal barrier
(BRB), which includes retinal pigment epithelium and retinal vessels.

The BRB is located at two levels: the outer BRB, consisting of the
retinal pigment epithelium (RPE), and the inner BRB, consisting of the
endothelial membranes of the blood vessels of the retina. BRB plays a
critical role in the homeostatis of the neural retina by limiting the entry of
xenobiotics into the extravascular spaces of the retina and by preventing the
loss of essential solutes. Blood-retinal barrier breakdown, a key factor
underlying pathological conditions such as diabetic retinopathy, is a leading
cause of vision loss. In neovascular disorders such as proliferative diabetic
retinopathy or age-related choroidal neovascularization, elevation of angio-
genic factors such as vascular endothelial growth factor (VEGF ¢5) and
transforming growth factor (TGF-g), can disrupt the blood-retinal barrier
(Behzadian et al., 2001). Quantification of the degree of damage to blood-
retinal barrier can be performed by locating '*°I- and '**I-albumin tracers
(Miyamoto et al., 1999) or Evans blue in the retinal tissue and/or vitreous
following their systemic injection (Xu et al., 2001).

1. Retinal Pigment Epithelium

RPE is a monolayer of hexagonal cells separating the outer surface of the
neural retina from the choriocapillaries. Many of these cells are multinu-
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cleated, and the nuclei are located in the basal portion of the cell. RPE plays
a central role in regulating the microenvironment surrounding the photo-
receptors in the distal retina, where the phototransduction takes place. The
outer segments of rods and cones are closely associated with the RPE via
villous and pesudopodial attachments. The RPE phagocytoses distal
potions of rod and cone outer segments.

Following intravitreal injection, horseradish peroxidase crosses the
inner limiting membrane, ganglion cell layer, inner plexiform layer (synaptic
layer), inner nuclear membrane, outer limiting membrane, and the layer of
the photoreceptors but blocked by the tight junctions of the retinal pigment
epithelial cells (Tornquist et al., 1990). Thus, the retinal pigment epithelium
is a principal barrier to solute transport. Macromolecules such as horse-
radish peroxidase that escape from the permeable vessels of the chorioca-
pillaries, cross Bruch’s membrane and penetrate the intercellular clefts of the
retinal pigment epithelium. Further progression into the retina is blocked by
the junctional complexes of the RPE (Tornquist et al., 1990). In a number of
vertebrate species, these junctional complexes consist of zonula occludens,
zonula adherens, and gap junctions, and their surface specializations are
different from those observed in other epithelia (Hudspeth and Yee,
1973). The gap junctions lie apically (vitread), the zonula adherens lie basally
(sclerad), and the zonula occludens overlap the other two junctions. With the
presence of tight junctions, RPE forms a polarized monolayer of cells with
morphologically and functionally distinct apical and basolateral mem-
branes. The apical membrane of RPE faces the photoreceptor outer segment
across the subretinal space, and the basolateral membrane is juxtaposed to
the choriocapillaries across Bruch’s membrane. Various transporter proteins
are distributed in a polarized manner in RPE (Rodriguez-Boulan and
Nelson, 1989; Mays et al., 1994).

RPE is extremely restrictive for paracellular transport of solutes due to
the presence of tight junctions. However, it is capable of a variety of spe-
cialized transport processes (Betz and Goldstein, 1980). To understand the
barrier properties of RPE, experimental models such as isolated RPE-chor-
oid preparations (Crosson and Pautler, 1982; Tsuboi and Pederson, 1988;
Joseph and Miller, 1991; Quinn and Miller, 1992; la Cour et al., 1994),
neural retina-RPE-choroid preparations (Shirao and Steinberg, 1987), and
confluent monolayers of cultured RPE (Defoe et al., 1994; Hernandez et al.,
1995; Gallemore et al., 1995) can be used. The electrical resistance of various
RPE and choroid preparations is summarized in Table 1. The electrical
resistance of RPE preparations ranges from 70 to 350 ohm-cm? in various
species and preparations. The low in vitro resistance of these preparations
does not appear to be representative of the formidable in vivo blood-retinal
barrier.
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2. Retinal Vessels

The studies led by Cunha-Vaz et al. (1979) proposed that the endothelial cells
along with their junctional complexes are the main sites of the blood-retinal
barrier for substances like thorium dioxide, trypan blue, and fluorescein.
Many investigations demonstrated the barrier properties of the retinal
endothelium (Tomquist et al., 1990; Xu et al., 2001). Following intravenous
injection of thorium dioxide or horseradish peroxidase, tight junctions
blocked tracer progression along the clefts between the endothelial cells of
the retinal capillaries. Also, the tracer transport into the endothelial cyto-
plasm was negligible. Compared to several other blood vessels in the body,
the retinal vessels have more extensive zonula occludens, which render them
impermeable to both horseradish peroxidase (MW 40 kDa; hydrodynamic
radius ~5 nm) and microperoxidase (MW 1.9 kDa; hydrodynamic radius ~2
nm) (Smith and Rudt, 1975). These junctional complexes restrict solute
movement in either direction, as indicated by the inability of vitreal horse-
radish peroxidase in reaching the lumen of retinal vessels (Peyman and Bok,
1972). These junctions may restrict small solutes differently because fluores-
cein does not cross the blood-retinal barrier when injected intraperitoneally
into rabbits (Cunha-Vaz and Maurice, 1967), but it is easily absorbed by the
retinal vessels following vitreal administration, suggesting that the retinal
vessels and the pigment epithelium are capable of removing organic anions
from the vitreous. Poor permeability into the vitreous was seen for solutes
such as urea, sodium, potassium, chloride, phosphate, inulin, sucrose, anti-
biotics, and proteins such as albumin, myoglobin, and horseradish peroxi-
dase following intravenous injection (Tornquist et al., 1990). Higher
quantities were observed in the anterior vitreous following entry from the
posterior chamber or ciliary circulation, suggesting that blood-aqueous bar-
rier is more leaky compared to BRB. The BRB permeability of fluorescein
with a molecular radius of 5.5 A was estimated to be about 0.14 x 10~ cm/s,
which is similar to fluorescein permeability across the blood-brain barrier,
suggesting that BRB and BBB are functionally similar (Vinores, 1995). The
passive transport of solutes across the BRB is 50 times lower than in most
other vessels of the body and 10 times lower than in the iris vessels (Tornquist
et al., 1990). Lipophilic substances such as rhodamine penetrate freely across
the BRB into the vitreous after systemic administration, with the blood-to-
vitreous ratio being 1 (Maurice and Mishima, 1984). Indeed, with increasing
drug partition coefficients, the vitreal concentrations as well as the rate of
vitreal penetration of different antibiotics increased (Bleeker et al. 1968;
Lesar and Fiscella, 1985). The low permeability surface area products (PS)
for sucrose (0.44 x 107> mL/g/s) and mannitol (1.25 x 107> mL/g/s) across
BRB are similar to that of BBB (Lightman et al., 1987).
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3. lon and Organic Solute Transport

There is substantial evidence for the vectorial transport of solutes across the
BRB. Various solute transport processes present in RPE are shown in
Figure 10. Unlike other epithelial tissues and similar to the choroid plexus,
RPE expresses Na* /K “-ATPase primarily in the apical membrane (Quinn
and Miller, 1992). RPE cells secrete Na ' actively. Indeed, the active >*Na
secretion was inhibited by apical ouabain (Miller and Edelman, 1990). RPE
cells of human as well as rat origins express tetrodotoxin-sensitive Na ™
channels (Wen et al., 1994; Botchkin and Matthews, 1994). Besides Na ™
secretion, C1™ absorption is the principal contributor to the active ion trans-
port across the RPE. CI™ absorption is primarily determined by furosemide-
and bumetanide-sensitive Na™ /K" /Cl~ cotransporter, which allows apical
Cl™ entry (La Cour, 1992). Ca?"- cAMP-activated Cl~ channels are present
on the basolateral side to allow CI™ exit (Ueda and Steinberg, 1994; Strauss
et al., 1996). Also, patch-clamp studies on single cells demonstrated a swel-
ling-activated Cl~ channel in RPE. Bovine and human RPE express CFTR,
a cAMP-regulated C1~ channel (Miller et al., 1992). Na™ /Ca®" exchanger is
also present in the apical membrane of bovine and dogfish RPE cells
(Fijisawa et al., 1993).

Subretinal space Choroid
(apical) {basolateral)
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Figure 10 Putative ion and solute transport processes in the mammalian retinal
pigmented epithelium.
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RPE has a reverse polarization of Na ' /K -ATPase, because this
pump is localized on the apical membrane as opposed to the basolateral
membrane. To determine whether such reverse polarization is also the case
with protein trafficking and sorting in RPE cells, Bok et al. (1992) deter-
mined the budding of viruses whose progeny bud from specific membrane
domains in epithelial cells as directed by the sorting of their envelope gly-
coprotein. Upon infection of human and bovine RPE with these envoloped
viruses, cultured human and bovine RPE exhibited the same pattern of viral
budding as has been observed in other polarized epithelia, with the influenza
hemagglutinin sorted to the apical membrane and the vesicular stomatitis
glycoprotein sorted to the basolateral membrane.

In addition to the above-mentioned ionic transport processes, there
are specific transporters that regulate the transport of nutrients and meta-
bolites such as glucose, amino acids, nucleosides, folic acid, lactic acid,
ascorbic acid, and retinoids in the retina. A facilitated glucose transporter,
GLUTI, a 50 kDa protein, is expressed in various cells, including retinal
pigmented epithelial cells, choroidal cells, retinal Miiller cells, and the outer
segments of the photoreceptor cells in the adult eye. Immunofluorescence
and immunogold studies revealed that GLUT]1 is present on both apical and
basolateral sites of RPE cells (Mantych et al., 1993). Immunoreactivity for
GLUTS3, a 50-55 kDa protein, was observed in the adult inner synaptic
layer of the retina (Mantych et al., 1993).

In the blood-retinal barrier of rats, carrier systems exist for the trans-
port of neutral and basic amino acids (Tornquist and Alm, 1986; Tornquist
et al., 1990). Also, taurine and myo- inositol enter RPE cells via carrier-
mediated transport mechanisms (Miyamoto et al., 1991). A purine nucleo-
side transporter is present in RPE cells and retinal neurons, indicated by an
increase in the accumulation of [*H]phenylisopropyl adenosine and
[*H]Jadenosine in the presence of nitrobenzylthioinosine, an inhibitor of
purine nucleoside transporter (Blazynski, 1991). The localization of these
transporters is still not clear. The apical reduced-folate transporter (RFT- 1)
and the basolateral folate receptor alpha (FR«) mediate vectorial transfer of
reduced folate from choroidal blood to the neural retina in mouse and
human RPE cells (Chancy et al., 2000).

To regulate lactate levels in the neural retina, RPE transports lactate
between two tissue compartments, the interphotoreceptor matrix and the
choriocapillaries. In isolated bovine RPE, Na  -lactate cotransporter located
on the basolateral side moves lactate out of cells and the apically localized
H " -lactate cotransporter moves lactate into the cells (Kenyon et al., 1994).
The transport of lactate and other monocarboxylates in mammalian cells is
mediated by a family of monocarboxylate transporters (MCTs), a group of
highly homologous proteins that reside in the plasma membrane of almost all
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cells and mediate the 1:1 electroneutral transport of a proton and a lactate
ion. MCT3 has been identified in RPE cells with basolateral distribution
(Yoon et al., 1997). Unlike GLUTI1, MCT1 is highly expressed in the apical
processes of RPE and absent on the basal membrane of pigment epithelium
(Philip et al., 1998; Gerhart et al., 1999; Bergersen et al., 1999). MCT]1 is also
associated with Miiller cell microvilli, the plasma membranes of the rod inner
segments, and all retinal layers between the inner and external limiting mem-
branes. MCT]1 functions to transport lactate between the retina and the
blood at the level of retinal endothelium as well as the pigment epithelium.
MCT?2, on the other hand, is abundantly expressed on the inner (basal)
plasma membrane of Miiller cells and glial cells surrounding retinal micro-
vessels. MCT4 is weekly expressed in RPE cells (Philip et al., 1998).

In primary or subcultured bovine and cat retinal pigment epithelium,
ascorbate transport was observed to be coupled to the movement of sodium
down its electrochemical gradient (Khatami et al., 1986). In cultured bovine
capillary pericytes, ascorbate was transported via facilitated diffusion
(Khatami, 1987). The uptake was specific for ascorbate, and this process
was not sensitive to metabolic inhibition, the presence of ouabain, or the
removal of Na™ from the bathing medium, consistent with ascorbate entry
into the cells by facilitated diffusion.

RPE cells are critical in the maintenance of the visual or retinoid cycle,
which involves the back-and-forth movement of vitamin A (retinol) and
some of its derivatives (retinoids) between the rods and cones (photorecep-
tors) and the RPE (Bok et al., 1984). Binding of retinol to retinol-binding
proteins such as cellular retinol-binding protein and an interphotoreceptor
retinoid-binding protein increases its solubility and delivers it to the RPE by
a receptor-mediated process. The presence of cellular retinol binding protein
and an interphotoreceptor retinoid-binding protein was shown in human,
monkey, bovine, rat, and mouse retinas (Bunt-Milam and Saari, 1983; Bok
et al.,, 1984). Cellular retinol-binding protein is predominantly localized in
the space that surrounds the photoreceptor outer segments and the apical
surface of RPE cells. It is also present in Miiller glial cells.
Interphotoreceptor retinoid-binding protein is localized in the space bor-
dered by three cell types—RPE, photoreceptor, and Miiller—which is con-
sistent with its proposed role in the transport of retinoids among cells.

IV. DRUG EFFLUX PUMP

Drug efflux pumps belong to a large family of ATP binding cassette (ABC)
transporter proteins. These pumps bind their substrate and export it
through the membrane using energy derived from ATP hydrolysis. The
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original concept of multidrug resistance was introduced in 1970s to desig-
nate cells resistant to one drug, which develop cross-resistance to unrelated
drugs that bear no resemblance in structure or cellular target (Biedler and
Riehm, 1970). Multidrug resistance was first associated with the presence of
one or more drug efflux transporters such as P-glycoprotein (P-gp) and
multidrug resistance—associated protein (MRP) in tumor cells. Current evi-
dence suggests that these transporters are present in the normal tissues, and,
therefore, they may play a role in the drug disposition (Lum and Gosland,
1995). In this section, the expression of P-gp and MRP in various ocular
epithelia is summarized.

A. P-Glycoprotein

P-gp, a 170 kDa membrane glycoprotein, is expressed in tumor cells as well
as various normal tissues associated with the eye, small intestine, liver,
kidney, lung, and the blood-brain barrier (Thiebaut et al., 1989). In the
eye, P-gp is expressed in retinal capillary endothelial cells, iris, and ciliary
muscle cells (Holash and Stewart, 1993), and retinal pigmented
(Schlingemann et al., 1998), ciliary nonpigmented (Wu et al., 1996), corneal
(Kawazu et al., 1999), and conjunctival epithelial (Saha et al., 1998) cells. P-
gp exports a variety of structurally and pharmacologically unrelated hydro-
phobic compounds such as vinblastine, vincristine, cyclosporin (CsA), glu-
cocorticoids, and lipophilic peptides such as N-acetyl-leucyl-leucyl-
norleucinal (Sharma et al., 1991; Hunter et al., 1991, Tsuji et al., 1992).
Rhodamine-123 (Rho-123), a flourescent P-gp substrate, is often used
to examine the function of P-gp in vitro and in vivo. Kajikawa et al. (1999)
determined the contribution of P-gp to rabbit blood-aqueous barrier by
analyzing the distribution of Rho-123 in aqueous humor after intravenous
injection in the presence or absence of topically administered P-gp inhibi-
tors. Following topical quinidine (12.5 mM eye drops, five applications at 5-
minute intervals) and cyclosporin A (12.5 mM eye drops, five applications at
S-minute intervals) treatments, the aqueous humor distribution of intrave-
nously injected Rho-123 was increased 11.2- and 11.3-fold, respectively,
compared to controls. This suggests that P-gp is functionally active in the
blood-aqueous barrier. Functional studies with other P-gp substrates, such
as cyclosporin A, verapamil, and dexamethasone, were also investigated to
determine the presence of P-gp activity in the conjunctival epithelium (Saha
et al., 1998). The basolateral-apical apparent permeability coefficients of
cyclosporin A, verapmil, and dexamethasone were 9.3, 3.4, and 1.6 times
that of apical-basolateral permeability coefficients, respectively. Cyclosporin
A efflux was reduced by 50-70% in the presence of verapamil and anti-Pgp
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antibody (4E3 mAb), consistent with P-gp activity in the conjunctival
epithelium.

B. Multidrug Resistance—Associated Protein

MRP belongs to a group of mammalian ABC transporters that can be
clearly differentiated from others such as P-gp or cystic fibrosis transmem-
brane regulator (CFTR). The most important difference in MRP and P-gp
is that MRP is an organic anion transporter with high activity towards
compounds conjugated to glutathione (GSH), glucuronide, or sulfate
(Muller et al., 1994; Jedlitschky et al., 1994). Currently, MRP is known to
exist in seven isoforms, including MRP1, MRP2, MRP3, MRP4, MRPS5,
MRP6, and MRP7 (Cole et al., 1992; Flens et al., 1996; Kool et al., 1997,
1999a,b). In polarized epithelial cells, MRP1, MRP3, and MRP5 are usually
present on the basolateral side, whereas MRP2 is present on the apical
surface.

The expression of MRP 1 has been demonstrated in the human retinal
pigment epithelial cell line (ARPE- 19) and in the primary cultures of human
retinal pigment epithelium (HRPE) using Western blot analysis and RT-
PCR studies (Aukunuru and Kompella, 1999a; Aukunuru et al., 2001).
Accumulation of fluorescein, an MRP substrate, was increased in both
ARPE-19 and HRPE cells in the presence of MRP inhibitors, including
probenecid, verapamil, and indomethacin. Similar observations were made
in ARPE-19 cells with benzoylaminophenylsulfonylglycine (BAPSG), an
anionic aldose reductase inhibitor intended for diabetic complications
(Fig. 11). Thus, MRP inhibition may enhance the drug uptake into RPE
cells. MRP1 is present in rabbit conjunctival epithelial cells as indicated by a
~190 kDa protein corresponding to MRP1 in Western blots (Yang and Lee,
2000). The apical to basolateral transport of leukotriene (LTC4), an MRP
substrate, was abolished by basolateral probenecid, suggesting that MRP is
likely localized on the basolateral side.

V. DRUG TRANSPORT ACROSS OCULAR BARRIERS

The general goal of ophthalmic drug delivery is to maximize drug levels in
the target eye tissues while minimizing the levels in the remainder of the
body. Ocular delivery can be achieved by topical administration, systemic
administration, periocular injections, and intraocular injections. Topical
administration of drugs results in higher drug concentrations in the extrao-
cular barriers (conjunctiva, cornea), followed by the anterior chamber and
its structures (aqueous humor, lens), with minimal drug entering the poster-
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Figure 11 Influence of MRP inhibitors on N-4(benzoylamino)phenylsulfonyl gly-
cine (BAPSG) uptake in ARPE-19 cells (P < 0.05). (From Aukunuru et al., 2001.)

ior ocular structures including vitreous, retina, and choroid. Following
systemic administration, the concentration of drug obtained within the
eye depends on the blood concentration-time profile of the free drug and
the rate of drug clearance from the eye compartments. The blood-ocular
barriers, which include the iris blood vessel endothelium, ciliary body
epithelium, retinal blood vessel endothelium, and retinal-pigmented epithe-
lium, influence the overall amount of drug entering the anterior and poster-
ior compartments of the eye from blood. As the blood-retinal barrier
presents a greater hindrance to drug penetration than does the blood-aqu-
eous barrier, the aqueous humor concentrations are typically higher than
vitreous humor concentrations following systemic administration of drugs
(Lesar and Fiscella, 1985). Periocular injections such as subconjunctival
injections and intravitreal injections place drug more proximal to the target
tissues, thereby overcoming some of the ocular barriers. In this section,
physiochemical factors that affect the transport across blood-ocular barriers
and case reports of drug transport are presented.

Ocular tissue permeability following topical administration can be
influenced by the physicochemical properties of the drug. Molecular size
restricts paracellular transport in cornea, conjunctiva, and sclera. The para-
cellular and aqueous penetration routes in cornea, conjunctiva, and sclera
were characterized in rabbits using a mixture of polyethyleneglycols (PEGs)
with mean molecular weights of 200, 400, 600, and 1000, which display some
basic features of peptides and oligonucleotides (hydrophilicity, hydrogen-
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bonding capacity, and size) (Hamalainen et al., 1997). The conjunctival and
scleral tissues were more permeable to PEGs than the cornea. The conjunc-
tival permeability was less influenced by molecular size compared to that of
cornea, which is expected because the conjunctiva has 2 times larger pores
and 16 times higher pore density than the cornea. The total paracellular
space in the conjunctiva was estimated to be 230 times greater than that in
the cornea. Conjunctiva is commensurately permeable to hydrophilic mole-
cules up to ~40 kDa. Prausnitiz and Noonan (1998) summarized the cor-
neal, conjunctival, and scleral penetration of various drugs as a function of
lipophilicity, molecular size, molecular radius, partition coefficient, and dis-
tribution coefficient. They observed an increase in corneal as well as corneal
endothelial permeability with an increase in the drug distribution coefficient.
Cornea as well as corneal endothelium exhibited molecular size-dependent
drug permeability. Conjunctiva did not show clear dependence on distribu-
tion coeflicient, but it did show a possible dependence on molecular size.
Scleral transport was not dependent on either molecular radius or distribu-
tion coeflicient.

Size is one determinant that influences the transport of molecules
across blood-ocular barriers (Bellhorn, 1981). In a systematic study, the
permeability of the ocular blood vessels and neuroepithelial layers in neo-
natal and adult cats was assessed using FITC-dextrans of various sizes. The
iris and ciliary vessels were permeable to molecules with effective diffusion
radius as large as 85 A. The choriocapillaries were permeable to molecules
with an effective diffusion radius of 32-58 A. Iris vessels in humans, mon-
key, rabbit, and rat were not permeable to free and protein—bound sodium
fluorescein, whereas marked permeability was observed in cats (Sherman
et al, 1978).

Conjunctiva expresses organic cation transport processes (Ueda et al.,
2000). The permeability of guanidine and tetramethylammonium in the
mucosal-to-serosal direction was temperature and concentration depen-
dent, and it was much greater than that in the serosal-to-mucosal direction.
Guanidine transport was also inhibited by dipivefrine (72%), brimonidine
(70%), and carbachol (78%). Also, acidification of mucosal fluid, apical
exposure of a K" ionophore, as well as high K™ levels reduced the trans-
port of guanidine. However, it was not affected by the serosal presence of
0.5 mM ouabain. These observations suggest that transport of certain
amine-type ophthalmic drugs may be driven by an inside-negative apical
membrane potential difference.

Propranolol transport was assessed in conjunctival epithelial cells in
the presence and absence of P-gp—competing substrates and anti-P-gp
monoclonal antibody or a metabolic inhibitor, 2,4-DNP (Yang et al.,
2000). Propranolol was transported preferentially in the basolateral-to-api-
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cal direction. When exposed apically, inhibitors of P-gp, cyclosporin A,
progesterone, rhodamine 123, verapamil, and 2,4-DNP increased proprano-
lol accumulation by 43-66%. These results suggest that P-gp is likely loca-
lized on the apical plasma membrane to restrict the conjunctival absorption
of some lipophilic drugs.

Cornea, conjunctiva, RPE, and iris pigment epithelial cells exhibit par-
ticulate uptake processes (Mayerson and Hall, 1986; Zimmer et al., 1991;
Rezai et al., 1997). Zimmer et al. (1991) determined the uptake of 120 nm
particles in excised rabbit cornea and conjunctiva. Following 30 minutes of
incubation of rhodamine 6G nanoparticle suspension, particle uptake was
observed in both tissues. No particles were observed in intercellular junctions
probably because the openings for the intercellular space are too small for the
120 nm particles. Also, penetration of fluorescein was not seen in these cells
or across the whole cornea when fluorescein solution instead of particles were
used, suggesting the superiority of nanoparticles as a drug delivery system.
Penetration through whole corneal tissue did not occur either. RPE cells
possess nonspecific phagocytic activity and are capable of binding and ingest-
ing latex particles (Mayerson and Hall, 1986; Aukunuru and Kompella,
1999b, 2002). Also, rod outer segments enter RPE via phagocytosis, which
involves recognition, attachment, internalization, and degradation of the rod
outer segments. With respect to particle uptake, iris pigment epithelial cells
are functionally similar to RPE cells (Rezai et al., 1997).

Another important factor that may limit the ocular concentrations of
some classes of drugs is the presence of an active transport system that
removes drugs from ocular compartments and drains into blood. Barza et
al. (1982) determined the kinetics of intravitreally injected carbenicillin, an
organic anion antimicrobial, in rabbits following concomitant intraperito-
neal administration of probenecid, an organic anion transport inhibitor.
Probenecid increased the vitreous half-life of carbenicillin from 5 to 13
hours. In addition, it increased the drug concentrations in cornea, aqueous,
and iris. Similar observations were made in rhesus monkeys, wherein pro-
benecid increased the vitreous half-life of carbenicillin and cefazolin from 10
to 20 hours and 7 to 30 hours, respectively (Barza et al., 1983). These
findings suggest that a probenecid-sensitive active transport system present
in the retinal pigmented epithelium may actively remove organic acids such
as penicillins and cephalosporins. Lipid-soluble compounds are also lost
through the retina due to their ability to cross the blood-retinal barrier
(Barza et al., 1982, 1983). Confounding ocular inflammation results in elim-
ination of nontransported drugs such as aminoglycosides (Barza et al.,
1983). However, the effect of inflammation on the loss of actively trans-
ported carbenicillin from the vitreous is less due to a decrease in the function
of the active transport systems (Lesar and Fiscalle, 1985).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



46 Sunkara and Kompella

From the drug delivery point of view, monocarboxylate transport
processes such as proton or Na "-coupled lactate systems in epithelial cells
may serve as conduits for anionic drugs such as cromolyn, which is used in
the treatment of vernal conjunctivitis and flurbiprofen and dicolfenac, which
are used in the treatment of herpes conjunctivitis. Evidence exists for a Na ™ -
dependent carrier-mediated monocarboxylate transport process on the
mucosal side of the conjunctival epithelium (Horibe et al., 1998). This pro-
cess may be used by ophthalmic nonsteroidal anti-inflammatory drugs
(NSAIDs) and fluoroquinolone antibacterial drugs. While NSAIDs and
fluoroquinolones reduced L-lactate transport across conjunctiva, cromolyn
and prostaglandins (PGE, and PGF,) did not affect r-lactate transport,
probably because cromolyn is a dicarboxylic acid and the hydrophobicity
of PGE2 and PGF2 may hamper their recognition by the monocarboxylate
transporter (Nord et al., 1983).

Besides Na " -lactate transporter, various ion transport processes dis-
cussed in Sec. III are likely to influence drug transport. The various ion
transport processes can influence cell surface pH, fluid transport, tight junc-
tional permeability, and vesicular trafficking, thereby altering drug transport
(Kompella and Lee, 1999). Active transport of ions such as Na™, K™, and
C1™ contributes to net fluid transport across various epithelia. For instance,
cornea and conjunctiva secrete Cl~ towards tears. In association with this
CI™ secretion, net fluid secretion occurs towards tears. A change in this fluid
secretion is likely to affect the transport of hydrophilic solutes. Exposure of
nutrients such as amino acids to the apical side of conjunctiva can induce
Na™ absorption in association with fluid absorption. This fluid absorption
in conjunction with possible opening of tight junctions by these amino acids
can allow increased absorption of hydrophilic solutes across conjunctiva.
Elevation of intracellular Ca®>" through various transporters such as Ca"
channels and Na*/Ca®" exchanger is another likely approach to increase
paracellular permeability. Function of CI™ channels such as CFTR correlate
with the extent of endocytosis in various cells. Activation of Cl~ channels
with 8Br-cAMP and terbutaline have been shown to increase the transport
of horseradish peroxidase (Kompella and Lee, 1999).

pH in the microclimate of the cell surface can be different from that in
the surrounding fluid bulk. This is due to unstirred water layers and the
presence of several surface transporters such as Na*/H™ exchanger, Na™*/
HCOj3 cotransporter, and CI” /HCOj3 exchangers. Because transcellular dif-
fusion of drugs is dependent on partitioning, which is dependent on pH, the
function of these transporters is likely to influence drug transport. Indeed,
inhibition of Na™/H™ exchanger with hexamethylene amiloride has been
shown to elevate drug transport across conjunctiva (Kompella and Lee,
1999).
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VI. CONCLUSIONS

The principal membrane barriers located in the cornea, conjunctiva, iris-
ciliary body, lens, and retina express highly specialized transport processes
that control the movement of endogenous as well as exogenous solutes into
and out of intraocular chambers. Ion transport processes such as Na " /K *-
ATPase, Na' /K" /Cl~ and Na'/Cl~ cotransporter, K™, Cl~, and Na*
channels are primarily responsible for the maintanence of potential differ-
ences and fluid transport across various cellular barriers. Ion transport
processes such as Na™/H" exchanger, CI"/HCO3 exchanger, and Na™-
HCOj cotransporter regulate cellular pH. Transporters such as Na ™/
Ca’" exchanger and Ca®"-ATPase regulate the cellular levels of Ca®", a
messenger involved in multiple membrane transport events. By regulating
fluid transport, cellular pH, and intracellular Ca®*, ion transport processes
are likely to influence drug transport.

The various ocular barriers express transport processes for hydrophilic
solutes such as organic anions, glucose, amino acids, and nucleosides in one
or both sides of the cell. These transporters may play a role in the transport
of structurally related drug molecules. In addition, the ocular barriers
express efflux pumps such as MRP and P-gp, which can export several
structurally diverse anionic drugs and lipophilic drugs, respectively.
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General Considerations in Ocular
Drug Delivery

James E. Chastain
Alcon Research, Ltd., Fort Worth, Texas, U.S.A.

. INTRODUCTION

The use of pharmacokinetic principles has become widespread in the
pharmaceutical industry, primarily because of their utility in relating
efficacy and toxicity to drug concentrations in plasma or some other
appropriate body compartment. In general, pharmacokinetics is the pro-
cess of absorption, distribution, and excretion of a drug. Excretion is
usually coupled with metabolism, which typically converts drug to a
more water-soluble form, more amenable to excretion. Most of the
pharmacokinetic literature deals with systemically administered drugs
that reach their pharmacological target by way of the blood following
oral or parenteral administration.

There are various approaches to studying the pharmacokinetics of a
drug. Classical pharmacokinetics empirically derives one or more exponen-
tials to mathematically describe concentration versus time data.
Physiological pharmacokinetics associates compartments with specific ana-
tomical tissues or organs and usually includes blood flow and drug clearance
in individual organs/tissues as part of the model. Noncompartmental phar-
macokinetics, as its name implies, makes no assumptions regarding com-
partments but usually employs statistical moment theory to derive basic
parameters such as volume of distribution and clearance. All of these meth-
ods can prove useful in describing a drug’s pharmacokinetic behavior, an
essential step toward determining an appropriate dosing regimen for a drug
relative to its efficacy and toxicity profiles.
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Ocular pharmacokinetics includes the features of absorption, distribu-
tion, and excretion found with systemic administration but applied to the
eye. However, owing to the unique anatomy and physiology of the eye and
surrounding tissue, ocular pharmacokinetics is considerably more difficult
to describe and predict than its systemic counterpart. The task is further
complicated by the various formulations, routes, and dosing regimens typi-
cally encountered in ophthalmology.

Pharmacodynamics is the measurement of pharmacological response
relative to dose or concentration. The pharmacological response induced by
a drug can vary greatly from individual to individual due to differences in
factors such as eye pigmentation, the pathological state of the eye, tearing,
or blink rate. The application of pharmacological endpoints is particularly
useful in the study of drugs in the human eye, where the ability to determine
the ocular pharmacokinetics based on ocular tissue concentrations is
severely limited.

This chapter discusses the ocular pharmacokinetics associated with
topical ocular, intravitreal, periocular, and systemic administration. In addi-
tion, the pharmacodynamics related to ophthalmic drugs and the role of
ocular drug metabolism are reviewed.

Il. OCULAR PHARMACOKINETICS

Application of classical pharmacokinetics to ophthalmic drugs is prob-
lematic because of the complexities associated with eye anatomy and phy-
siology. As a result, most of the literature is limited to measuring
concentrations in ocular tissues over time following single or multiple
administration. This approach, while informative, does not easily yield
quantitative predictions for changes in formulation or dosage regimen.
Compounding the problem is the fact that most studies have been
conducted in rabbit eyes, which differ significantly from human eyes in
anatomy and physiology (see Table 1). the most obvious differences are in
blink rate and the presence or absence of a nictitating membrane. An
overall, detailed discussion of these factors and ocular pharmacokinetics
as a whole has been presented elsewhere (1-9).

A. Topical Ocular Administration
1. Absorption

The general process of absorption into the eye from the precorneal area
(dose site) following topical ocular administration is quite complex. The
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Table 1 Comparison of Anatomical and Physiological
Factors in the Rabbit and Human Eye

Factor Rabbit Human

Tear volume (uL) 5-10 7-30

Tear turnover rate (uL/min) 0.6-0.8 0.5-2.2
Spontaneous blinking rate 4-5 times/h  6-15 times/min
Nictitating membrane Present Absent

Lacrimal punctum/puncta 1 2

pH of lacrimal fluids 7.3-7.7 7.3-7.7
Milliosmolarity of tears 305 305
Corneal thickness (mm) 0.40 0.52
Corneal diameter (mm) 15 12
Corneal surface area (cm?) 1.5-2.0 1.04
Ratio of conjunctival surface 9 17

and corneal surface
Aqueous humor volume (mL) 0.25-0.3 0.1-0.25
Aqueous humor turnover 3-4.7 2-3

rate (uL/min)

Source: Adapted from Refs. 8, 9.

classical sequence of events involves drug instillation, dilution in tear fluid,
diffusion through mucin layer, corneal penetration (epithelium, stroma,
endothelium), and transfer from cornea to aqueous humor. Following
absorption, drug distributes to the site of action (e.g., iris-ciliary body).
Parallel absorption via the conjunctiva/sclera provides an additional
pathway to eye tissues but, for most drugs, is minor compared with corneal
absorption. Also, nonproductive, competing, and parallel pathways
(e.g., nasolacrimal drainage or systemic absorption via the conjunctiva)
work to carry drug away from the eye and limit the time allowed for the
absorption process. Moreover, in some species, such as the rabbit, nonpro-
ductive absorption into the nictitating membrane can occur. Figure 1
presents a summary of these precorneal events, along with a relatively
simplified view of the kinetics in the cornea, aqueous humor, and anterior
segment.

a. Corneal Penetration. Drug absorption through the cornea into
the eye is dependent to a large degree upon a drug’s physicochemical
properties, such as octanol-water partition coefficient, molecular weight,
solubility, and ionization state. In addition, corneal penetration is layer
(corneal epithelium, stroma, and endothelium) selective. Schoenwald
and Ward demonstrated a parabolic relationship between log corneal
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Figure 1 Model showing precorneal and intraocular events following topical
ocular administration of a drug. (Adapted from Ref. 2.)

permeability coefficients and log octanol-water coefficients of various
steroids (10) (see Fig. 2). The optimum log octanol-water coefficient was
2.9. Schoenwald and Huang showed a correlation between octanol-water
partitioning of beta-blocking agents and their corneal permeabilities using
excised rabbit corneas (11). Over a fourfold logarithmic range, the best fit
was also a parabolic curve. In a refinement of this parabolic relationship,
Huang et al. demonstrated in vitro a sigmoidal relationship between
permeabiilty coefficient and distribution coefficient (12) (see Fig. 3). In
this study, the endothelium offered little resistance and the stroma posed
even less. Lipophilic drugs penetrated the cornea more rapidly; however,
the hydrophilic stroma was rate limiting for these compounds. Maren et
al. studied 11 sulfonamide carbonic anhydrase inhibitors (CAls) of varied
physicochemical characteristics with respect to transcorneal permeability
and reduction of intraocular flow (13). In isolated rabbit cornea with a
constantly applied drug concentration, the first-order rate constants
ranged from 0.1-40 x 103 h~!, nearly proportional to lipid solubility,
with water-insoluble drugs tending to have higher rate constants.

For most drugs, the multicell layered corneal epithelium presents the
greatest barrier to penetration, primarily due to its cellular membranes.
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Figure 2 Log-log plot of corneal permeability coefficient (pH 7.65) versus distribu-
tion coeflicient (pH 7.65). Observed data (@) and predicted curve (—) are presented.
(Replotted from Ref. 10.)

Stroma and particularly endothelium offer little resistance, except for highly
lipophilic drugs. In fact, these two layers are often lumped together, along
with aqueous humor, as a single compartment for purposes of pharmaco-
kinetic modeling. The influence of the epithelium is most clearly demon-
strated by studying corneal penetration following removal of the epithelium.
Cox et al. showed in rabbits that when the epithelium was intact, no
'4C-dexamethasone was detected in cornea or aqueous humor following
topical ocular administration (14,15), while detectable levels were observed
after removal of the corneal epithelium. Chien et al. studied the relation-
ship between corneal epithelial integrity and prodrug lipophilicity with
corneal penetration of a homologous series of timolol prodrugs (16).
Deepithelization of the corneal in vitro did not affect corneal permeability
of O-acetyl, propionyl, or butryl timolol but reduced penetration of the
other prodrugs. In contrast, deepithelization in vivo only reduced timolol
aqueous humor concentrations derived from O-propionyl and octanoyl
esters. Therefore, factors other than the corneal epithelium may play a
role in penetration.
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Figure 3 Log-log plot of corneal permeability coefficient versus distribution coeffi-
cient (octanol-Sorensen’s buffer, pH 7.65). Intact corneal data (@) and computer-
generated, model-derived curve (—) are presented. (Replotted from Ref. 12.)

Corneal penetration is also affected by the composition of the drug
formulation. Whether a formulation is a solution, suspension, contains a
buffer, viscosilating agent, or penetration enhancer, can influence absorp-
tion. Burstein and Anderson have reviewed corneal penetration and ocular
bioavailability of drugs relative to optimizing formulations for typical ocu-
lar use (1). They evaluated the effects of preservatives, vehicles, adjunct
agents, and anatomy and developed model systems for selecting the best
formulations for preclinical and clinical use. Vehicle pH was one important
factor considered. Adjusting the pH so that the drug was mostly in the
unionized form greatly enhanced corneal penetration. Furthermore, it was
concluded that buffering capacity, which keeps drug mainly in the ionized
form, should be minimized to allow for adequate neutralization by tear film.

Other formulation components have been examined for their effect on
absorption. Madhu et al. studied the influence of benzalkonium chloride
(BAC)/EDTA on ocular bioavailability of ketorolac tromethamine follow-
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ing topical ocular instillation onto normal and deepithelialized rabbit cor-
neas in vitro and in vivo (17). BAC/EDTA caused a statistically significant
increase in the ocular bioavailability of ketorolac through deepithelialized
cornea but not intact cornea in vitro and in vivo. Jani et al. demonstrated
that inclusion of ion exchange resins in an ophthalmic formulation of betax-
olol increased the ocular bioavailabilty of betaxolol twofold (18).
Hyaluronic acid, which can adhere to the corneal surface, is also capable
of prolonging precorneal residence time (19).

b. Noncorneal, Ocular (Productive) Absorption. In addition to the
classical corneal pathway, there is a competing and parallel route of ab-
sorption via the conjunctiva and sclera, the so-called conjunctival/scleral
pathway. For most drugs this is a minor absorption pathway compared
to the corneal route, but for a few compounds its contribution is signifi-
cant. Ahmed and Patton investigated corneal versus noncorneal penetra-
tion of topically applied drugs in the eye (20,21). They demonstrated that
noncorneal absorption can contribute significantly to intraocular penetra-
tion. A “productive” noncorneal route involving penetration through the
conjunctiva and underlying sclera was described. Drug can therefore by-
pass the anterior chamber and distribute directly to the uveal tract and
vitreous. This route was shown to be particularly important for drugs
with low corneal permeability, such as inulin. In a separate study, Ahmed
et al. evaluated in vitro the barrier properties of the conjunctiva, sclera,
and cornea (22). Diffusion characteristics of various drugs were studied.
Scleral permeability was significantly higher than that in cornea, and per-
meability coefficients of the B-blockers ranked as follows: propranolol >
penbutolol > timolol > nadolol for cornea, and penbutolol > proprano-
lol > timolol > nadolol for the sclera. Resistance was higher in cornea
versus conjunctiva for inulin but similar in the case of timolol. Chien et
al. studied the ocular penetration pathways of three w,-adrenergic agents
in rabbits both in vitro and in vivo (23). The predominant pathway for
absorption was the corneal route, with the exception of p-aminoclonidine,
the least lipophilic, which utilized the conjunctival/scleral pathway. The
results suggest that the pathway of absorption may be influenced in part
by lipophilicity and that hydrophilic compounds may prefer the conjuncti-
val/scleral route.

Some investigators have employed a dosing cylinder affixed to the
cornea to study corneal and noncorneal absorption. Drug is applied within
the cylinder for corneal dosing and outside the cylinder for noncorneal
(conjunctival/scleral) dosing. In a study by Schoenwald et al., the conjunc-
tival/scleral pathway yielded higher iris-ciliary body concentrations for all
compounds evaluated with the exception of lipophilic rhodamine B (24).
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Romanelli et al. demonstrated the absorption of topical ocular bendazac
into the retina/choroid via the conjunctival/scleral pathway (295).
Absorption by way of this extracorneal route was influenced by physico-
chemical features and not by vehicle, while the transcorneal route was
affected by vehicle.

¢. Noncorneal, Nonproductive Absorption and Precorneal Drainage.
Routes that lead to the removal of drug from the precorneal area and do
not result in direct ocular uptake are referred to as nonproductive absorp-
tion pathways. These noncorneal pathways, which are in parallel with cor-
neal absorption, include conjunctival uptake and drainage via the
nasolacrimal duct. Both lead to systemic absorption by way of conjunctival
blood vessels in the former case or via the nasal mucosa and gastrointest-
inal tract in the latter case. As discussed previously, the conjunctiva can ab-
sorb drug and, via the sclera, deliver drug to the eye; however, blood
vessels within the conjunctiva can also lead to systemic absorption.

Nonproductive, noncorneal absorption and drainage loss greatly
impact the precorneal residence time and the time for ocular absorption.
Drainage, in particular, is very rapid and generally limits ocular contact at
the site of absorption to about 3—10 minutes (8). However, the lag time—the
time for drug to traverse the cornea and appear in the aqueous humor—is
sufficiently long to extend time to maximal concentration in the aqueous to
between 20 and 60 minutes for most drugs (8). Due to rapid loss of drug
from the precorneal region, less than 10%, and more typically less than 1-
2%, of a topical dose is absorbed into the eye. At the same time, systemic
absorption can be as high as 100%, indicating that most of the drug dose is
unavailable for efficacy. For example, Ling and Combs showed that the
ocular bioavailability of topical ocular ketorolac was 4% in anesthetized
rabbits, while systemic absorption was complete (26). Ocular tissue levels
were about 13-fold higher than those in plasma, and peak concentrations
were achieved by 1 hour in both aqueous humor and plasma postdose.
Tang-Liu et al. showed that topical ocular levobunolol was rapidly
absorbed, with an ocular bioavailability of 2.5% and systemic bioavailabil-
ity of 46% (27). Patton and Robinson have investigated the contribution of
tear turnover, instilled solution drainage, and nonproductive absorption to
precorneal loss of drug (28). Instilled solution drainage was shown to be the
predominant factor in precorneal loss, while the influence of tear turnover
was minor. It was concluded that noncorneal, nonproductive loss was
potentially significant due to the large surface area of noncorneal tissue;
however, its role was minimal compared to drainage. Ocular (aqueous
humor) and systemic bioavailabilities for various drugs are presented in
Table 2.
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Table 2 Ocular and Systemic Bioavailabilities (Percent of Dose) Following
Topical Ocular Administration

Ocular  Systemic

Drug (%) (%) Test subject Ref.
Ketorolac 3.7 ~ 100 Anes. rabbit 26
Levobunolol 2.5 46 Rabbit 27
Flurbiprofen 7-10 74 Anes. rabbit 46
Imirestat ND 50-75 Anes. rabbit and dog 120
Propranolol 55, 5.6 ND Rabbit, dog 51
Pilocarpine nitrate 0.62 ND Rabbit, duct open 28

2.12 ND Rabbit, duct plugged 28

0.80 ND Anes. rabbit, duct open 28

1.87 ND Anes. rabbit, duct plugged 28
Clonidine 1.6 ND Rabbit 67
Cortisol ND 30-35 Rabbit 2
Tetrahydrocannabinol ND 23 Rabbit 2

ND, Not determined; Anes, anesthetized.

Volume instilled is one factor that can influence drainage and non-
corneal absorption. Chrai et al. evaluated the effect of instilled volume on
drainage loss using miosis data in albino rabbits (29). A radioisotopic
method was used to determine lacrimal volume and tear turnover.
Unanesthetized rabbits had lacrimal volume of 7.5 pL, whereas anesthetized
rabbits had a slightly larger volume of 12.0 uL. Lacrimal turnover was
slower in anesthetized rabbits, in which the rate was negligible. Instilled
volume drainage was found to be first order, and drainage was dependent
on the volume administered in unanesthetized but not anesthetized rabbits.
In a separate study, using **™Tc (technetium), Chrai et al. demonstrated that
drug loss through drainage increased with increasing drop size (30a).
Concentration in the precorneal tears was higher, while drainage was
increased, following a larger drop volume. An instillation volume of 5-10
pL containing a larger concentration of drug was recommended. For com-
parison, most commercial ophthalmic droppers deliver 30-70 puL. In addi-
tion, it was shown that 5-minute spacing between drops was optimal for
minimizing drainage loss. Also, for two drugs given as two separate drops,
the second drop will negatively influence the first, arguing for combination
therapy. Interestingly, Keister et al. showed that for drugs with high corneal
permeability, ocular bioavailability and corneal permeability are relatively
unaffected by drug volume (30b). In contrast, for drugs with low corneal
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permeability, reducing to a small dose volume can increase ocular bioavail-
ability up to fourfold.

It is known that increasing the formulation viscosity has the potential
to decrease drainage rate, thereby increasing precorneal residence time and
prolonging the time for ocular absorption. Zaki et al. studied the precorneal
drainage of radiolabeled polyvinyl alcohol or hydroxymethylcellulose for-
mulations in the rabbit and humans by gamma scintiography (31).
Significant retardation of drainage in humans was observed at higher poly-
mer concentrations. Patton and Robinson also used polyvinyl alcohol,
along with methylcellulose, to evaluate the relationship between viscosity
and contact time or drainage loss (32). The optimum viscosity range was 12—
15 centipoise in rabbits; however, the relationship was not direct, presum-
ably due to shear forces acting on the formulation film at the eye surface.
Chrai et al. also demonstrated, using methylcellulose vehicle, that increasing
viscosity of an ophthalmic solution results in decreased drainage (33). Over
the range of 1-15 centipoise, there was a threefold change in drainage rate
constant and another threefold change over the range of 15-100 centipoise.

Differences in the anatomical and physiological characteristics of the
eye, particularly between species, can also affect drainage and noncorneal
absorption. A comparison of attributes between rabbit and human eyes has
been presented in Table 1. In vivo evaluations in humans and rabbits by
Edelhauser and Maren demonstrated lower permeability of a series of sul-
fonamide CAls in humans, possibly due to a greater blinking rate, a twofold
greater tear turnover, and a twofold lower corneal-conjunctival area (34).
Maurice has shown that corneal penetration is enhanced in the rabbit due to
low blink rate (35). This can increase area under the aqueous humor con-
centration-time curve threefold over that in humans. For many drugs,
epithelial permeability is sufficiently high to mitigate effects of blink rate,
although blinking may be critical to the proper ocular absorption and dis-
tribution of certain other drugs (36).

As one might expect, occlusion of the nasolacrimal duct substantially
reduces drainage and prolongs precorneal residence time. As a result, an
increase in ocular bioavailability and a decrease in systemic exposure typi-
cally occur. Kaila et al. studied the absorption kinetics of timolol following
topical ocular administration to healthy volunteer subjects with eyelid clo-
sure, nasolacrimal occlusion (NLO), or normal blinking (37). NLO reduced
total timolol systemic absorption, although, in some subjects, the initial
absorption was enhanced. In another example, Zimmerman et al. showed
that there were lower fluorescein anterior chamber levels and a shorter
duration of fluorescein in the absence of NLO or eyelid closure (38).
Systemic drug absorption in normal subjects was reduced more than 60%
with these techniques. Linden and Alm studied the effect of tear drainage on
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intraocular penetration of topically applied fluorescein in healthy human
eyes using fluorophotometry (39). Upper and lower punctal plugs in one
eye caused a significant (p < 0.025) increase in aqueous humor fluorescein
concentrations 1-8 hours postdose of 20 puL of 2% solution of sodium
fluorescein in the lower conjunctival sac. Compressing the tear sac and/or
closing the eyelids for 1 minute after application had no effect on corneal or
aqueous levels of fluorescein. Lee et al. evaluated the effect of NLO on the
extent of systemic absorption following topical ocular administration of
various adrenergic drugs (40). Table 3 summarizes the results of this
study. Hydrophilic atenolol and lipophilic betaxolol, which were not
absorbed into the circulation as well as timolol and levobunolol, were not
affected in their systemic absorption by 5 minutes of NLO. However, sys-
temic bioavailability decreased 80% by prolonging precorneal retention of
the dose to 480 minutes. It was concluded that modest formulation changes
will have little effect on systemic absorption for extremely hydrophilic drugs.
Drugs similar in lipophilicity to timolol will be well absorbed systemically,
while extremely hydrophilic drugs or extremely lipophilic drugs will be
absorbed to a lesser extent.

As alluded to earlier in this chapter, the rate and extent of systemic
absorption via the conjunctiva relative to corneal absorption is dependent
on the physicochemical properties of a drug or its formulation. Ahmed and
Patton showed that the conjunctival pathway is particularly important for
drugs with low corneal permeability and that noncorneal permeation is
limited by nonproductive loss to the systemic circulation (21). Hitoshe et

Table 3 Systemic Bioavailabilities®
(Percent of Dose) Following Topical
Ocular Administration with Various
Durations of Nasolacrimal Duct

Occlusion

Ocular
Drug 0Omin S min 120 min
Atenolol® 41 39 12
Timolol 106 88 36
Levobunolol 82 54 56
Betaxolol 66 56 58

# Relative to subcutaneous route.

® For atenolol, the duration of occlusion was
480 min.

Source: Ref. 40.
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al. demonstrated that drugs and prodrugs could be designed to selectively
reduce conjunctival absorption and thus suppress systemic exposure (41).
This can be accomplished by taking advantage of the apparently lower
lipophilicity of the conjunctiva versus that of the cornea. Ashton et al.
studied the influence of pH, tonicity, BAC, and EDTA on conjunctival
and cornea penetration of four beta blockers: atenolol, timolol, levobunolol,
and betaxolol (42). Isolated pigmented rabbit conjunctiva and cornea were
used. The conjunctiva was more permeable than cornea, and formulation
changes had greater influence on corneal versus conjunctival penetration.
This was particularly true for the hydrophilic compounds; therefore,
changes in formulation can effect both ocular and systemic absorption.

d. Absorption Kinetics. As discussed, lag time and drainage severely
curtail the absorption process in the eye. These events make it somewhat
difficult to estimate absorption kinetics. In particular, an anomaly arises
when attempting to derive the absorption rate constant, K,, in that there
is a large discrepancy between the theoretical and actual times during
which absorption occurs. For example, phenylephrine has an absorption
half-life of 278 hours (43); therefore, the theoretical time to complete ab-
sorption would be an enormous 1200 hours (4-5 half-lives). In actuality,
the absorption process terminates within 3—10 minutes. Consistent with
this, Makoid and Robinson showed that extensive parallel absorption
pathways resulted in an apparent K, one to two orders of magnitude lar-
ger than actual for *H-pilocarpine (44). Aqueous flow accounted for most
of the drug elimination. The predominating effects on absorption and
elimination, independent of drug structure, suggested that similar pharma-
cokinetics may be found for a variety of drugs. Table 4 shows absorption
half-lives ranging from about 3 hours for pilocarpine to as high as 278
hours for phenylephrine. These values illustrate that corneal absorption is
relatively slow and that the theoretically derived times for absorption are
substantially longer than the actual 3—10 minutes typically encountered.

Rapid drainage of drug from the precorneal arca largely determines
the time to peak concentration in the aqueous humor irrespective of a drug’s
physicochemical properties. As a general rule, virtually all drugs will reach
peak concentration in the aqueous humor within 20-60 minutes postinstilla-
tion (8). Makoid and Robinson have derived an equation for calculating
time to peak (z,):

()
o n

t, =
r (Kna - Ka)
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Table 4 Transcorneal First-Order Absorption Rate Constant (K,) and

Absorption Half-Life (7, /545s) for Corneal Absorption

Drug Ka(minfl) ti2abs(h)  Ref.
Pilocarpine 4%107° 2.88 64
6-Hydroxyethoxy-2-benzothiazolesulfonamide 4.2 x 1073 5.37 48
Ethoxzolamide 1.5x 1073 7.7 48
Aminozolamide 1.4 x 1073 825 111
Clonidine 14x1073 8.25 67
2-Benzothiazolesulfonamide 1.3x 1073 8.88 48
Ibuprofen 9.64 x 107 12 121
Ibufenac 6.03 x 107 18.3 121
Phenylephrine 415%x 107 278 43

Source: Adapted from Ref. 8.

where K,,, and K, are nonabsorptive loss rate constant and the transcorneal
absorption rate constant, respectively, and K, > K, (44). Since for most
drugs K, is about twofold larger than K, this formula is widely applicable.
Huang et al. have shown for various g-blockers in rabbits that aqueous
humor T, is inversely proportional to corneal permeability coefficient
(45), and that C,,, and area under the concentration-time curve (AUC)
for aqueous humor generally correlate with permeability. Table 5 shows

Table 5 Time to Maximal Concentration

(Tax) iIn Aqueous Humor Following Topical

Ocular Administration

Drug Tax (min)  Ref.
Falintolol 30-60 122
Lincomycin hydrochloride 3045 123
Bufuralol 10 45
Acebutolol 85 45
Propranolol 30 124
L-662,583% 120 125
Timolol 10 126

25 45
Ketorolac 60 26

# 5-(3-Dimethylaminomethyl-4-hydroxy-

phenylsulfonyl) thiophene-2-sulfonamide.
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times to maximal aqueous humor concentration (7,,,) for various drugs.
Tmax falls within a range of 10 minutes to 2 hours.

As mentioned, the typical percentage of drug absorbed into the eye
following a topical ocular dose is in the range of 1-10%, while systemic
bioavailability can be as high as 100% (Table 2). For calculating bioavail-
ability fraction (F), aqueous humor AUC can be determined by intracam-
eral injection (27,46) or topical instillation with plugged drainage ducts (28).
In the former case, aqueous humor AUCs, normalized for dose, are com-
pared between topical and intracameral doses to derive F. In the latter case,
Patton and Robinson (28) calculated F using the following equation:

kig xV x AUC
W# 2)

where D is the instilled dose, k is the loss of drug from the precorneal area,
and V is the estimated aqueous humor volume of 0.3 mL.

For some drugs, such as topical anti-infectives, tear bioavailability and
not aqueous humor bioavailability is the determining pharmacokinetic fac-
tor for efficacy. Unlike aqueous humor, tear film is readily sampled in
humans. Depending on the method of collection, analytical sensitivity
may be a limiting factor due to small volumes typically collected and the
short precorneal residence time typically encountered. Nevertheless, when
area under the tear concentration-time curve values are available, bioavail-
abilities can be calculated and compared between formulations. Tear sam-
pling technique may be an important factor in obtaining this type of data.
For example, Ding et al. compared two tear sampling techniques (capillary
tubes and Schirmer strips) and one recovery technique (cotton swabs) for
suitability for determining precorneal drug levels as a function of time for
ophthalmic gels (47). All three methods yielded similar corneal contact times
(about 1 hour). Capillary tubes proved effective for tear sampling, while the
strip method suffered from gel carry-over. The cotton swab technique was
gentle, easy, and nondestructive and yielded recovery of total drug in the
cul-de-sac, but failed to provide information for tear film.

F=

2. Ocular Distribution

Compared to absorption and elimination, distribution is generally more
difficult to describe kinetically. In the concentration-time curve shown in
Figure 4, distribution is associated with the log-linear decline in aqueous
humor concentration immediately following peak concentration and before
the terminal elimination phase.

a. Distribution Within the Anterior Segment. The fundamental para-
meter to describe distribution is volume of distribution (V,), which is de-
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Figure 4 Ideal sampling times for determining the pharmacokinetics of topical
ocular drugs. (Adapted from Ref. 8.)

fined as a proportionality constant relating concentration to amount. Vol-
ume of distribution at steady-state (V) most closely reflects the distribu-
tion capacity and, as such, is the most useful measure of V. Unlike
whole body Vg, determining V, in the eye is particularly difficult because
the amount of drug in the eye at any time is not known following a single
topical ocular administration. Two approaches have been developed to
overcome this obstacle. The first method uses a well affixed over the cor-
nea of an anesthetized rabbit so that drug solution is in constant contact
with the cornea and not the surrounding sclera (48,49). Drug solution re-
mains on the cornea for 90-160 minutes until concentration of drug in the
aqueous humor reaches steady state. This so-called topical infusion study,
with constant rate input, can yield absorption rate constant, ocular clear-
ance, and V.

The second method for determining V,, and distribution involves
intracameral injection, which delivers a bolus dose directly into the anterior
chamber. Conrad and Robinson used this approach to determined the
volume of distribution in albino rabbits (50). Inulin yielded an aqueous
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humor volume of 287 pL in close agreement with that previously determined
by other methods. The apparent volume of distribution of pilocarpine was
twofold larger than the assumed apparent volume of 250-300 pL, indicating
distribution into surrounding tissues. Rittenhouse et al. examined the ocular
uptake and disposition of topical ocular g-adrenergic antagonists in indivi-
dual dogs and rabbits (51). Radiolabeled (*H) propranolol was administered
intracamerally and topically, and microdialysis was performed to monitor
concentrations of radioactivity in the anterior chamber. Ocular bioavailabil-
ity was 5.6% and 55% in anesthetized dog and rabbit, respectively. The
value in rabbit was outside the 1-10% range typically observed with topical
ocular instillation. The high bioavailability may be related to the use of
anesthesia, which can cause a reduction in blinking and precorneal drainage.
Table 6 presents ocular V,; values determined using either technique for
various drugs.

Reliable estimates of V', are useful for establishing multiple dose regi-
mens; however, because of the somewhat specialized methods needed to
determine V,, in the eye following topical ocular administration, it is not
surprising that ¥ has been estimated for only a few drugs. An obvious
alternative for evaluating distribution is to simply measure directly the con-
centration of drug in ocular tissues. Researchers have taken this approach

Table 6 Ocular Volumes of Distribution (V) for Various Drugs

Drug V; (mL) Method Ref.
2-Benzothiazolesulfonamide 0.24 Ss* 48
Ethoxzolamide 0.28 SS 48
6-Hydroxyethoxy-2-benzothiazolesulfonamide 0.33 SS 48
Phenylephrine 0.42 SS 43
Clonidine 0.53 SS 67
Aminozolamide 0.53 SS 111
Pilocarpine 0.58 EXT® 50
Flurbiprofen 0.62 EXT 46
Levobunolol 1.65 EXT 27
Dihydrolevobunolol 1.68 EXT 27
Ketorolac tromethamine 1.93 EXT 26

%8S = steady-state method. A constant concentration of drug is applied to the
cornea of anesthetized rabbit. Vg is calculated from aqueous humor concentration
versus time data.

® EXT = Extrapolated method. C at , is determined by log-linear extrapolation
and divided into the intracameral dose.

Source: Adapted from Ref. 8.
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for many years, generating a fairly large database of tissue concentration
information. Many of these studies have employed radioactive methods to
achieve the detection limits needed to measure the small amounts of drug
often encountered with small-sized ocular tissues. Unfortunately, unless
amounts are high enough for chromatographic separation or metabolism
is known not to occur, the identity of the radioactivity, i.e., parent drug
versus metabolite, remains in question. This problem is overcome by the use
of highly sensitive and selective bioanalytical methods, such as high-perfor-
mance liquid chromatography coupled with mass spectrometry (HPLC/MS
or HPLC/MS/MS).

Most topical ocular drugs demonstrate a tissue distribution pattern
within the eye consistent with corneal penetration, that is, a concentration
gradient of cornea > conjunctiva > aqueous humor > iris-ciliary body >
lens, vitreous, and/or choroid-retina (8). However, with certain topical ocu-
lar drugs, such as clonidine, timolol, dapiprazole, oxymetazoline, and ketor-
olac tromethamine, iris-ciliary body concentrations are higher than those in
aqueous humor (8). A number of explanations have been offered for this
phenomenon, but the most plausible appears to involve conjunctival/scleral
absorption with direct distribution to the iris-ciliary body. Several studies
support this idea as discussed previously in reference to noncorneal, pro-
ductive absorption (20-25).

Distribution kinetics can be significantly influenced by binding of drug
to tissue. In addition, if binding affinity is high, elimination from the tissue
will be delayed. A common observation with ophthalmic drugs is binding to
pigmented tissues, such as the iris-ciliary body. Binding to melanin is usually
evidenced by greater concentrations in pigmented rabbit eyes than nonpig-
mented, albino eyes. Lindquist has presented a comprehensive review of
binding of drugs to melanin (52). Patil and Jacobowitz investigated the
accumulation of adrenergic drugs by pigmented and nonpigmented irides
(53). At the highest concentration of 10 uM, accumulation of norepinephr-
ine, epinephrine, and phenylephrine by the pigmented iris was twofold
higher than that in the nonpigmented iris. Araie et al. demonstrated that
B-adrenergic blockers can also bind to melanin-containing tissues and may
be slowly eliminated from these tissues (54). Their data suggest that efficacy
may be reduced short-term and binding may occur after long-term use in
heavily pigmented subjects. Lyons and Krohn demonstrated that pigmented
irides and ciliary bodies accumulated two- to threefold more pilocarpine
than nonpigmented tissue (55), and Chien et al. showed a pigment binding
effect with '*C-brimonidine (56). In a study by Achempoing et al., iris-ciliary
body levels of brimonidine peaked at 40 minutes and 1.5 hours and declined
with a half-life of 1 hour and 160 hours in albino and pigmented rabbits,
respectively (57). These results indicate that elimination from pigmented
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tissue is prolonged compared to that in nonpigmented tissue. Pigment bind-
ing may also reduce efficacy as demonstrated by Nagata et al (58). In vivo,
topically applied timolol and pilocarpine lowered intraocular pressure (IOP)
in albino but not in pigmented rabbits.

b. Distribution to the Posterior Segment. The aging of the general
population, along with the higher incidences of eye diseases, such as
age-related macular degeneration or retinal edema, has created a need to
deliver drugs to the posterior segment (i.e., retina and choroid).
Although treatment of posterior diseases usually involves intraocular or
periocular injections, the advantages of topical ocular administration are
obvious.

It has generally been observed that drugs applied topically to the eye
do not reach therapeutic levels in the posterior segment tissues, except
perhaps by way of absorption from the percorneal area into the systemic
circulation and redistribution into the retina/choroid (59). However, there
are a few studies suggestive of topical ocular drugs reaching the posterior
segment by direct distribution. In a study in monkeys, Dahlin et al.
estimated the contributions of local ocular versus systemic delivery to
posterior-segment concentrations of betaxolol at steady state following
multiple topical dosing of Betoptic S (60). Significant levels of betaxolol
were found in the retina and optic nerve head. A comparison of dosed
versus nondosed eye tissue concentrations revealed that most of the drug
in the posterior segment was from local delivery (absorption) with some
contribution from the systemic plasma. High concentrations in the iris-
ciliary body, choroid, and sclera suggested the presence of a depot, which
possibly facilitated transfer to the retina and optic nerve head. In another
example, Chien et al. evaluated the ocular distribution of brimonidine in
albino and pigmented rabbits following a single topical ocular dose of '*C-
labeled drug (56). The results indicated that drug was retained in choroid/
retina and optic nerve head. Levels in the nondosed contralateral eyes were
much lower than those in the treated eyes for both albino and pigmented
rabbits, suggesting that the majority (>99%) of the intraocularly
absorbed drug was due to local topical application and not to redistribu-
tion from plasma.

The mechanism by which drugs may be locally delivered to the poster-
ior segment from the precorneal area is unknown, but the evidence seems to
indicate a noncorneal route, possibly involving conjunctival/scleral absorp-
tion followed by distribution to choroid, vitreous, and retina. Romanelli et
al. confirmed the existence of a noncorneal alternative route in their inves-
tigations of the posterior distribution of drugs (61). Concentrations in retina
were lower than those in aqueous for drugs that easily penetrate into the
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aqueous, while levels in retina were equal or higher for drugs with poor
penetration into aqueous. The authors concluded that topically applied
drugs reach the retina not by passing through the vitreous or anterior
chamber, but possibly by an alternative route of drug penetration into
the eye.

3. Elimination

The elimination phase typically appears as the terminal log-linear portion of
the concentration versus time plot (see Fig. 4). Elimination rate from the
aqueous humor within the anterior chamber is of particular interest.
Elimination from the anterior chamber can involve aqueous humor outflow,
elimination by distribution into the lens, and/or metabolism.

Elimination rate from the aqueous humor varies little from drug to
drug, as shown in Table 7 in terms of half-life. The half-lives fall within a
relatively narrow range of about 0.3-6 hours for a wide variety of drugs.
Determining the aqueous humor half-life is largely dependent on the sensi-
tivity of the analytical method employed. If the method is insufficiently
sensitive, terminal concentrations will be missed and the half-life may be
underestimated. On the other hand, if the method reports false concen-
trations at the low end of analytical sensitivity, the half-life will be over-
estimated.

Clearance is the most common and useful parameter for expressing
elimination and is defined as a proportionality constant relating concentra-
tion to rate of drug loss. Ocular clearance (Q,) can be calculated using any
one of the following equations (8):

0. =K, xVy 3)
K() x T
- 4
0= @
_ D[C
00 =i )

where K, is the first-order rate constant for elimination from the aqueous
humor, V, is the apparent ocular volume of distribution, K is the constant
rate input into the anterior chamber, T is the duration of constant rate
input, D, is the intracameral dose, and AUC,,; is the area under the aqu-
eous humor concentration-time curve extrapolated to infinity. These equa-
tions require the accurate determination of K, and AUC,,;. Table 8 shows
aqueous humor clearances for a number of drugs.
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Table 7 Aqueous Humor Half-Lives® of Ophthalmic Drugs

Administered to the Rabbit Eye Topically, Subconjunctivally or

Intracamerally
Drug Half-life (h) Ref.
Dapiprazole 5.8 127
Timolol 4.8 126
Imirestat 4.75 120
6-Mercaptopurine 4.6 85
Ciprofloxacin 3.5 68
Fusidic acid 2.8 128
Suprofen 2.5-2.75 129
Histamine 2.2 130
Cimetidine 2.2 130
Norfloxacin 2.2 131
Ketorolac tromethamine 2.1 26
Benzolamide 2.0 132
1-643,799° 1.8 133
Flurbiprofen 1.7 134
Lomefloxacin 1.6 131
Phenylephrine 1.4 43
Timolol 1.2 135
0.84 45
6-Amino-2-benzothiazolesulfonamide 1.15 111
L-662,583°¢ 1.11 125
Acetbutolol 1.1 45
Cefsulodin 1.0 136
5-Fluorouracil 1.0 86
Brimonidine 1.3 57
Dihydrolevobunolol 0.98 27
6-Hydroxyethoxy-2-benzothiazolesulfonamide 0.97 48
6-Acetamido-2-benzothiazolesulfonamide 0.93 111
L-650,7194 0.81 133
Trifluoromethazolamide 0.78 132
Tobramycin 0.75 62
Levobunolol 0.67 27
Ethoxzolamide 0.63 48
0.23 132
Pyrilamine 0.61 130
Methazolamide 0.58 132
Cefotazime 0.57 137
Bufuralol 0.50 45
Clonidine 0.49 67
BCNU® 0.38 94
2-Benzothiazolesulfonamide 0.29 48

% Half-lives based on terminal phase of log concentration-time curve.

® 6-Hydroxybenzothiazide-2-sulfonamide.

¢ 5-(3-Dimethylaminomethyl-4-hydroxy-phenylsulfonyl) thiophene-2-sulfonamide.

4 6-Hydroxy-2-benzothiazidesulfonamide.
°1,3-Bis(2-chloroethyl)-1,1-ntirosurea.
Source: Adapted from Ref. 8

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



General Considerations in Ocular Drug Delivery 79

Table 8 Ocular Clearances (Q,) from Aqueous Humor for
Various Drugs

Drug 0, (uL/min)  Ref.
Levobunolol 28.7 27
Dihydrolevobunolol 19.7 27
Clonidine 14.9 67
Phenylephrine 14.6 43
Fluriboprofen 14.4 46
Pilocarpine 13.0 138
Ketorolac tromethamine 11.0 26
Ethoxzolamide 9.0 49
6-Hydroxyethoxy-2-benzothiazolesulfonamide 3.0 49
2-Benzothiazolesulfonamide 1.15 49

Source: Adapted from Ref. 8.

4. Ocular Pharmacokinetic Models

Various approaches to modeling pharmacokinetic data from ocular studies
have been developed. These primarily involve (a) classical, empirical com-
partmental modeling, (b) physiological modeling, and (¢) noncompartmen-
tal modeling employing statistical moment theory. Critical to pharmaco-
kinetic modeling is an adequate description of the concentration versus
time curve. Unfortunately, the rationale for selecting the number and
timing of sample intervals is not always clear. In many cases, a sampling
scheme may be dictated by bioanalytical sensitivity, practicality, or even
economics. However, Schoenwald (8) has provided general sampling
guidelines that may prove useful in properly designing ocular studies
(Fig. 4).

Not only are an appropriate number of time intervals necessary,
but there should also be a sufficient number of replicates per time
point. Rabbits studies have used as few as 4 and as many as about
20 eyes per time interval, depending on the study objectives. Higher
numbers are preferred for bioequivalence studies. Moreover, because
the animal is typically euthanized for ocular tissue/fluid sampling,
each animal subject (e.g., rabbit or monkey) yields at most two data
points (one/eye) per interval. Mean concentrations, derived from indivi-
dual animal data, are then used to calculate the pharmacokinetic para-
meters. A statistical approach to this sparse sampling scheme has been
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developed for comparison of area under the concentration-time curves
(62,63).

a. Classical Empirical Pharmacokinetics. Classical modeling uses
compartments, representing kinetically homogeneous groups of tissues/or-
gans, linked together by various rate constants. For ocular pharmacoki-
netics, the simplest model is one employing a single compartment as
shown in Figure 5a. However, this model fails to account for precorneal
loss. The model in Figure 5b corrects for this but is still very simplified
and treats the cornea as a homogeneous tissue, lumping all precorneal
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Figure 5 Schematics of various models of topical ocular drug pharmacokinetics
FD = Bioavailability times dose; C = cornea; PC = precorneal area; AH =
aqueous humor; AC = anterior chamber; R = reservoir; Epi = corneal epithelium;
Str = corneal stroma; Endo = corneal endothelium. (Adapted from Refs. 4, 44, 64.)
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rate constants together into one. The model in Figure 5¢ divides the ante-
rior segment of the eye into cornea and aqueous humor, although this still
excludes precorneal loss and does not adequately describe disposition be-
yond entry into the aqueous. Makoid and Robinson proposed a four-
compartment caternary model for pilocarpine, as shown in Figure 5d,
which combines precorneal loss with differentiation of cornea and anterior
chamber (44). However, cornea is still treated as a homogeneous tissue,
when the epithelium is known to be the major barrier to ocular uptake.
The model in Figure 5e portrays epithelium as one compartment and stro-
ma/endothelium/aqueous humor as a separate lumped compartment and
incorporates elimination from each of the compartments (64). An example
of one of the more sophisticated models is shown in Figure 6, which in-
cludes a conjunctival compartment, along with sclera, intraocular, and
systemic circulation compartments, as well as redistribution to the contral-
ateral eye (21).

b. Physiological Model. Beyond the classical compartmental
modeling approach is one that incorporates more realistic physio-
logical components. Physiological pharmacokinetic models are intuitively
more predictive by their use of actual anatomical and physiological
parameters, such as tissue blood flow and volume (65). Ocular pharma-
cokinetics appears to be an ideal candidate for physiological modeling,
since it is relatively simple to remove the tissue components of the eye
for measurement of drug levels. For example, Himmelstein et al. developed
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Figure 6 Schematic of an ocular pharmacokinetic model showing precorneal
events, absorption into the eye via the cornea or conjunctive/sclera, distribution to
the systemic circulation, and redistribution to the contralateral (undosed) eye. PC =
Precorneal area; Conj = conjunctiva; C = cornea; S = sclera; AC = anterior
chamber; IT = intraocular tissues; OC = ocular circulation; SC = systemic circula-
tion; CE = contralateral eye. (Adapted from Ref. 21.)
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a simple physiological pharmacokinetic model, shown in Figure 7, for
predicting aqueous humor pilocarpine concentration following topical
application to rabbit eyes (66). The model takes into account instilled
volume and drug concentration and can predict the effect of precorneal
drainage.

Physiological modeling may not be the best approach in all cases. For
example, Chiang and Schoenwald determined the concentrations of cloni-
dine in seven different ocular tissues and plasma after a single topical ocular
dose of clonidine was administered to rabbits (67). The data were fit to a
physiological model and a classical diffusion model with seven ocular tissue
compartments and a plasma reservoir. The complex classical model was
subdivided into fragmental models. While predicted and observed concen-
trations profiles closely agreed with the physiological model, the classical
model fit the data better than the physiological model.

c. Other Models. A few other modeling approaches have been pro-
posed, including noncompartmental modeling and population pharmaco-
kinetics. Eller et al. applied noncompartmental statistical moment theory
to topical infusion data to describe the disposition of various compounds
with a range of transcorneal permeabilities within the rabbit eye (48).
Morlet et al. used population pharmacokinetics to evaluate pharmaco-
kinetic data in plasma and vitreous of the human eye (68). Gillespie et al.
applied principles and methods of linear system analysis to the analysis of
ocular pharmacokinetics (69). Using convolution integral mathematics, a

Tear Flow (Qy) Aqueous Humor

KyASL ¢ K.
PC Fluid —p V; |——f v,y >

Tear Drainage
Qr +K(Vr—~ V)

Figure 7 Schematic of a two-compartment model consisting of the precorneal area
and the aqueous humor. PC = precorneal; Q; = normal tear production rate; V',
= total volume in the precorneal area any given time; K = proportionality constant
that is a function of instilled drop size; ¥, = normal tear volume; V5 = normal
aqueous humor volume 4 = corneal area; L = corneal thickness; K; = lumped
first-order clearance parameter from aqueous humor. (Adapted from Ref. 66.)
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mechanistic model of precorneal disposition was used to predict concen-
tration. The authors adequately predicted betaxolol levels resulting from a
multiple dose regimen and from single doses of prototype controlled-re-
lease ocular inserts. This approach appears to require fewer, less restric-
tive assumptions than compartmental or physiological model methods.

B. Intravitreal Administration

Intravitreal injection is the most direct approach for delivering drug to the
vitreous humor and retina; however, this method of administration has been
associated with serious side efects, such as endophthalmitis, cataract,
hemorrhage, and retinal detachment (59). In addition, multiple injections
are usually required, further increasing the risk. Nevertheless, intravitreal
injection continues to be the mode of choice for treatment of acute intrao-
cular therapy.

The kinetic behavior of intravitreally delivered drugs is complicated by
the stagnent, nonstirred nature of the normal vitreous. Mechanisms that
may influence movement of molecules within the vitreous include diffusion,
hydrostatic pressure, osmotic pressure, convective flow, and active transport
(70). For small to moderately sized molecules, such as fluorescein or dex-
tran, diffusion is the predominant mechanism of transvitreal movement
(4,70). Although low-level convective flow has been observed within the
vitreous (71), this flow has only a negligible effect on transvitreal movement
in comparison to diffusion. For small to moderately sized molecules, diffu-
sion within the vitreous is generally unimpeded and similar to that observed
in water or saline (4,70).

1. Distribution and Elimination

As shown in Figure 8, drug distribution and elimination can occur in two
main patterns: diffusion from the lens region toward the retina with elim-
ination via the retina-choroid-sclera or anterior diffusion with elimination
via the hyloid membrane and posterior chamber (4). A molecule’s path of
distribution and elimination in the vitreous largely depends on its physio-
chemical properties and substrate affinity for active transport mechanisms in
the retina. Lipophilic compounds, such as fluorescein (72) or dexamethasone
(73), and transported compounds tend to exit mainly via the retina. On the
other hand, hydrophilic substances, such as fluorescein glucuronide, and
compounds with poor retinal permeability, such as fluorescein dextran, dif-
fuse primarily through the hyloid membrane into the posterior chamber and
eventually into the anterior chamber (72). Table 9 shows vitreal half-lives
for a variety of drugs and eye conditions. Generally, shorter half-lives are
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Figure 8 Schematic of exit pathways from the vitreous humor: (a) transretinal, (b)
by way of drainage out of the aqueous humor; (c) compartmental model showing
kinetic relationships between a, anterior chamber, p, plasma, and v, vitreous.
(Reprinted with permission from Maurice, D. M. and Mishima, S. (1984). Ocular
pharmacokinetics. In: Pharmacology of the Eye (M. L. Sears, ed.). Springer-Verlag,
Berlin, p. 73.) (Ref. 4).

associated with elimination through the retina, with its high surface area,
while longer half-lives are reflective of elimination through the hyloid
membrane and the anterior segment.

Injection volume and position within the vitreous body can also influ-
ence the distribution and eclimination pattern of a drug. Friedrich et al.
demonstrated that these factors had a substantial effect on vitreal distribu-
tion and elimination of fluorescein and fluorescein glucuronide (74). Four
extreme positions and injection volumes of 15 or 100 pL. were considered.
The mean concentration of drug remaining in the vitreous 24 hours postdose
varied by up to 3.8-fold depending on injection position, and increasing
injection volume dampened this effect.

Retinal inflammation (which can cause a breakdown of the blood-
retinal barrier) and aphakia are common pathophysiological states that
can alter a drug’s vitreal kinetics. Friedrich et al. showed that drug diffu-
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Table 9 Vitreous Humor Half-Lives of Drugs Administered

85

Intravitreally
Drug Species Half-Life (h) Ref.
ISIS 2922 Rabbit 62 139
Foscarnet Rabbit 34 140
Octreotide acetate Cat 16 141
Vancomycin Rabbit 12.5-14.5 142
Ampbhotericin B Rabbit 6.9-15.1 76
1.8 days (aphakic) 76
Rifampin Rabbit (i.v.) 5.59 95
Carbenicillin Rabbit 5.0 143
Monkey 10 81
Monkey 20 (+ probenecid) 81
Gentamicin Cat 12.6 77
6.5 (infected) 77
Monkey 33 81
Dexamethasone Rabbit 3.0 73
Rabbit 3.48 144
Ganciclovir® Rabbit 0.017 cm*hr™! 145
Human 0.015 cm®hr ™! 145
Cefazolin Monkey 7 81
Monkey 30 (+ probenecid) 81
Ceftizoxime Rabbit 5.7 78
Rabbit 9.4 (infected) 78
Ceftriazone Rabbit 9.1 78
Rabbit 13.1 (infected) 78
Ceftazidime Rabbit 20.0 78
Rabbit 21.5 (infected) 78
Cefepime Rabbit 14.3 78
Rabbit 15.1 (infected) 78

# Phosphorothioate oligonucleotide.
® Half-lives for ganciclovir normalized for volume and retinal surface area.

sivity and retinal permeability are important factors that determine elimina-
tion from the vitreous particularly in the case of blood-retinal barrier com-

promise (75). Furthermore, drug is eliminated faster in aphakic eyes,
especially for drugs with low retinal permeability and injected proximal to
the lens capsule. Injection close to the primary elimination barrier appears
to be a key factor. Wingard et al. showed that intravitreally injected ampho-
tericin B progressively accumulated in the sclera-choroid-retina in control
phakic eyes, a phenomenon not observed in aphakic eyes (76). Whole phakic
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eye half-life was 6.9—15.1 days,while aphakic half-life was only 1.8 days. In
the case of infected eyes, Ben-Nun et al. showed, with intravitreal injection
of gentamicin, that the elimination rate of drug was greater in infected than
normal eyes, presumably due to an alternation in blood-retinal barrier (77).
In another evaluation of the vitreal kinetics of ceftizoxime, ceftriazone,
ceftazindime, and cefepime in rabbits, T',, values ranged from 5.7 to 20
hours in rabbits with uninflamed eyes and from 9.4 to 21.5 hours in rabbits
with infected eyes (78). The longer T/, suggested a predominant anterior
route of elimination, while the shorter 7', and low aqueous/vitreous con-
centration ratios suggested retinal elimination.

As mentioned, some compounds are actively transported out of the
vitreous leading to a faster elimination than expected based on physico-
chemical properties; for example, Mochizuki investigated the transport of
indomethacin in the anterior uvea of the albino rabbit in vitro and in vivo
(intravitreal injection) (79). An energy-dependent carrier-mediated trans-
port mechanism with low affinity was observed in the anterior uvea of the
rabbit that could have accounted for the drug’s rapid clearance (30% per
hour) from the eye. Yoshida et al. characterized the active transport
mechanism of the blood-retina barrier by estimating inward and outward
permeability of the blood-retinal barrier in monkey eyes using vitreous
fluorophotrometry and intravitreally injected fluorescein and fluorescein
glucuronide (80). Outward permeability (P,,) was 7.7 and 1.7 x 1074
cm/min, respectively. P,,/P;, was 160 for fluroescein and 26 for fluores-
cein glucuronide. Intraperitoneal injection of probenecid caused a signifi-
cant decrease in P,, for fluorescein but had no effect on fluorescein
glucuronide P,,. The data suggest that fluorescein is actively transported
out of the retina. In another example, Barza et al. studied the ocular
pharmacokinetics of carbenicillin, cefazolin, and gentamicin following
intravitreal administration to rhesus monkeys (81). Vitreal half-lives
ranged from 7 to 33 hours. Concomitant intraperitoneal injection of
probenecid prolonged the vitreal half-life of the cephalosporins, indicating
a secretory mechanism. The results are consistent with the hypothesis that,
in primates (as in rabbits), B-lactam antibiotics are eliminated by the
retinal route and aminoglycosides by the anterior route.

2. \Vitreal Pharmacokinetic Models

Several models have been proposed to describe the kinetics of intra-
vitreally injected drugs. The simplest models assume a well-stirred vitreous
body compartment in an effort to reduce the complexity of the math-
ematics. This may be a closer approximation in studies employing injection
volumes of 100 puLL or more, where the normally nonstirred vitreous can
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become agitated; however, injection volumes of greater than 20 uL
generally require removal of an equal volume of vitreous to avoid a pre-
cipitous rise in intraocular pressure. This act alone may alter the physiol-
ogy of the vitreous body. More sophisticated modeling takes into account
diffusion through the relatively stagnant vitreous humor by employing
Fick’s law of diffusion. For example, Ohtori and Tojo determined the
elimination of dexamethasone sodium m-sulfobenzoate (DMSB) following
injection in the rabbit vitreous body under in vivo and in vitro conditions
(82). The rate of eclimination was greater in vivo versus in vitro. A
general mathematical model, based on Fick’s second law of diffusion,
was developed to describe the pharmacokinetics. The model assumed a
cylindrical vitreous body with three major elimination pathways: posterior
aqueous chamber, retina-choroid-scleral membrane, and lens (see Fig. 9).
Concentration in the vitreous decreased rapidly near the posterior aqueous
chamber, indicating that the annular gap between the lens and ciliary body

to posterior chamber to posterior chamber
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Figure 9 Cylindrical model of the vitreous body of rabbits. The posterior chamber,
the retina-choroid-sclera (RCS), and the lens constitute elimination pathways out of
the vitreous. (From Ref. 82.)
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(posterior chamber) was the major route of elimination. The concentration
gradient near the retina was considerable. It was concluded that, because
of its large surface area, the retina can be a significant route of elimina-
tion. In a seprate study, Tojo and Ohtori used the cylindrical model
approach to demonstrate three potential pathways of elimination including
the annular gap, the lens, and the retina-choroid-sclera (83). The concen-
tration in the retina was affected by the site of injection or initial distribu-
tion profiles, while concentration at the lens was independent of dose site.
Drug injected into the anterior segment of the vitreous rapidly exited
through the annular gap into the posterior chamber. The authors reasoned
that drugs should be injected into the posterior vitreous to prolong ther-
apeutic levels in the retina. Their results also showed that half-life was
proportional to molecular weight and elimination into the lens was negli-
ble due to the barrier function of the lens capsule.

Probably the most precise modeling of vitreal pharmacokinetics uses
finite element analysis, a method commonly employed in engineering. This
approach accounts for the detailed geometry and boundary conditions of
the vitreous and precisely predicts the concentration gradients within the
vitreous. Friedrich and colleagues adapted finite element modeling to the
study of the drug distribution in the stagnent vitreous humor of the rabbit
eye after an intravitreal injection of fluorescein and fluorescein-glucuronide
(74,75,84). The computer-generated concentration profile in the vitreous
humor is shown in Figure 10. Retinal permeability of fluorescein and fluor-
escein glucuronide were estimated by the model at 1.94 x 107> to 3.5 x 107>
cm/s and from 0 to 7.62 x 1077 cm/s, respectively. Simulations have also
been performed for the human eye (74). In both rabbit and human eyes, the
effect of injection position was found to be an important variable, as indi-
cated in Figure 11 (84).

C. Periocular Administration

As previously mentioned in this chapter, while there is some evidence for
direct drug delivery via the topical ocular route, drugs usually do not reach
therapeutically relevant levels in the posterior segment following topical
ocular instillation. If significant concentrations are achieved at the back of
the eye, they are usually the result of redistribution from the systemic cir-
culation, not local delivery. Consequently, to treat diseases of the posterior
segment, drug must typically be administered intravitreally, periocularly, or
systemically. Systemic administration will be discussed later in this chapter.
Intravitreal injection has been discussed and is quite effective but, as has
been mentioned, presents a serious risk to the eye. Periocular drug admin-
istration, using subconjunctival, sub-Tenon’s, or retrobulbar injection, is
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Figure 10 Finite element model of the vitreous body. The injection is hyloid dis-
placed cylindrical. (Reprinted with permission from Friedrich et al. (1997) Finite
element modeling of drug distribution in the vitreous humor of the rabbit eye.
Ann. Biomed. Eng., 25:306.) (Ref. 84).
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Figure 11

Relationship betwen normalized concentration of fluorescein in the
vitreous humor and distance from the lens. (Reprinted with permission from
Friedrich et al. (1997) Finite element modeling of drug distribution in the vitreous
humor of the rabbit eye. Ann. Biomed. Eng., 25:310.) (Ref. 84).
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another and, in many cases, preferred, route for delivering drugs to the
posterior segment (59).

1. Subconjunctival Administration

Subconjunctival injection offers the advantage of local drug delivery
without the invasiveness of intravitreal injection. This route also allows
for the use of drug depots to prolong the duration of drug therapy
and avoids much of the toxicity encountered with systemic administra-
tion. Drug concentrations in the eye are typically substantially higher
following subconjunctival versus systemic administration, while systemic
exposure is greatly reduced with subconjunctival dosing. For example,
following subconjunctival injection of 6-mercatopurine, mean peak con-
centrations in aqueous and vitreous were 15 and 10 times those follow-
ing intravenous administration, while serum levels were about half (85).
In another example, rabbits were administered 4C-5-fluorouracil either
subconjunctivally or intravenously (86). Peak levels of parent in the
serum and urine were similar for the two routes; however, subconjunc-
tival injection resulted in peak aqueous concentrations of 125 and 380
times that after intravenous injectiotn. The localized deliver of hydro-
cortisone by the subconjunctival route has been demonstrated by
McCartney et al. in the rabbit eye (87). Their results showed that
hydrocortisone penetrated directly into the eye with minimal spread
beyond the site of administration.

Various studies have explored the mechanism by which drugs are
absorbed into the eye following subconjunctival administration. Maurice
and Mishima point to direct penetration to deeper tissues as the main
pathway of entry into the anterior chamber (4). A necessary first con-
dition, however, is the saturation of the underlying sclera with drug.
This is followed by diffusion by various possible routes: laterally into
corneal stroma and across the endothelium, across trabecular mesh-
work, through the iris stroma and across its anterior surface, into
the ciliary body stroma and into newly generated aqueous humor,
and into the vitreous body via the pars plana and across its anterior
hyloid membrane (4). In addition to these pathways, depending on the
injection volume, regurgitation out the dose site with subsequent spil-
lage onto the cornea can lead to direct transcorneal absorption. For
example, Conrad and Robinson investigated the mechanism of subcon-
junctival drug delivery using pilocarpine nitrate, albino rabbits, and
instillation volumes ranging from 60 to 500 upL (88). At high injection
volumes (>200 pL), the primary mechanism for uptake into the aqueous
was reflux of the drug solution from the injection site followed by corneal
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absorption. At lower volumes, the mechanism involved reflux and transcon-
junctival penetration, permeation of the globe, and systemic absorption
followed by redistribution.

2. Periocular Injection (Sub-Tenon’s and Retrobulbar)

Sub-Tenon’s injection involves delivery of drug, usually as a depot, between
the sub-Tenon’s capsule and sclera or episclera. This route of administration
has the advantage of placing drug in very close proximity to the sclera. Drug
can subsequently diffuse through the sclera, which is quite permeable to a
wide range of molecular weight compounds (59,89). Because the diffusion of
drug from the dose site can be very localized, the preferred location of dose
is directly over the target. For example, Freeman et al. performed localiza-
tion of sub-Tenon’s repository injection of corticosteroid (90). Echography
showed drug within the sub-Tenon’s space over the macula in 11 of 24 cases.
The lack of therapeutic response to repository steroids was attributed to
placement relative to target.

Except for the observation that bleb retrobulbar injection spreads
forward, unlike subconjunctival injection which spreads backward, these
two injection routes yield very similar results. Bodker et al. compared
ocular tissue levels of dexamethasone 1 and 4 hours after subconjunctival
or retrobulbar injection in rabbits (91). In both dosage route groups,
concentrations in all three tissues (aqueous, vitreous, retina) were similar
1 hour postdose. After 4 hours, levels in the two groups were again
similar except in choroid. Dosed and contralateral undosed eye tissues
contained similar levels after 4 hours with the exception of retina,
which had lower levels in undosed eye versus dosed. Retrobulbar dosing,
however, provided a more sustained drug delivery than with subconjunc-
tival administration.

Retrobulbar (or peribulbar) injection is another option for delivering
drug to the posterior segment and the vitreous. Hyndiuk and Reagan deter-
mined the penetration and persistence of retrobulbar depot-corticosteroid in
monkey ocular tissues (92). High concentrations were found in posterior
uvea with persistence of lower concentrations. Steroid tended to concentrate
in the optic nerve after retrobulbar but not systemic administration, and no
drug was detected in other ocular tissues with the exception of lens and
vitreous after 2 and 9 days. Weijten et al. studied the penetration of dex-
amethasone into the human vitreous and its systemic uptake following peri-
bulbar injection (93). Mean levels in the vitreous peaked at 13 ng/mL at 67
hours postdose, and maximal serum level was 60 ng/mL 20-30 minutes
postdose.
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D. Systemic Administration

Because local drug delivery to the eye generally provides direct access to the
site of action and, in most cases, substantially reduces systemic exposure and
toxicity, systemic administration of drugs to treat ocular diseases is gener-
ally not preferred. Moreover, lower ocular concentrations are usually
achieved compared to those following direct ocular dosing. However, for
drug delivery to the posterior segment or vitreous body, systemic adminis-
tration could be the best choice depending on the drug’s ability to penetrate
the blood-retinal barrier or blood-vitreous barrier and its systemic toxicity
profile. For example, in a study by Ueno et al., concentrations of BCNU
were measured in aqueous and vitreous of rabbits following intravenous,
subconjunctival, and topical ocular administration (94). Distribution was
dependent on dose route in that topical, followed by subconjunctival, was
best for distribution into the iris, while intravenous, was best for distribution
into the choroid-retina. In another example, Liu et al. demonstrated that
rifampin penetrated vitreous humor after an intravenous single dose (95).

Compromising the blood-vitreous or -retinal barrier can enhance
intraocular absorption following systemic administration. Wilson et al. trea-
ted the right eyes of rabbits with triple or single freeze-thaw cryotherapy at
one or two locations one day before intravenous carboplatin with or with-
out cyclosporine (96). Cryotherapy increased the intravitreal penetration of
carboplatin. In a study by Elliot et al., following intravenous injection of
ganciclovir with and without RMP-7, a compound known to increase the
permeability of the blood-brain barrier, RMP-7 enhanced retinal uptake
through the blood-retinal barrier (97). Interestingly, Palastine and
Brubaker demonstrated that systemically administered (intravenous or
oral) fluorescein can enter the vitreous through other means beyond an
increase in blood-retinal barrier permeability (98).

lll. OCULAR METABOLISM

The metabolic capacity of the eye is low compared to that of a primary
metabolizing organ such as liver. However, sufficient enzymatic activity is
present to cause the breakdown of ophthalmic drugs in the eye. While this
biotransformation usually results in loss of efficacy, the development of
prodrugs takes advantage of the increased corneal permeability of the pro-
drug and the subsequent hydrolysis of the prodrug to active compound (16,
99,100). Prodrugs of pilocarpine (101), phenylephrine (102,103), timolol
(104), and prostaglandin F,, tromethamine have shown improved corneal
penetration.
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A variety of esterases responsible for prodrug hydrolysis have been
identified in the eye. Lee et al. reported the presence of acetyl-, butyryl-,
and carboxylcholinesterases in pigmented eyes (99). Over 75% of cholines-
terase activy was due to butyrylcholinesterases in all ocular tissues but cor-
neal epithelium. Their results suggested that esters with chain lengths
exceeding four carbons are hydrolyzed principally by butyrylcholinesterase.
In a separate study, Lee demonstrated that esterase activity ranked as
follows in ocular tissues: iris-ciliary body > cornea > aqueous humor
(100). Activities in the pigmented rabbit cornea and iris-ciliary body were
greater than in the nonpigmented eye, indicating a higher metabolic capacity
in pigmented ocular tissue. Narurkar and Mitra confirmed Lee’s ranking of
enzymatic hydrolysis activity with aliphatic esters of 5-iodo-2'-deoxyuridine
(105). Camber et al. evaluated the permeability and absorption of PGF,, and
its methyl and benzyl esters through isolated pig cornea in vitro. Hydrolysis
was shown to be due to butyrilcholinesterase in the corneal epithelium (106).

Although esterases have been studied to the largest extent, a number of
other enzymes have been identified within the eye. These include catechol-O-
methyltransferase, monamine oxidase, steroid 6-betahydroxylase, oxido-
reductase, lysosomal enzymes, peptidases, and glucuronide and sulfate trans-
ferase (107). In addition, cytochrome P450 enzymatic activity has been
observed in ocular tissue (108,109). Campbell et al. demonstrated, using p-
aminobenzoate, aminozolamide, and sulfamethazine as substrates that there
is significant arylamine acetyltransferase activity in the eye with the highest
to lowest ranking compared to a nonocular tissue as liver > iris-ciliary body
> corneal epithelium > stroma-endothelum (110). Phenotype (slow versus
fast acetylators) had no effect on activity in the eye. Putnam et al. also studied
the disposition of aminozolamide in the rabbit eye (111). Their results sug-
gested that the topical IOP-lowering activity of aminozolamide was the result
of both metabolite levels in aqueous humor and iris-ciliary body and the
99% + inhibition of carbonic anhydrase. Metabolite levels were highest in
cornea and iris-ciliary body, with less in aqueous.

Aldehyde reductase and ketone reductase have also been found in
ocular tissues (8). Compounds such as N-oxide, hydroxamic acid, sulfoxide,
and nitro drugs are reduced by aldehyde reductase in bovine ciliary body.
Using levobunolol as substrate, Lee et al. showed that the rank order of
ketone reductase activity was corneal epithelium > iris-ciliary body >
conjunctiva > lens. No activity was detected in tears, corneal stroma, sclera,
or aqueous humor. Models describing metabolism have been developed for
aminozolamide (111) and levobunolol (27).

In general, the iris-ciliary body and corneal epithelium possess the
greatest capacity for metabolic activity in the anterior segment. Moreover,
activity may be higher in pigmented versus nonpigmented ocular tissue.
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IV. OCULAR PHAMACODYNAMICS

Fundamentally, pharmacodynamics is the study of the biological effects of
drugs (112). More specifically, it is the study of how the concentration of
drug in the biophase (site of action) relates to the magnitude of biological
and therapeutic effects produced (113). However, in the evaluation of sys-
temic pharmacodynamics, drug concentrations are typically determined in
plasma or serum and not the biophase. As a result, there is not always a
direct relationship between measured concentration of drug and biological
response. This shortcoming is somewhat overcome with ophthalmic drugs
since dose delivery and pharmacokinetic sampling are usually in very close
proximity to the biophase. Also, there are several quantifiable ocular
responses, which are relatively easy to evaluate in vivo, including miosis,
mydriasis, intraocular pressure, corneal sensation, aqueous humor flow,
blink rate, tear secretion, and electroretinogram (4).

In conducting human ocular studies, measuring ocular pharmacoki-
netics in intraocular fluids and tissues is difficult if not impossible. These
samples can only be removed at death of the patient or in the case of
removal of a diseased eye. As a result, pharmacological response measure-
ments usually replace concentration assays in describing the effect of a drug
in the human eye. Unfortunately, responses can vary widely between indi-
viduals, presumably because of differences in dose-response relationships
and ocular pharmacokinetics (8). Eye pigmentation, wearing of contact
lenses, allergies to drug or formulation components, and physiological fac-
tors all play a role in causing high variability in response data (8).
Nevertheless, pharmacodynamic measurements continue to be applied,
and where possible pharmacokinetic data are coupled with pharmacody-
namic data.

A mathematical approach developed for miotic or mydriatic response
(3,4) is shown in the following equation:

R
(Rmax - R)
where R, is the maximal response achieved by a drug with all receptors
occupied, ¢ is a proportionality constant, and C is the concentration of
drug. Mishima showed that Eq. (6) predicted the miosis of carbachol and
pilocarpine on the sphincter muscle of the cat (see Fig. 12) (3).

Based on maximum and minimum pupil diameters of 8.5 and 1 mm,

respectively, it can be shown that for a miotic response,
_(Dy—=D)
-1

R, = =qC (6)

@)
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Figure 12 Dose-response relationship from carbachol (@) and pilocarpine (O) in

isolated human sphincter muscle strip. (Replotted from Ref. 3.)

and for a mydriasis response,

_ (D =Dy)
8.5-D)

where D, is the pupil diameter before drug application and D is the pupil

diameter following drug administration (9). Figure 13 shows a log-linear

plot of the response versus time, from which is derived the following equa-
tion:

R @®)

R[ — RL(efA(tfto) _ e*B(I*IO)) (9)

where R; is the intercept value of Ry, ¢, if the lag time after instillation when
response is observed, and 4 and B are apparent elimination and absorption
rate constants (9).

Chien and Schoenwald investigated aqueous humor concentration of
phenylephrine and the corresponding mydriatic response in rabbit eyes fol-
lowing topical ocular administration of phenylephrine or a prodrug of phe-
nylephrine (114). Ocular bioavailability of 10% prodrug was eightfold
higher than that of the 10% HCI salt. However, mydriatic activity only
improved fourfold, demonstrating that the mydriatic response did not accu-
rately reflect drug distribution to the iris. The observed clockwise hysteresis
in the response versus concentration plot was suggestive of pharmacological
tolerance. An E,,,, model with a Michaelis-Menten relationship between
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Figure 13 Log-linear plot of pupillary response (miotic or mydriasis) versus time.
Dotted line indicates absorption phase after stripping off elimination phase.
(Reprinted with permission from Maurice, D. M., and Mishima, S. (1984). Ocular
pharmacokinetics. In: Pharmacology of the Eye. (M. L. Sears, ed.), Springer-Verlag,
Berlin, p. 56.) (Ref. 4).

response and concentration of phenylephrine in the iris was developed and
expressed as follows:

AEr/n.dX x Cy, (1) (10)

KIH + C(l(t)

where AE(r) is the difference between pupillary diameter before and after
drug instillation at time ¢, K, is the drug concentration in the iris at half
maximal mydriatic response (one-half AE,,,,), and C,(¢) is the concentra-
tion of drug in aqueous humor at time 7. In the case of tolerance, K, is no
longer constant but changes with time and can be calculated for each time
interval as:

AE
K,O=|—2) -1 C,(t 11
w0 =| (3m) 1] x e (1)
A plot of K},(f) versus time was linear up to 90 minutes but increased there-

after through 240 minutes postinstillation verifying the development of tol-
erance (114)

AE(f) =
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Smolen (115) described a methematical model for pharmacological
response from pilocarpine based on its dose-response relationship:

_ 719.4D
X T 20.4D

Equation (12) requires the assumptions of nonhysteresis, rapid and rever-
sible binding to the receptor, and first-order kinetics. If these assumptions
are met, the equation can be generalized to other drugs.

Smolen and Schoenwald further developed a theoretical basis for the
performance of drug-absorption analysis from pharmacological response
versus time data following single, multiple, or continuous dosing of drug
by any route of administration (116—119). Pharmacological and pharmaco-
kinetic parameters characterizing the mydriatic behavior of tropicamide
were derived, and pharmacological response versus time plots yielded two
and three-compartment models.

An E_,, model, similar to that for miosis, has also been proposed for
intraocular pressure (IOP) reduction (9). Mishima reviewed the pharmaco-
dynamics related to IOP lowering (3). By virtue of the complexities of IOP
lowering, this response does not necessarily relate directly to drug concen-
trations as is the case for pupillary response.

Drugs typically have effects other than the measured response.
These extraneous actions might include alterations in aqueous humor
turnover or blood flow within certain ocular tissues. As a result, non-
linear behavior is likely to be observed, however, as Schoenwald has
discussed (8), the difficulty in measuring concentrations in the human
eye will likely perpetuate the use of pharmacological responses to eval-
uate ophthalmic therapies.

+0.5D (12)

V. CONCLUSIONS

Understanding the ocular pharmacokinetic characteristics of a drug is cri-
tical to the optimization of its single and multiple dose therapeutic regimens.
However, because of the complex nature of ocular absorption, distribution,
and elimination, accurately measuring the ocular pharmacokinetics can be
difficult. The topical ocular route is preferred for reasons of ease of
administration, noninvasiveness, direct drug delivery, and minimization of
systemic effects. Even considering the complexities of ocular pharmaco-
kinetics following topical ocular administration, several valid approaches
to its study have been developed. Many take into account the competing
pathways of absorption, leading to either ocular or systemic exposure.
Models in varying detail have also been developed for intravitreal adminis-
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tration. Compared to the kinetics associated with the topical ocular route,
vitreal pharmacokinetics is more straightforward in that it avoids con-
voluted precorneal events. However, due to the nonstirred nature of the
vitreous humor, the mathematics can be quite complex due to the inclusion
of Fick’s law of diffusion. Periocular administration is also dependent to a
large extent on diffusion, which can be very localized. Both periocular and
systemic administration can be used to deliver drug to the posterior seg-
ment, however, the latter is usually the last resort due to the greater risk for
systemic drug exposure and toxicity.

Ocular pharmacokinetics, with all its limitations, is an important part
of ophthalmic drug development. Coupled with the knowledge of a drug’s
metabolism and its pharmacodynamics, ocular pharmacokinetics provides
invaluable information needed to properly design single and multiple dose
regimens. In the future, with the discovery and refinement of animal models
and the advent of more sophisticated modeling techniques and computer
programs, ocular pharmacokinetics/pharmacodynamics will likely receive
even more widespread use.
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. INTRODUCTION

A discussion of transport models following systemic, intraocular, as well as
conventional eyedrop drug administration is important since ocular phar-
maceuticals are often administered by more than one route. The primary
advantages of direct topical drug administration include targeted drug deliv-
ery to the anterior segment of the eye and avoidance of systemic drug
toxicity. Many of the disadvantages of eyedrops, such as limited penetration
into vitreous and retina, compliance, and the advantages of the use of drug
delivery systems, are discussed in other sections of this text.

Intravenous and oral therapy are used in the treatment of generalized
systemic disease with ocular involvement (e.g., diabetes mellitus, inflamma-
tory diseases, autoimmune diseases, and sarcoidosis), malignancies such as
lymphomas, or when penetration following topical drug administration does
not attain therapeutic levels at the site of disease (e.g., vitreous, choroid, or
retina). Specific uses of systemic therapy for ocular diseases include photo-
sensitization therapy for the treatment of choroidal neovascularization,
cytotoxic agents for the treatment of autoimmune diseases, nonsteroidals
and steroids for the treatment of uveitis and scleritis, acetazolamide for
macula edema, and antivirals or antibiotics for the prophylaxis or therapy
of keratitis, chorioretinitis, and endophthalmitis. Additional applications of
systemic therapy include thalidomide for the treatment of proliferative dis-
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eases, antioxidants for protection against macular degeneration, and the use
of neuroprotective agents in patients with glaucoma.

This chapter primarily deals with the intercompartmental drug trans-
location (entry and efflux) of antimicrobial agents in the posterior eye.
Antimicrobial agents were chosen as the paradigm for systemically adminis-
tered drugs because the principles governing the intercompartmental drug
transfer of antimicrobials are similar for most pharmaceutical agents.
Moreover, new methods with enhanced discriminative capabilities used to
characterize inter-compartmental drug transfer have primarily characterized
the ocular pharmacokinetics and pharmacodynamics of antibiotics, antifun-
gals, and antiviral agents (17,18,52,54,72,73,75).

Systemic, topical, and intraocular administration of antimicrobial
agents are all used in the therapy of infectious diseases of the eye. When
compared to topical drug administration, the systemic toxicity of antimi-
crobial agents may be less of an issue since they generally do not alter
physiological functions of other organ systems or cause dose-related sys-
temic toxicity. Systemic therapy is used to treat cytomegalovirus (CMV)-
retinitis in patients with immunosuppressive diseases such as acquired
immunodeficiency syndrome (AIDS) or those on immunosupressive medi-
cations such as organ or bone marrow transplant patients. While AIDS
patients with CMV-chorioretinitis are often treated with antivirals adminis-
tered via implanted, long-term drug delivery devices, supplemental systemic
therapy is also used to protect the contralateral eye. Recurrent herpes sim-
plex virus (HSV) keratitis can be prevented using oral acyclovir. Finally,
while the preferred treatment of deep-seated eye infections such as bacterial
and fungalendophthalmitis is direct intraocular (I0) drug administration,
the role of systemic therapy remains unclear. In the National Eye Institute
(NEI) Endophthalmitis Vitrectomy Study (EVS), systemically administered
antibiotics did not improve the outcome in patients with postsurgical, bac-
terial endophthalmitis (5). However, the drugs used in this trial exhibited
poor penetration into noninflamed eyes. As a result, the potential role of
adjuvant therapy with systematically administered antimicrobials that show
better penetration into the vitreous humor still needs to be addressed. In
fact, adjuvant therapy with systemically administered quinolones has been
used successfully for the treatment of bacterial endophthalmitis (14,19,58).

While vitrectomy with intravitreal drug administration is the preferred
mode of therapy for endophalmitis (23), significant morbidity from this
infection persists. Moreover, intraocular drug administration for other ocu-
lar infections (e.g., CMV-chorioretinitis) is often associated with serious
untoward effects, including endophthalmitis, vitreous hemorrhage, retina
detachment, retinal toxicity, cataract formation, and, in the absence of sys-
temic therapy, infection of the contralateral eye. Furthermore, the incidence
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of opportunistic ocular infections has increased with use of potent immu-
nosuppressive agents in patients with organ transplants, cancer, and auto-
immune diseases. While highly active antiretroviral therapy (HAART) for
AIDS has decreased the incidence of infections of the eye, viral and fungal
infections continue to be seen in patients with HIV diseases. This, in con-
junction with the use of more potent immunosuppressive agents in selected
patients such as transplant patients, suggest that the use of potent and less
toxic systemically administered antimicrobial drugs as adjuncts or alterna-
tive therapy of ocular disease has merit in the therapy of deep ocular infec-
tions.

A considerable amount of work demonstrating relatedness between
drug-specific pharmacodynamic parameters to clinical outcome has been
published over the last several years (10,27,30,37,38,50,87). Normally, opti-
mization of the plasma concentration-versus-time profile translates into a
similar concentration-versus-time profile for an infection site. However,
drugs administered systemically often have poor access to the inside of
the eye because of the blood-aqueous and blood-retinal barriers. Thus,
ophthalmic drug discovery and intervention therapy development must
also deal with the challenge of achieving effective concentrations of these
drugs within the eye. The primary focus of this chapter is to review impor-
tant principles of ocular pharmacokinetics of antimicrobial agents following
intravitreal and systemic drug administration and to discuss available stra-
tegies for developing effective ocular drug therapies using systemically admi-
nistered drugs.

Il. OVERVIEW OF BLOOD-OCULAR BARRIER
TRANSPORT BIOLOGY

The parenteral and oral routes are the principal routes for the systemic
delivery of drugs. The most commonly used parenteral routes are intrave-
nous (IV), intramuscular (IM), subcutaneous (SC), and intradermal (ID).
The distribution of the drug throughout the body depends on the rates of
absorption, distribution, metabolism and excretion from the blood as well
as the extent of binding to plasma proteins. The major advantages of intra-
venous drug administration are rapid and complete absorption and avoid-
ance of first-pass metabolism. However, unlike other parts of the body,
specialized barriers regulate drug distribution from the blood into protected
compartments like the prostage, eye, and brain. The eye, prostage, and brain
are privileged sites in which the concentration-versus-time profile may differ
substantially from that observed for the plasma (5). Consequently, under-
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standing of the concentration-versus-time profile of drugs in these sites is of
crucial importance.

The blood-brain barrier (BBB), blood—cerebrospinal fluid barrier
(BCSFB),and blood-ocular barrier (BOB) share similarities in microscopic
structure and function (4-7,22,62). Structurally, the barriers consist of tight
endothelial junctions. Functionally, the barriers regulate transfer of sugars,
amino acids, organic acids, and ions according to molecular size, protein-
binding affinity, lipophilicity, and degree of ionization at the relevant ana-
tomical compartment pH (40,53,59,66-68,80,97). Furthermore, active trans-
port systems and enzymatic degradation contribute to this barrier and
regulate the effective penetration of a variety of chemotherapeutic com-
pounds (9,22,53,86). Recent studies have shown that the pharmacokinetics
of several antimicrobial agents are similar in both the eye and cerebrospinal
fluid (CSF) following systemic drug administration (48,53,61). This obser-
vation may have practical as well as theoretical implications since, in the
absence of data for site-specific pharmacokinetics, one site may serve as a
pharmacokinetic surrogate for the other (48,53,61).

The primary blood supply to the eye is the external ophthalmic artery,
a branch of the internal carotid artery. However, because of selective per-
meability and the presence of tight” cellular junctions between the
endothelial cells lining capillaries, great limitations are placed on which
blood components actually reach the intraocular tissue space. The blood-
ocular barrier is comprised of three barriers: the corneal epithelial barrier
(tear-corneal stroma barrier), retinal capillaries, and the retinal pigmented
epithelium (RPE, or blood-retinal barrier). The blood-ocular barrier selec-
tively allows some materials to traverse it, while preventing others from
crossing. This anatomical arrangement shields delicate ocular tissue from
biochemical fluctuations and toxins in the bloodstream. Although these
barriers function as protective mechanisms, they also greatly affect penetra-
tion of therapeutic agents into the eye.

Systemically administered drugs gain access into the eye anterior and
posterior chambers principally by crossing the blood-aqueous barrier via
capillaries perfusing the iris and ciliary body. Once in the posterior cham-
ber, the drugs can diffuse through the lens-iris barrier into the anterior
portion of the vitreous body. This barrier is important for two reasons: it
can act as an anterior-posterior barrier against infective bacteria, and it
imposes limited diffusion of drugs from the anterior chamber to the vitr-
eous humor. The blood-aqueous barrier is composed of the ciliary body,
which is posterior to this iris and is far more permissive than the posterior
portion of the eye. The iris and ciliary body have fenestrated capillaries,
whereas the pigment epithelium and endothelial cell of the retinal
capillaries have tight intercellular junctions. These barriers separate
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drugs equilibrated within the extravascular space of the choroids from
entry into the retina and vitreous body.

Drug translocation rates are dependent on the functional anatomy and
physiology of the eye as well as pharmacokinetics in the serum. Ocular drug
transfer may occur by passive diffusion and active transport. Ultimately, the
concentrations of drug achieved in the posterior eye depend upon competing
rate constants describing uptake and efflux. Studies showing that the renal
and ocular eliminations of fluorescein (20) quinolones, and B-lactam anti-
biotics in humans and rabbits are blocked by probenecid (52,70,71) and
inflammation (4,49,52,85) provide evidence that these barriers have active
transport systems that affect drug concentrations in the eye. In vivo and in
vitro studies characterizing the rates of renal elimination of zwitterionic
quinolones suggest the presence of separate and distinct carrier-mediated
systems (44,52). Studies from our laboratory have shown that the elimina-
tion rates of four quinolones examined following direct intravitreal injection
were prolonged by both probenecid and heat-killed bacteria (52).
Unpublished data from our laboratory demonstrated that similarities in
drug penetration into the CSF and eye can be explained by the presence
of efflux pumps lining these anatomical sites that are targets for probenecid.
There is a sidedness to these pumps, which are differentially affected by
systemic and intraocular probenecid administration (4,52,62,84,85,102).
Furthermore, intracerbroventricular and intravitreal but not systemically
administered probenecid block the efflux of quinolone antimicrobials.

lll. ALTERATIONS OF THE BLOOD-OCULAR BARRIER IN
DISEASED STATE

The blood-ocular barrier shares similar embryological origin, microanat-
omy, and many physiological functions with the blood-brain barrier.
There are many natural (e.g., diabetes, hypertension) or iatrogenic (che-
motherapy, retinal photocoagulation) conditions that cause blood-ocular
barrier breakdown. Disruption of the tight junctions between the endothe-
lium of the retinal blood vessels (inner blood-retinal barrier) and the tight
junctions between adjacent RPE cells (outer blood-retinal barrier) results in
breakdown of the BOB and subsequent changes in drug ocular penetration.

Infectious and noninfectious (uveitis and surgery) causes of ocular
inflammation represent one category of retinal vascular disorders causing
BOB breakdown. Fungi, viruses, and bacteria can be very destructive when
they infect the eye. Candida endophthalmitis occurs in 5-30% of patients
with disseminated Candida infections (15). Bacterial endophthalmitis is a
severe and often blinding infection of the eye (26,69). Noninfectious inflam-
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mation is associated with diseases of immune regulation. Models for non-
infectious uveitis include intravitreal antigen injection or heat-killed bacteria
(7,33,34,52). Bacterial lipopolysaccharide induces endotoxin-induced uveitis
in rabbits, mice, and rats and is a useful tool for investigating ocular inflam-
mation due to immunopathogenic, rather than autoimmune processes
(39,94,95).

The integrity of the blood-retinal barrier can be demonstrated both
experimentally and clinically by intravenous injection of tracer molecules
normally excluded from the retina by the healthy blood-retinal barrier.
Horseradish peroxidase (99) and carboxyfluoroscein (20) are the most com-
monly used tracers). Disruption of the inner or outer blood-retinal barrier is
demonstrated by passage of these tracers either between pigment epithelial
cells or of retinal blood vessels. Fluorescein isothiocyanate linked to high
molecular weight dextrans of varying size can also be used experimentally to
evaluate the significance of the molecular weight on differential passage
through the disrupted blood-retinal barrier in different pathological condi-
tions (8).

Chemical, mechanical, inflammatory, and infective insults modulate
the penetration of drugs into the eye following systemic administration.
This is particularly important, especially when the blood-ocular barrier is
sufficiently insulted and reduces the integrity of the barrier against normally
nonpermeable drugs. As a result, drugs that are normally excluded from the
eye may penetrate into the eye due to degenerative effects on junctional
barriers. For example, for hydrophilic antimicrobials such as the ciproflox-
acin, infection may increase their mean vitreous concentration by more than
fivefold (52).

The role of inflammation in drug penetration is particularly informa-
tive. Inflammation reduces the elimination rates of intravitreally injected
drugs that are not actively exported by the posterior route. For systemically
administered quinolones and other antimicrobials, inflammation increases
ocular drug accumulation (i.e., penetration) most likely due to increased
entry and decreased efflux rates (45,52).

IV. PHYSICOCHEMICAL PROPERTIES GOVERNING DRUG
PENETRATION INTO THE EYE

Carrier-independent penetration of antibiotics and other drugs into the eye
(11,16,23,63,81), like that at other anatomical sites (16,23,53,63,66), is
related to the physicochemical properties of the compound, which include
lipophilicity and molecular weight/size and protein binding. The effects of
these independent variables on drug penetration into bacteria (96) and into
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different anatomical compartments have been investigated by several
laboratories (35,40,52,66,80,97). Multiple linear regression analysis shows
that the logarithm of the penetration of compounds across planar lipid
bilayers and tissue membranes correlates with the oil/water partition
ratio, the inverse of the square root of the molecular weight (8) and the
free fraction of drug (24,53,63). Almost all studies show that the oil/water
partition ratio (lipophilicity) is generally the most predictive variable of drug
transport into and out of privileged anatomical spaces (Fig. 1).

In relation to ocular drug penetration following systemic administra-
tion, only the unbound fraction of drug is in diffusional exchange across the
blood-ocular barriers. In principle, protein binding can and should be
included in dose determination. Thus, true comparison of drug penetration
should be on the basis of the unbound fraction in the plasma, so that
binding does not enter as a factor into the ocular kinetics. However, as
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Figure 1 Relationship between the quinolone partition coefficients and levels of
drug penetration into the vitreous humor following systemic drug administration,
and elimination rate half-lives following direct intravitreal injection. The only statis-
tically significant (when examined univariately; multiple linear regression did not
improve model fits) quinolone physicochemical property related to ocular drug
translocation was lipophilicity. The partition coefficients for direct and systemic
drug administration are shown on the top and bottom abscissas, respectively.
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already noted, many factors influence drug entry into protected compart-
ments, and ceftriaxone, which is >95% protein bound, penetrates into the
CSF better than other, less protein-bound cephalosporins. Since intracam-
eral penetration is inversely related to molecular weight/size, drugs with a
large molecular weight are likely to be excluded from aqueous and vitreous
humors after systemic administration, similar to blood proteins and macro-
molecules. However, compounds may cross the blood-ocular barriers in
spite of their large molecular size, and the rate of penetration is correlated
with their lipid solubility, as expressed by their oil/water partition ratio.
Unfortunately, the ability to further delineate the relationship between lipo-
phility and molecular size/weight is curtailed due to the limit molecular
weight/size within families of chemotherapeutic compounds.

Independent studies (52,66) have demonstrated the correlation
between lipophilicity and penetration into or elimination from the eye fol-
lowing systemic (17,45,52,73,74) or intravitreal injection (33-35,65) in non-
pigmented, uninfected rabbits (42,78). A similar relationship between
lipophilicity, penetration, and efflux occurs in prokaryotes [96].

V. METHODS FOR IN VIVO ANTRAOCULAR
PHARMACOKINETIC MEASUREMENTS

The study of the pharmacokinetics of drugs that penetrate into eye follow-
ing systemic administration requires assaying ocular specimens obtained at
different time points. In humans these samples are generally obtained by
needle aspiration, often in patients with diseases that alter the BOB. The risk
of iatrogenic complications when perforating the globe with a needle has
restricted human ocular pharmacokinetic studies to a single sample obtained
from patients at the time of intraocular surgery (3). In early studies, the
concern that serial sampling of individual eyes would introduce artifact also
limited animal studies to only one specimen per animal. As a result, single
samples from different individuals are generally pooled to generate single-
subject estimates (1,51,59). This technique is referred to as the naive pooled
data (NPD) approach. A validated animal model from our laboratory
involves sequential sampling of the vitreous humor and CSF in individual
animals to obtain complete concentration-versus-time profiles (52,55,60—
62). In addition, several laboratories have used microdialysis to investigate
drug kinetics in the aqueous and vitreous humors (25,32,41,42,45,46). Both
methods are useful, but it is important to recognize several potential meth-
odological problems that are inherent in both in vivo methods for collecting
ocular drug kinetic data in animals and humans (29,43,60). This section
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evaluates these three models and maps out future directions and develop-
ments in the art of in vivo intraocular pharmacokinetics measurements.

A. Naive Pooled Data

Drug penetration into the eye can be estimated by comparing the means of
serum and ocular fluid using the mean values of multisubject data sets
obtained at sequential time points or at a single sampling time (43,89,90).
Determining penetration by either method is imprecise. Two-compartment
models best describe ocular kinetics of most systemically administered
drugs. The ratios of discrete single pairs of ocular-serum drug concentra-
tions change with time until the subject is well into pseudo-distribution
equilibrium. Consequently, obtaining mean penetration ratios from these
discrete data will give erroneous estimates of the ability of the drug to
penetrate into a specific site, because these ratios would depend largely on
the time of collection of the samples. Thus, systemic drug administration is
quite different from direct drug administration.

Pharmacokinetics based upon samples obtained sequentially through-
out the steady-state dosing interval for a large number of patients should
result in reliable pharmacokinetic estimates. Besides difficulties in obtaining
serial samples in humans, associated ocular direct-aspiration sampling tech-
niques also include (a) the effects of sampling on BOB and (b) awareness
that vitreal aspirates are almost never obtained in the absence of ocular
pathology, often with diseases that also alter the BOB. Consequently, com-
parison of data sets obtained at single time points is also subject to system
hysteresis, intersubject variation, and, most noteworthy, parameter estima-
tions generated from fragmentary data. The naive pooled data method pre-
vents the characterization of differences within a population. Therefore, (a)
intersubject variation prohibits rigorous determination of pharmacokinetic
parameters from small groups of animals (or patients), and (b) parameter
estimates from this approach discard the general population information,
which reduces the value of the information obtained from these studies
(29,60). One way to improve the quality of the data obtained from these
models is to study serial drug concentrations in different subjects. Analysis
of these data can be evaluated using population models for clinical decision
making since exposure-penetration relationships can then be extrapolated to
make treatment decisions based on achievable serum steady-state levels.

B. Direct Aspiration

Previous studies have shown that even nontraumatic aspiration of the aqu-
eous humor (a) is associated with BOB breakdown, (b) increased penetra-
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tion of drugs, and/or (¢) decreased aqueous humor flow-dependent drug
elimination. In contrast, our laboratory has developed and validated a
model that permits repeated vitreous humor paracentesis from the same
animal but does not alter the parameters listed above or ocular drug kinetics
(60,62). Complete concentration-versus-time curves over the observation
period can be obtained using this method. Serial sampling did not alter
the pharmacokinetics or terminal elimination rates following direct injection
into the vitreous humor (52). Furthermore, serial paracentesis does not alter
the BOB or the penetration of the drug into the vitreous from the serum in
the majority of the animals (52). BOB breakdown (likely due to trauma to
retinal vessels) is easily recognized by measuring albumin concentrations in
the vitreous, permitting exclusion of these samples from analysis. The
absence of a measurable effect of serial paracentesis on drug pharmacoki-
netics observed using this method is likely related to both the absence of
inflammation and BOB breakdown and the small volume of vitreous humor
removed.

Analysis of population pharmacokinetic data using complete concen-
tration-versus-time data following serial aspiration in animals that do not
have BOB breakdown is not only theoretically preferable to pooling of data
from different subjects (29,56,60,78), but also provides robust kinetic infor-
mation obtained from a small number of animals. Since pharmacokinetic
data are important in the design of clinical trials, this model has fundamen-
tal clinical implications for all classes of ocular pharmaceuticals.
Furthermore, this model permits the evaluation of the effects of inflamma-
tion or surgery on antibiotic penetration after drug elimination following
intravitreal injection (52). We have successfully used this model to study (a)
similarities between blood-aqueous and blood-cerebrospinal fluid barriers
(4,53,61), (b) the relationship between physicochemical properties and ocu-
lar drug penetration (52), and (¢) determination of mechanisms of active
drug transport from the eye and CSF (45). Recent studies characterizing
ocular pharmacokinetics of systemically administered ciprofloxacin follow-
ing a single dose, multiple doses, and continuous infusion to rabbits have
shown that microbiological outcome is dependent upon the mean rather
than the peak concentrations in the serum (56).

C. Microdialysis

The method of microdialysis provides an important alternative for obtain-
ing intra-ocular pharmacokinetic data (10,32,42,47,100). Complete concen-
tration-versus-time profiles can be obtained in individual animals by
perfusing a fine cannula with normal saline at a fixed flow rate. Drug in
the surrounding tissue (solute) diffuses down its concentration gradient into
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the perfusate and is collected for analysis. Details of this method are covered
extensively elsewhere in this text.

Microdialysis has proven to be the gold standard of measuring ocular
pharmacokinetics following direct intraocular drug injection when drug
concentrations are high. Experimental conditions following systemic drug
administration are quite different. First, high drug concentrations are not
achieved in the eye. Second, and more importantly, the kinetic profile
following systemic drug administration follows a rapid distribution phase
as drug enters the eye, followed by multiexponential elimination. Therefore,
ocular kinetics following systemically administered drug are transient and
initially rapidly changing, but change more slowly when the drug is well into
pseudo-distribution equilibrium during the elimination phase. This has
direct bearing on the methods used for determining probe extraction co-
efficients. Finally, the lower drug concentrations seen in conjunction with
small volumes of dialysate may make the measurement of drug concentra-
tions using conventional HPLC or microbiological assays difficult.

Microdialysis probe calibration is affected by the cannula deadspace,
temporal resolution insensitivity, substrate physicochemical properties, and
potential BOB breakdown from an indwelling probe. For example, early
studies characterizing intravitreal concentrations of aminoglycosides
showed time-dependent differences in pharmacokinetic parameters suggest-
ing progressive BOB breakdown. BOB breakdown can be minimized by
careful probe placement and/or by allowing the eye to heal completely
after probe placement (42). Since BOB is invariable with serial aspirations
of the aqueous humor, microdialysis via previously implanted probes in
“quiet” eyes is clearly preferable when measuring drug concentrations in the
aqueous humor (54,82,83). Both the zero-net flux and retrodialysis methods
are used for the determination of probe recovery. The zero-net flux recovery
is a steady-state measurement determined at fixed solute concentrations
(32,101). Retrodialysis recovery is determined from loss of a drug analog
in the solute from the perfusate (32,101). The retrodialysis recovery deter-
mination method is most appropriate for in vivo pharmacokinetic studies.
However, potential limitations exist in the availability of drug-analog pairs.
Microdialysis temporal resolution issues have been greatly reduced by the
ability to interface this technique directly with high-performance liquid
chromatography — mass spectroscopy (HPLC-MS) for sample analysis.
This is possible because collected samples are clean and do not require
any preparation before analysis. Moreover, assays with increased sensitivity
greatly reduce the sampling time and sample volumes, allow for continuous
sampling, and permit faster/slower flow rates, which in turn erase system
hysteresis if cannula deadspace noise is removed by integration. Since micro-
dialysis sampling gives an integrated (mean concentration) response over the
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sampling period, the drug area under the concentration-versus-time curve
(AUC) is obtained by pooling the measured concentrations from each sam-
ple interval and summing them together (47).

While direct vitreous humor sampling requires paracentesis, a repeated
invasive procedure not generally possible in humans, microdialysis provides
inroads for ocular pharmacokinetic studies using indwelling probes.
Furthermore, our laboratory has shown that the CSF and eye are pharma-
cokinetic surrogates for systemically administered drugs. Thus, micro-
dialysis measurements in the CSF may provide a practical way to obtain
ocular pharmacokinetic data where none is available, and vice versa.

Vl. PHARMACOKINETICS AND PHARMACODYNAMICS OF
SYSTEMIC DRUG ADMINISTRATION

A. Compartmental Model Analysis

The pharmacokinetic processes of drug absorption, distribution, meta-
bolism, and elimination determine the concentration-versus-time profile in
a target organ. Ocular pharmacokinetic models for intraperitoneal (IP),
intravenous (IV), and intraocular drug administration are described by
three-, two-, or one-compartment models, respectively. These models are
not representative of real tissue spaces. Physiologically based models
using mass balances and blood-flow limited elimination are least useful
for ocular pharmacokinetics because of the nonidentifiable nature of drug
transfer by flow, blood diffusional exchange, and anterior-posterior
drainage. Compartmental open models are depicted with elimination from
the central compartment.

Drugs that distribute rapidly and homogeneously into the plasma and
well-perfused, extracellular fluid follow a one-compartment model (and
often show first-order kinetics). Drug elimination from the eye generally
follows first-order kinetics. One-compartment models best describe mono-
exponential (log-linear) elimination kinetics (Fig. 2). Two-compartment
kinetic models demonstrate identifiable distribution and elimination phases
where competing elimination rates govern both the distribution and elim-
ination phases (Fig. 3).

Analysis of concentration-versus-time data optimally co-models
plasma samples and ocular samples simultaneously for pharmacokinetic
parameter estimation (16). Pharmacokinetic analyses of these data provide
apparent volumes of distribution and areas under the concentration-versus-
time curve of the serum and peripheral compartments as part of the phar-
macokinetic parameter identification procedure. AUCs are determined by
numerical integration (or trapezoidal approximation). The calculated
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Figure 2 On-compartment open model. The figure depicted shows the pharmaco-
kinetic model for changing drug concentrations in the eye, where drug is injected
directly into the vitreous either as a bolus [d(?)] or rapid prolonged-bolus (infusion)
[F(?)]. Infusion of drug into the eye is of fixed rate F(¢) and known duration. k,; is a
first order removal rate constant from the eye. k,; is the rate of removal of drug due
to active pumping. Amt, is the drug amount in the eye compartment. Given most
achievable concentrations, this behaves in a pseudo-linear fashion. C, =
Concentration in the eye; ¥, = volume of distribution of the eye.
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Figure 3 Two-compartment open model. Rates of change in drug concentrations
in the eye can alternatively be described by a two-compartment open model, where
Ceep and V., , represent drug concentrations and apparent volumes of distributions
in the central, eye, and peripheral compartments, respectively. F, k,; are as defined
previously. k., k., k.. and k,, are first-order transfer rate constants, and k,; is a first-
order elimination rate constant. V, is as previously defined; V., = volume of central
compartment. Amt, = Drug amount in the central compartment; Amz, = drug
amount in the peripheral compartment; Amt, = drug amount in the eye compart-

ment.
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volumes of distribution do not necessarily correspond to real anatomical
tissue space. They are proportionality constants, which relate observed drug
concentrations to the amount given. Since ocular compartment volumes are
much smaller than the central compartment, the volume of the ocular com-
partment can be fixed at the physiologically determined mean values to
improve identification of the other parameters. The mean drug concentra-
tions after a single dose (or at steady state) are inversely proportional to the
AUC. Since the AUC is related to average observed concentrations, the
ratio of serum (plasma) AUC to aqueous/vitreous humor AUC provides
the most accurate determination of drug penetration into the eye (Fig. 4).

B. Statistical and Population Approaches to Ocular
Pharmacokinetics

Optimally, one would like to extend the ocular pharmacokinetics knowledge
base to patients. This has been made possible by the recent transfer of
adaptive control theory and optimization methods from control systems
engineering to the field of pharmaceutical pharmacokinetics/pharmacody-
namics (PK/PD). These combined mathematical and statistical tools enable
the robust determination of population pharmacokinetic mean parameter
values and their dispersions from fragmentary data. There is now software
available to support these population-modeling approaches, such as the
nonlinear mixed effects modeling (NONMEM) (89), nonparametric expec-
tation maximization (NPEM?2) (88), an iterative two-stage (IT2S) popula-
tion modeling software package (37,38,93) and WinNonMix (Pharsight
Corporation, Mountain View, CA). These algorithms have been validated
and employed to obtain population pharmacokinetic parameter values from
sparse pharmacokinetic data sets (13,29), and comparisons of these
packages are available in literature (57,76,77,98).

The utility of these mathematical models can be readily extended to
the patient care situation. Most notably, adaptive population models
require only a single pair of data where a prior complete kinetic data set
exists to begin analysis, no matter how many system parameters are avail-
able in the population pharmacokinetic model. Thus, each new data set
supplements the population data, which keeps the general population data-
base growing. Most importantly, the more data samples that are obtained
for an individual patient, the more patient-specific the model parameter
estimation becomes, thereby resulting in customized therapy.

We have used a population modeling approach to characterize ocular
pharmacokinetics. We used IT2S population modeling software to charac-
terize and validate this approach following systemic administration of cipro-
floxacin in a rabbit model (29). Sequential serum samples were obtained in
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Figure 4 Simulation of mean concentrations of sparfloxacin in the serum and
vitreous humor of rabbits following a single intravenous bolus (40 mg/kg) using
mean pharmacokinetic parameter estimates from observed data. Penetration was
expressed as a cumulative percentage by dividing the area under the concentration
versus time curve (AUCQC) in the vitreous by that in the serum.

different subjects along with a single, sequential vitreous sample from one
eye in each subject. We simultaneously also obtained sequential vitreous
samples from the contralateral eye of all subjects. Data were analyzed by
IT2S to determine the robustness of pharmacokinetic estimates obtained
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from single data point experiments. Penetration and derived pharmacoki-
netic constants were equivalent when single or complete ocular data sets
were used. This finding suggests that intensive plasma sampling and opti-
mized single sample experimental design holds promise for the analysis or
penetration of drugs into privileged spaces, such as the eye and CSF, from
which only single samples can be obtained.

C. Pharmacodynamics

Pharmacodynamics characterizes the relationship between drug concentra-
tions (pharmacokinetics) and a quantifiable effect. Modeling this relation-
ship using different dose schedules and determining the effect of derived
pharmacodynamic relationships provides a robust approach to optimize
therapy. While this approach has primarily focused on antimicrobials, it
also can provide useful information for pharmaceutical agents used in the
therapy of ocular disease. There has been a long-standing controversy
regarding the relative merits of continuous, intermittent, and single dose
administration on drug penetration into extravascular foci. It has been
argued that the high peak levels achieved by intermittent administration
may be more effective than low sustained levels in reaching protected com-
partments. These questions are best answered via pharmacodynamic analy-
sis. For bacteria and fungi, there are three pharmacodynamic relationships
that correlate response to exposure (Fig. 5): the ratios of the area under the
concentration-time curve to the MIC (AUC/MIC), the maximal concentra-
tion to the MIC (C,,,,/MIC), and the time the drug concentration is above
the MIC (time > MIC). The MIC and the 50% inhibitory concentrations
(ICsp) often closely approximate one another and are often used to signify
the same relative effect. These exposure-therapeutic response relationships
are used for the selection of the best dose and dose-schedule treatment
strategies. To optimize outcome for time dependent drugs, the total daily
dose of these compounds is administered in multiple equally divided doses
(or as a continuous infusion) over 24 hours. Optimal outcome for peak
concentration dependent agents is seen in a single large drug dose per
day, while AUC-driven drugs are schedule independent. Pharmacodynamic
determinants that link microbial response and antimicrobial exposure have
been well characterized in the field of antimicrobial chemotherapy
(28,30,31,36-38,79,87). The characterization of the pharmacodynamically
linked variables requires the determination of a readily measurable out-
come. Once this has been established, separate pharmacokinetic and phar-
macodynamic experiments may be designed. Data from these experiments
may be analyzed separately, or pharmacokinetic data can be incorporated
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Figure 5 This figures shows the relationship between pharmacokinetic data and
the minimum inhibitory concentration (MIC). The relationships that correlate with
outcome for antimicrobial agents discussed in the chapter are shown.

into the nonlinear dynamic model analysis. This approach takes advantage
of the potential strengths of population modeling outlined above.

Pharmacodynamically based studies comparing the outcome of rabbits
with S. epidermidis endophthalmitis treated with either ciprofloxacin or
trovafloxacin [drugs for which ocular outcome correlates with the AUC/
MIC ratio (29) support the utility of PK/PD approaches in optimizing the
design of future studies and characterizing the relationship between antimi-
crobial drug exposure and microbial response for ocular infections (46).
Pharmacodynamic modeling may also be useful in determining the optimal
mode of systemic drug administration for infectious and noninfectious ocu-
lar disease. For example, quinolone antimicrobials show excellent serum
and, often, ocular bioavailability following oral administration. Ocular
AUC:s following systemic drug administration are independent of the sche-
dule of drug administration (single dose, intermittent dose, or continuous
infusions) for a given total exposure (56). As a result, for quinolones that
show good ocular penetration [e.g., levofloxacin or sparfloxacin, but not
ciprofloxacin (47,53)], outcome should be similar following intravenous
and oral dosing as long as the AUC/MIC ratios are equivalent. On the
other hand, for drugs for which the pharmacodynamically linked parameter
is the C,,x/MIC ratio, intravenously administered agents would be pre-
ferred to those given orally.
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VIl. SUMMARY

Despite the potential benefits of parenteral drug administration as adjunc-
tive or alternative therapy in ocular diseases, there are limited data char-
acterizing ocular pharmacokinetics following systemic drug administration.
New population modeling tools for pharmacokinetic data analysis have
made it possible to obtain precise and unbiased estimates of the population
kinetics for chemotherapeutic agents in a privileged site such as the eye
through the use of a complete set of concentration-versus-time profiles as
prior estimates plus discreet single serum eye compartment concentration
determinations. This approach can be readily extended to the patient care
situation to provide optimal information for dose and schedule development
and customized patient care management. These methods will prove useful
for determining the role of systemically administered drugs in achieving the
best outcomes for patients with serious eye disease.
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Ocular Pharmacokinetics and
Pharmacodynamics

Ronald D. Schoenwald
College of Pharmacy, The University of lowa, lowa City, lowa, U.S.A.

. INTRODUCTION

The study of pharmacokinetic processes—absorption, distribution, and
elimination—is fundamental to determining the appropriate dosing regimen
for an individual patient administered a drug by systemic routes.
Pharmacokinetics has also been indispensable in designing an improved
therapeutic agent or the means by which it is delivered. Quite often, phar-
macokinetic analyses of systemically useful drugs is approached by dividing
the body into a series of compartments that mathematically represent tissue
levels of drug over time as a summation of exponentials. The number
of compartments that are chosen are equal to and limited by the number
of exponentials that can be assigned to the concentration of drug found in a
particular body tissue and/or fluid over time.

The compartments are often interpreted physiologically or anatomi-
cally to contain tissues and/or organs which are ‘“‘kinetically homogeneous.”
The term kinetically homogeneous compartments refers to tissues and/or
organs that show similar if not identical kinetics for certain drugs even
though the tissues and/or organs within the compartment may be dissimilar
physiologically or anatomically. Although the rates within these groups of
tissues and/or organs are similar for a particular drug, the extent of drug
distribution to each is usually not equal.

The ophthalmic literature contains many reports of drug concen-
trations measured in eye tissues over time, administered either topically,
subconjunctively, orally, intravenously, or vitreally. The latter route of
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administration has been of major interest because of the prevalence of cyto-
megalovirus retinitis associated with human immunodeficiency virus (HIV).
When classical pharmacokinetic approaches (compartmental modeling)
have been applied to ophthalmic drugs, a number of limitations have
been found to restrict the usefulness of pharmacokinetics in the practice
of ophthalmology. Noncompartmental approaches, such as moment analy-
sis, circumvent the difficulty in choosing anappropriate compartmental
model, but the assumption of linearity remains, as do various intractable
experimental difficulties. Consequently, the majority of the ocular phar-
macokinetic reports do not employ a classical approach but focus on
whether or not drug reaches target tissues and whether or not the tissue
concentrations are within the therapeutic range.

Limitations on the use of classical pharmacokinetic approaches, diffi-
culties in designing and implementing animal studies for the eye, as well as
interpretation of the results obtained from animal models are discussed in
the following sections.

Il. LIMITATIONS ON THE PRACTICAL USE OF CLASSICAL
MODELING

At the present time it is not possible to predict optimal dosing regimens in
the human eye for different drugs or for the same drug in different dosage
forms. The most significant reason for not conducting ocular pharmacoki-
netic studies in the human eye is the inability to sample tissues or fluids from
the intact eye without risking pain and/or injury. Although the rabbit eye is
useful in predicting human ocular toxicities (1), the eyes of each species are
dissimilar in anatomy and physiology (see Table 1) such that predicting
human ocular pharmacokinetics from rabbit data may not be very precise
for certain drugs.

As a further complication in predicting human ocular pharmacoki-
netics based upon animal data, samples from eye tissues cannot be contin-
uously sampled over time. Although a number of tissues can be removed
quickly and precisely from the rabbit eye, a different animal is used to
determine drug concentration at a single time point, increasing intersubject
variability. From this pooling approach a kinetic profile of drug concentra-
tion over time is constructed from a number of rabbits, which are sacrificed
at each time point. As many as 150-250 rabbit eyes may be required to
complete a statistically significant bioequivalence test between two ophthal-
mic drugs. It is often assumed that a representative pharmacokinetic profile
can be constructed from ““noncontinuous sampling” if enough time intervals
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Table 1 Anatomical and Physiological Differences in the New
Zealand Rabbit and Human Eye Pertinent to Ophthalmic

Phamacokinetics

Pharmacokinetic factor Rabbit eye Human eye
Tear volume 7.5 uL 7.0-30.0 pL®
Tear turnover rate 0.6-0.8 pL/min  0.5-2.2 pl./min
Spontaneous blinking rate® 4-5 times/min 15 times/min
Nictitating membrane® Present Absent

pH of tears d 7.14-7.82
Milliosmolarity of tears d 305 mOsm/L
Corneal thickness 0.40 mm 0.52 mm
Corneal diameter 15 mm 12 mm
Aqueous humor volume d 310 uL
Aqueous humor turnover rate ¢ 1.53 pL/min

% Range depending on blinking rate and conjunctival sac volume.

® Occurs during normal waking hours without apparent external stimuli.

¢ Significance of nictitating membrane is small relative to overall loss rate
from precornea area.

4 Approximately same measurement as human.

and sufficient eyes per time interval are chosen, but this number is not
always based on a sound statistical approach.

A. Approaches Designed to Overcome the Pooling of
Individual Samples

Because of the use of pooled data obtained from animal eyes, pharmacoki-
netic profiles of various ocular tissues are limited in their interpretation of
the data. Sophisticated models that more adequately explain the data are
often too complex and tend to be overly scattered and not as smooth as data
obtained in a serial fashion. Therefore, the models have to be oversimplified.
As a result of the oversimplification of the modeling and the use of animal
eyes instead of human eyes, the value of ocular pharmacokinetic studies are
limited to:

1. Validating the minimum effective concentrations in various
tissues from different routes of administration

2. Determining the best route of administration for entry into the
eye as well as accumulation at the site of action

3. Determining the elimination half-life, which can serve as a guide
to selecting dosing regimens for further study
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4. Estimating the safety of various drugs by determining their
accumulation in tissues of interest, such as the lens or retina

Approaches to extending the application of pharmacokinetics have recently
focused on two approaches: serial sampling and microdialysis.

1. Serial Sampling

Serial sampling has not been advocated as a reliable method for obtaining
samples from animal eyes because of the possibility of a breakdown of the
blood-aqueous barrier, resulting in an alteration of the drug clearance from
the eye. Studies by Tang-Liu and coworkers (2,3) established that for a
single intracameral injectkion of 5 pL solutions containing flurbiprofen or
levobunolol, no significant breakdown of the blood aqueous barrier had
occurred since protein concentration was <1 mg/mL. However, serial sam-
pling is a repetitive process not just a single injection. Miller et al. (4) studied
the effect of paracentesis on the pharmacokinetics of fleroxacin following
direct intravitreal or systemic drug administration and serially measuring
drug levels in serum, aqueous, and vitreous humor. Samples were obtained
from aqueous humor with the use of a sterile 30-gauge needle fused to a
calibrated 20 uL capillary tube. A volume of 7 pLL was removed at each time
interval. A 28-gauge needle was used to sample vitrous humor and 20 uL
samples were removed. Figure 1 gives the results, for which no statistically
significant differences were observed in assigning a correct model for the
data, nor were there significant differences in the half-lives for serum, aqu-
eous, and vitreous humor—2.34,3.20, and 3.88 hours, respectively. Similar
experiments with similar results were conducted for the pharmacokinetics of
amikacin and chloramphenicol in rabbit aqueous humor following anterior
chamber injection and serial sampling using 30-gauge needle and removing
7 uL of aqueous (5).

2. Microdialysis Approach

The microdialysis approach was widely used in the analysis of drugs in brain
tissue and cerebral spinal fluid with the intention of measuring free drug
concentration at the sampling site (6,7). More recently the approach has
been adapted for use in the eye, particularly in the measurement of aqueous
and vitreal humor concentrations of drug (8—12). Its primary advantage is to
measure complete concentration-time profiles in individual animal eyes,
reducing the number of animals required, and to more accurately define
the pharmacokinetics of ocular drugs.

The procedure consists of surgically placing a probe within the aqu-
eous or vitreous chambers of an anesthetized animal. The microdialysis
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Figure 1 Average concentrations of fleroxacin in serum, aqueous humor and
vitreous humor following intravenous administration to 10 rabbits. (Adapted
from Ref. 4.)

probe is designed to allow for perfusate to flow into and out of the unit at a
fixed rate, usually 2-3.5 pL/min. The base of the probe is constructed with a
semipermeable membrane (e.g., a 4 mm polycarbonate membrane with a
20,000 dalton cutoff), which allows drug to diffuse into a perfusate (11).
Probe inlet and outlet lines allow for collection of dialysate and analysis of
drug over time. It is essential for the percent relative recovery to be deter-
mined so that accurate concentrations can be estimated, which may likely
vary depending on the membrane used in the probe, the size of the probe
and the perfusion rate. For example, reported values for propranolol and
two nucleoside antivirals (ganciclovir and acyclovir) were 46 and 15%,
respectively (12,13), when probe and perfusion rate varied. Of concern is
the insertion of the probe, which appears to result in an increase in protein
concentrations in aqueous humor (12), suggesting an alteration of clearance.
The use of systemic anesthesia has also been shown to alter the pharmaco-
kinetics of propranolol by increasing the area under the aqueous humor
time-concentration plot, possibly by decreasing aqueous humor turnover
(12). Nevertheless, results using this technique have reduced the number
of animals needed to estimate ocular pharmacokinetic parameter values
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and have produced curves that are smooth in appearance and, therefore,
more reliable in itnerpreting the fitting of models to the results.

lll. ADEQUATE CHOICE OF TIME INTERVALS

Studies using pooled data from different rabbits often use as few as 4 or 5
rabbit eyes per time interval or as many as 22, depending on the objective of
the study (14-19). A statistical basis for choosing an appropriate number of
rabbit eyes in ophthalmic bioavailability studies has been established using
areas under the concentration-time curve (AUC) (20,21). The AUC is
related to the extent of absorption, which, similar to systemically adminis-
tered drugs, is most important in determining therapy for chronic medica-
tion. The rate of absorption into the eye is less precise a measurement and
also less pertinent to chronic therapy.

How many intervals and the length of time between each interval has
not always been decided upon using a rational approach. Some general
guidelines can be applied based upon the importance of absorption, distri-
bution, and elimination to the kinetic profile. Each kinetic process is practi-
cally complete after five half-lives (96.875%); therefore, if the half-life for
each kinetic process is known or can be easily arrived at, the theoretical
length of time that should be used to generate a concentration x time profile
can be estimated (see Fig. 2).

A. Elimination Phase

Elimination of drug from the eye is the least complicated process and can be
discussed first. It occurs over the entire concentration-time profile, and as
long as it is the slowest of pharmacokinetic processes, the latter log-linear
phase of the drug concentration-time profile represents the elimination
phase and its slope allows for the calculation of elimination half-life and
the time necessary for completion of the process. For example, the half-life
for elimination of foscarnet from rabbit vitreous humor is 34 hours (18)
after intravitreal injection; therefore, the process is complete in 5 x 34 hours,
or 170 hours. Foscarnet can be measured to a sensitivity of 4.5 pg/mL using
an electrochemical detector with high-peformance liquid chromatography
(HPLC) methodology (22).

In general, at least four or five time intervals should be spaced over the
latter log llnear phase following the completion of distribution within the
eye. For drugs with a much shorter half-life and a less sensitive assay than
foscarnet, a practical limitation to measuring drug in the postdistributive
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Figure 2 Sampling times and critical problems associated with measuring absorp-
tion, distribution, and elimination of an ocularly administered drug.

phase is the sensitivity of the assay, which could limit measuring the decline
of the drug over three to five half-lives.

B. Absorption Phase

For many years absorption has been assumed to occur via the cornea;
however, recently, scleral routes of administration have been suggested as
routes of entry into the eye. Absorption is complex to estimate in the eye
since lag time and drainage lengthen and shorten, respectively, the length of
time that the absorption process is operative. For example, the first-order
absorption rate constant (k,) for phenylephrine is 4.5 x 10~ min~', which
gives a half-life of 128.3 hours; however, drainage permits drug to remain at
the corneal absorption site for approximately 3—6 minutes only, depending
on the volume and viscosity of the instilled solution (16,23-26).
Consequently, the absorption process is abruptly terminated from theo-
retical expectations. The short residence time of drug at the absorption
site results in exceptionally poor bioavailability.

Phenylephrine is atypical since it is very hydrophilic and transverses
the cornea at a very slow rate. On the other hand, pilocarpine is moderately
lipophilic and therefore more rapidly absorbed. Nevertheless, the difference
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between the theoretically expected time and the actual time during which
absorption occurs remains large. For example, Makoid and Robinson (27)
reported an accurate k, of 6.2 x 10~ min for pilocarpine 15, which gives an
absorption half-life of 111.8 minutes and predicts that the process is com-
plete in about 10 hours. However, the drainage rate constant is approxi-
mately 100 times larger with an estimated completion of the process in about
6 minues (27). As a result of the very short residence time of drug at the
absorption site, the extent of absorption of ophthalmic drugs is about
1-10% (2,14,16,19,28).

The initial time for drug to transverse the cornea, referred to as the lag
time, is sufficiently long that most often the time to peak occurs over a much
longer time period than the time that a drug solution resides on the cornea
(i.e., 3—6 min). The majority of ophthalmic drugs require between 20 and 60
minutes after instillation to reach the time to peak. Therefore, a reasonable
time period exists so that up to three to four time intervals can be chosen to
characterize the absorption phase. Because of the very low extent of absorp-
tion for ophthalmic drugs as well a the large correction needed for the
drainage rate, the classical deconvolution techniques (Wagner-Nelson and
Loo-Riegelman) (29) cannot be used without severely overestimating the
first-order absorption rate consta,t k,,.

The other routes of administration that have been suggested as routes
of entry into the eye are penetration across the conjunctiona/sclera (30) and/
or absorption via vessels imbedded in the conjunctiva and sclera (e.g., ante-
rior ciliary artery). Vessels embedded in the conjunctiva/sclera only partially
empty into sites of action within the eye (i.e., the iris/ciliary body) (31).
These routes of entry are in parallel and also contribute to the total value
for k,, the absorption rate constant.

The competing processes, referred to as nonabsorptive processes, have
been specifically defined as drainage, conjunctival absorption with ultimate
emptying into venous circulation, nictitating membrane absorption, tear
turnover, drug-tear protein binding, and drug metabolism (16).

C. Distribution Phase

In an ideal curve, a distribution phase can be identified visually as the
concave portion of the log concentration-time curve immediately following
the time to peak. The latter log linear phase is the elimination or postdis-
tributive phase (see Fig. 2). The distribution phase, which is expected to be
shorter than the elimination phase, cannot be visually identified as easily as
absorption and elimination. Depending on the numerical relationship
between the microtransfer constants associated with drug disposition, it is
possible that the profile representing drug concentration over time cannot be
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characterized by the proper number of exponentials. Often one less expo-
nential than actually exists, paticularly when k,; > k, and alpha > k, (32).
In addition, the concave portion of the log concentration-time curve may
not be apparent because distribution is rapid. On the other hand, when drug
concentrations from just after the time to peak to the beginning of the
postdistributive phases are concave to the time axis, then the distributive
phase is discernible and the concave portion of the profile should be repre-
sented by an additional two to four time intervals.

As indicated in Figures 2, 10-12 time intervals will suffice if they are
properly chosen to represent absorption, distribution, and elimination.
However, if variabiilty is too great, a larger number of eyes could be chosen
at each interval to characterize adequately the drug’s ocular pharmacoki-
netics. It is assumed that a smooth representative profile will result if a large
enough sample size is chosen and pooling of individual rabbit eyes is used.
For bioequivalence, the time to peak (z,) is a critical concentration to obtain
since it represents a maximum concentration. Because of the relatively large
and constant nature of the drainage rate for topically administered solutions
and suspensions, the #, only varies from about 20 to 60 minutes for ophthal-
mic drugs regardless of a drug’s physicochemical behavior. As discussed
previously, in practice the distribution phase is usually not apparent either
because of inherent variabiilty or because the magnitude of the microcon-
stants representing distribution to peripheral tissues prevents observation of
the characteristic concavity shown in Figure 2.

D. Other Factors Influencing Choice of Sampling Times

Unfortunately, more subtle factors may be operating to complicate the
choice of sampling times and obscure the expected shape of the profile
shown in Figure 2. For example, for some drugs, most notably cyclospor-
ine (19,33,34), pilocarpine (35), and verapamil (36), rapid equilibration
with aqueous humor is not apparent. As a result, the terminal log-linear
elimination phase of the concentration of drug in aqueous humor vs. time
is difficult to identify unless time intervals are extended well beyond what
is usually considered adequate for ocular studies (i.e., 2-5 hours). For
pilocarpine, when drug concentration was measured for 11 hours, a bi-
exponential decline was evident and an elimination half-life of 2.75 hours
was observed (27) compared to earlier studies, which estimated the half-life
to be about 40-60 minutes. However, the latter log-linear decline of
pilocarpine may be due to residual drug slowly redistributing from the
lens. Since these levels are low and released slowly, the use of 40-60
minutes is probably better in practical situations. For cyclosporine, the
distribution phase was not apparent for 8—10 hours after subconjunctival
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administration (34). Acheampong et al. (34) observed that cyclosporine in
both rabbit and beagle dogs accumulated significantly in the cornea, lens,
lacrimal gland, and iris/ciliary body. These tissues acted as reservoirs to
prolong retention in the eye likely because of the drug’s lipophilic nature
and poor water solubility.

Another limiting factor is the sensitivity of the assay. Significant
advances have been made in recent years so that it is not necessary to
prepare a radioactive tracer for adequate detection of drug in eye tissues.
HPLC with ultraviolet, radioactive, or fluorescence detectors, laser scanning
confocal Raman spectroscopy, or radioimmunoassay can measure drug
concentrations in ocular tissues at levels as low as 1 ng per mL or g of tissue
(37-43).

IV. OCULAR PHARMACOKINETIC MODELING

Although there are intractable difficulties in clearly and unambiguously
defining pharmacokinetic parameters exclusively for the eye, such as clear-
ance, volume of distribution, as well as rate and extent of absorption, it is
also true that ophthalmic drugs are a relatively small commercial market
compared to systemically adminstered drugs. Nevertheless, the classical
pharmacokinetic approach of expressing the concentration-time curve
into a sum of exponentials has been applied to the eye (4,13,14,17,19,28,
36,44-51), but much less extensively than other routes of administration.
At the present time, limited application has resulted from these studies in
developing new ophthalmic drugs with optimal pharmacokinetic behavior
or more specifically in estimating dosing regimens.

Although the classical pharmacokinetic approach has limitations
when applied to the eye, in situ or in vitro experiments have been developed
that directly measure kinetic phenomena and are more accurate when com-
pared to results obtained from classical compartmental approaches. Very
specific techniques have been developed to measure precorneal drug dis-
position, permeability of various corneal layers, metabolism is various eye
tissues (52,53) and to measure fluorescein kinetics, which have led to
the understanding of tear, aqueous, and vitreous dynamics (54,55) and
have been responsible for the development of very useful clinical applica-
tions. These latter approaches are discussed in another chapter.

A. Classical Modeling Approaches

Initially, a classical pharmacokinetic approach is applied to concentration-
time curves derived from topical instillation to the eye in much the same
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manner as data derived from systemically administered drugs. The curve is
first expressed by a computer-determined sum of exponentials, which closely
fit the experimental data and likewise show no systemic deviation. In the
eye, aqueous humor is most often assigned to the central compartment,
which is reversibly connected to one or more peripheral compartments
and/or a reservoir compartment in the various models (or schemes) that
have been derived. This choice is compatible with physiological reality
since aqueous humor, which fills the anterior and posterior chambers, is
the circulating fluid bathing the peripheral tissues. Drugs instilled topically
on the eye primarily reach the first third of the eye, which encompasses
these regions. Topically applied ophthalmic drugs do not reach the retina
in significant concentrations. Consequently, models can be devised that treat
the viscous region as a central compartment particularly when drug is
administered intravitreally.

In the eye, the cornea, conjunctiva, lens, iris/ciliary body, choroid, and
vitreous are specific tissues that are often lumped together into one or more
peripheral compartments. A peripheral compartment can be reversibly con-
nected to a central compartment, but if redistribution into aqueous humor is
negligible or nonexistent, peripheral tissues can act as a sink or reservoir
compartment. The exit out of the eye is into the blood or circulating fluid of
the body.

Figure 3 lists the classical compartmental schemes most commonly
applied to ophthalmic drugs following topical application. For many
years pilocarpine received the most attention (35,44-47). More recently,
publications focusing on classical modeling have decreased, but those that
have been published used a varied assortment of drugs for study
(5,19,22,36,40,48—51). The most appropriate model seems to depend heavily
on the design of the study (i.e., number and length of sampling periods and
number of tissues measured for drug content over time), the specificity and
sensitivity of the assay, the sophistication of the curve-fitting routine used to
analyze the data, and the likelihood that the data can be interpreted by a
complex modeling scheme. When aqueous humor or vitreous concentrations
of drug are measured over time, either mono- or biexponential equations
adequately describe the disposition of drug (5,13,14,22,49-51).

Since it is relatively easy to remove cornea, conjunctiva, lens, iris/
ciliary body, and/or choroid tissues along with aqueous humor, the assign-
ment of barriers and peripheral and/or reservoir compartments is not
particularly difficult with the exception of the cornea. Although the
cornea is clearly a physical barier to drug entry into the anterior chamber,
it is actually divided into three significant kinetic barriers: the multilayered
lipophilic epithelium, the aqueous-like stroma, and the single-celled
lipophilic endothelium. The specific corneal permeability rate for each
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Figure 3 Classic pharmacokinetic schemes used to express compartmentalization
for topically applied ophthalmic drugs. PC = precorneal area; EP = corneal epithe-
lium; AH = aqueous humor; P = peripheral or intraocular tissues accessible from
aqueous humor; ST/AH = stroma, endothelium and aqueous humor (i.e., kinetic
homogeneity), RE = reservoir (i.e., blood and systemic fluids).
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drug depends on the drug’s partitioning properties and molecular weight
relative to the individual properties of each barrier (56-62). The sum of the
resistances of each layer represents the apparent corneal permeability rate.
However, for pilocarpine a closer study of its kinetics in each barrier by Lee
and Robinson (44) indicated that the stroma and endothelium could be
more correctly associated with the aqueous humor compartment, and
only the corneal epithelium was a barrier for entry of drug into the anterior
chamber. Although the endothelium is lipophilic, it is only one cell thick and
is apparently not as significant a barrier as the much thicker, more tortuous
epithelium with 9 or 10 layers.

This latter division of corneal layers into a single epithelial barrier and
the assignment of stroma and endothelium into a compartment along with
aqueous humor may be correct not only for pilocarpine, but also for other
hydrophilic drugs for which the epithelium is the major significant barrier.
Water-soluble drugs of relatively small molecular weight ( <500-900) likely
penetrate the epithelium predominantly by paracellular pathways (30,53).
Consequently, as long as the drug is soluble, a high topical concentration
can be applied tot he cornea to promote a high penetration rate and over-
come poor penetrability.

B. Pharmacometric Measurements

Today computer curve-fitting routines are designed for microcomptuers to
easily accommodate mathematical treatment of tissue concentrations of
drug over time (63). Regardless of the statistical approach employed to
arrive at the best representation of the data, it is desirable to characterize
and express absorption, distribution, and elimination of drugs. Over the
years, attempts that have been made to express pharmacokinetic drug beha-
vior are the fraction absorbed (F'), the first-order rate absorption rate con-
stant (k,) or the time to peak (z,), the volume of distribution (V,), and
clearance. Clearance is expressed as either excretory (Cl,), metabolic (Cl,,)
or their total, which represents elimination out of the “body’ (CI,). In the
eye, Cl, becomes ocular clearance, C/,. Noncompartmental approaches can
be used, for which mean residence times can be calculated to define ocular
pharmacokinetics (21,42,51,52). On occasion, no parameter values are given
other than half-lives; however, tables are presented summarizing various
tissue levels over time (16,34,64). Strictly speaking, classical linear models
as well as noncompartmental approaches require that processes follow first-
order kinetics and the superposition principle. These assumptions are some-
times not confirmed with ocular pharmacokinetic data, mostly because of
intersubject variability, which is often significant enough that reasonable
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experimentation is not adequate. Difficulties in measuring ocular pharma-
cokinetic behavior are discussed in more detail in the following sections.

1. Absorption

As discussed more fully in another chapter, the rate and extent of ophthalmic
drug absorption is restricted largely by noncorneal absorption in the precor-
neal area and the drainage rate. The latter process, because of its rapidity,
limits the ocular contact time for drugs residing at the absorption site to
about 3-6 minutes, whereas the rate and extent of penetration across the
cornea is restricted by the physicochemical properties of the drug and/or its
formulation (14-16,65-69). Drug may also enter the ey by scleral penetration
(30,31,53,70-72) or by uptake of drug into the anterior ciliary artery (31).

a. Fraction Absorbed. For drugs administered systemically, the frac-
tion absorbed is determined by taking the ratio of the area under the plas-
ma concentration-time curve or the total amount excreted in the urine for
a bolus intravenous dose and an oral dose, respectively. When applied in
an analogous manner to the eye, a small volume of drug is injected intra-
camerally using a small-bore needle and in a separate group of animals is
given topically, each followed by sampling of aqueous humor and measur-
ing drug concentration over time (2,3). When given topically, the fraction
absorbed for 75 pg and 150 pg ocular doses of flurbiprofen was 10 and
7%, respectively.

Patton and Robinson (46) estimated the fraction absorbed using a
different approach. Topical dosing studies were conducted in both anes-
thetized and awake rabbits and with the drainage ducts plugged and
unobstructed. Pilocarpine ntirate was measured as the disappearance of
drug from the tears of rabbit eyes whose ducts had been plugged and also
as appearance of drug in aqueous humor in both experiments. After correct-
ing for dilution due to tear production and determining the areas under the
tear concentration-time curve (AUC), the fraction absorbed in anesthetized
rabbits whose ducts had been plugged was calculated as 0.0187. Equation
(1) was used to calculate F:

FD

AUC = N (1)
In Eq. (1), D is the instilled dose (25 puL), kq is the loss of drug from the
precorneal area (1 x 107> min~'), and ¥ is estimated as 0.3 mL.
Extrapolating the results to normal rabbits, assuming a volume of distribu-
tion approximately equal to the aqueous humor volume, and assuming that
negligible drug distributes out of the aqueous humor were approximations
required in order to estimate F.
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Since drug absorption across the cornea and loss of drug from the
precorneal area are parallel loss processes, it was possible to confirm the
results of Patton and Robinson (46) by the use of Eq. (2):

kg

F= ko +k, @
The fraction absorbed for a 25 pL instilled dose of pilocarpine nitrate in the
rabbit eye was estimated to be 1-2% (46,47). Using Eq. (2), Chiang and
Schoenwald calculated that for a 30 pL dose of 0.4% clonidine, an F of
1.6% was calculated for the rabbit eye (28).

Ling and Combs (73) compared the areas under the concentration-
time curves for ketorolac tromethamine 0.5% administered topically (50 pL)
and intracamerally, respectively. The ratio of the areas indicated a fraction
absorbed of 3.7%. An identical approach was used by Tang-Liu et al. (3) in
determining that 2.5% of the instilled dose of levobunolol was absorbed
after a topical dose (50 pL of 0.5%), similar in range to other drugs
administered topically.

b. Rate of Absorption. The loss of drug from the precorneal area is
a net effect of tear secretion, drainage, and noncorneal and corneal ab-
sorption rate processes. When drug concentration in aqueous humor is de-
scribed biexponentially, the latter, shallower log-linear slope represents
elimination out of the eye, whereas the steeper slope is the net effect of
the precorneal processes. Because the drainage rate is approximately 100
times more rapid than k, (44,46), it is correct to assign the more shallow
log-linear slope from aqueous humor concentration-time curves as elimi-
nation from aqueous humor. Consequently, estimation of the steepest
slope and subsequent calculation of k, can be obtained from nonlinear
curve-fitting techniques if the other precorneal processes are known.

Table 2 lists drugs for which k, has been estimated. These values, when
interpreted as half-lives, show how slowly drug is actually absorbed across
the cornea. Because of the very rapid loss of drug from the precorneal area,
and in particular the drainage rate, it is not surprising to find that only a
small fraction of the instilled dose is actually absorbed across the cornea. In
addition, the cornea is relatively thick, variable in hydrophilic/lipophilic
properties for each layer, and small in surface area. These factors, along
with the rapid precorneal loss rate, combine to have a significant effect on
the time to peak following topical instillation of drugs to the eye regardless
of the drug’s physicochemical properties or its elimination rate from internal
eye tissues. In general, the time to peak is 2060 minutes for nearly all
ophthalmic drugs when instilled topically to the eye. This has been shown
by Makoid and Robinson (27), who determined the ophthalmic pharmaco-
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Table 2 Transcorneal First-Order Absorption Rate Constant and
Accompanying Half-Life for Corneal Absorption

Drug ko (min™")  #,5(h)  Ref.
Pilocarpine 0.004 2.88 44
Clonidine 0.0014 8.25 28
Ketaprofin 0.0000462 250 52
Phenylephrine 0.00001 1155 120
Ibuprofen 0.00129 9 51
Ibufenac 0.00608 19 51
Ethoxyzolamide 0.0015 7.7 76
Aminozolamide 0.0014 8.25 78
2-Benzothiazolesulfonamide 0.0013 8.88 76
6-Hydroxyethoxy-2-benzothiazolesulfonamide  0.0042 5.37 76
N-Methylacetazolamide 0.00126 9.17 121
Acetazolamide 0.00153 75.5 121

kinetics of pilocarpine following topical application to the rabbit eye. From
their work an equation was developed for #,,:

| Inle/k,)

3)
’ Kna - Ka

In Eq. (3), k,, and k, are the nonabsorptive loss rate constant and the
transcorneal absorption rate constant, respectively. Equation (3) assumes
that k,, is much larger than uptake into the epithelium of the cornea
from the precorneal area. This assumption can be applied to most, if
not all, ophthalmic drugs, since k,, is approximately twofold larger
than k,.

On occasion, a drug cannot be given systemically by a bolus intra-
venous dose, and therefore equations have been developed so that a slow
intravenous infusion could be used instead (74,75). Eller et al. (76) devel-
oped a topical infusion technique for estimating the ophthalmic pharmaco-
kinetics of drugs, which was based upon noncompartmental methods. The
procedure consisted of maintaining a constant concentration of drug on the
cornea through the use of a plastic cylinder secured over the sclera, which
allowed only the cornea to be exposed to drug solution (see Table 3). A
volume of 0.7 mL is maintained over the cornea of an anesthetized rabbit
until steady-state ocular concentrations are reached. Rabbits are sacrificed
at various time intervals, ocular tissues aer excised, and then assayed for
drug content. This topical infusion approach permits an estimate of k, the
apparent volume of distribution at steady state (V,), and ocular clearance
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Table 3 Topical Infusion Method Depicting Well* and Equations®

Ocular well used for topical infusion  Equations used for topical infusion method

8 mm

_ VA(dC(//dt)r
a = CW VW

Ky T
Cly = 3b
" =TUC (3b)
{4 mm
2
4 mm _KOT AUMC K,T

k (3a)

ss = (AUC)2 T3AUC (3¢)

16 mm
Ky = (dC,/dt),V 4 (3d)

% Well is a fixed over cornea of anesthetized rabbit; drug solution is maintained at a constant
concentration for 90-160 minutes until steady-state concentrations of drug are reached in the
aqueous humor.

® K, = first-order transcorneal rate constant; ¥/, = volume of the anterior chamber; (dC,/dr) I
= initial rate of appearance of drug in aqueous humor minus lag time; C/, = ocular clearance
(nL/min); K, = constant rate of input into anterior chamber; AUC and AUMC = areas (to
infinity) under the aqueous humor concentration x time curve and concentration x time-time
curve, respectively; Cy = constant concentration maintained on the cornea over time (90-160
min); ¥y, = volume of drug solution maintained in well.

(Cl,). Figure 4 shows a semilogarithmic plot of the aqueous humor concen-
tration of ibufenac and ibuprofen following topical infusion of 0.3% main-
tained on the cornea for 120 minutes (51). Table 3 lists the equations and
pharmacokinetic parameter values for drugs for which this procedure has
been used.

2. Distribution

The volume of distribution represents a proportionality constant to relate
concentration to amount or dose and also as a relative measure of tissue
accumulation. It is the most difficult pharmacokinetic process to measure
primarily because the amuont of drug in the eye at any time is not known.
Aqueous humor is the circulating fluid of the eye, and in order to measure
V, accurately, an instantaneous input (i.e., intracameral injection) or an
injection at a known rate must be introduced. Estimates of apparent
volumes of distribution are lacking for ocular drugs. Table 4 lists values
estimated either from an intracameral injection (see figure 5) or from topical
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Figure 4 Average aqueous humor concentrations of ibufenac and ibuprofen fol-
lowing topical infusion of a 300 pg/mL solution to anesthetized rabbit eyes (n = 6)
for 120 minutes. (Adapted from Ref. 51.)

infusion. Estimating the volume of distribution for amikacin and for chlor-
amphenicol yielded values of 2.67 and 3.33 mL (5), which are about 8.5- and
10.5-fold larger than aqueous humor volume. Although these values are the
largest summarized in Table 4, they are relatively small relative to aqueous
humor volume. For systemically administered drugs, for which serum or
plasma is measured, V; can easily be 100 times larger than plasma volume,
the latter of which is about 4.3% of body weight.

Nevertheless, tissues in the anterior and posterior chamber are adja-
cent to circulating aqueous humor and therefore readily available for trans-
fer of drug. Also, protein concentration in aqueous humor is about 10% of
proteins in plasma, so that it is not likely that tissue distribution is prevented
because of binding to components in aqueous humor. Consequently, it is
surprising that V; is so small. Although accurate determinations of V; are
necessary for estimates of optimal multiple dosing regimens, few are avail-
able, mainly because of the pharmacometric difficulties in obtaining such
measurements.
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Table 4 Volumes of Distribution (V) for Drugs of Ophthalmic Interest

Drug Vy; (mL) Method Ref.
Pilocarpine 0.58 EXT? 47
Clonidine 0.53 SsP 28
Phenylephrine 0.42 SS 120
Flubiprofen 0.62 EXT 2
Ibufenac 0.21 EXT 51
Ibuprofen 0.53 EXT 51
Ketanserin 0.97 EXT 52
Amikacin 2.67 EXT 5
Chloramphenicol 3.33 EXT 5
Levobunolol 1.65 EXT 3
Dihydrolevobunolol 1.68 EXT 3
Phenylephrine 0.42 SS 120
Ketorolac tromethamine 1.93 EXT 73
Ethoxzolamide 0.28 SS 57
Aminozolamide 0.53 SS 78
2-Benzothiazolesulfonamide 0.24 SS 76
6-Hydroxyethoxy-2-benzothiazolesulfonamide 0.33 SS 76
N-Methylacetaxolamide 0.42 SS 121
Acetazolamide 0.47 SS 121

@ EXT = extrapolated method; determined by extrapolating log-linear elimination
phase #, C at t, and dividing into the intracameral dose.

>SS = steady-state method; determined by maintaining a constant concentration of
drug on the cornea of an anesthetized rabbit and measuring aqueous humor
concentrations of drug over time during infusion and postinfusion. See Table 3 for
equatiaon for Vgg.

The pharmacokinetic parameter, };, also provides a general assess-
ment of distribution. However, it does not differentiate between sites that
are active and those that are either devoid of activity of potentially respon-
sible for side effects. In lieu of making these measurements, it is not difficult
to measure eye tissue concentrations over time, which provides a direct
indication of whether or not drug distributes to the active site. In contrast
to the paucity of pharmacokinetic measurements for ophthalmic drugs,
tissue concentrations of drug have been widely reported for many years.
With recent improvements in assay methodology, tissue profiles over time
are routinely measured for ageous humor and cornea, but less frequently for
lens, iris/ciliary body, conjunctiva, choroid, lacrimal gland, and/or retina.

In the interest of therapy, it is of importance to determine the percent
of the dose that reaches a particular tissue and to determine if the concen-
trations that are reached meet and/or exceed the minimum therapeutic
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Figure 5 Average (n = 5) aqueous humor concentrations of amikacin (2 pg/uL)
and chloramphenicol (5 pg/puL) following direct injection of into the anterior cham-
ber of the rabbit eye (10 pL). (Adapted from Ref. 5.)

range. For example, in a recent study by Morlet et al. (77), ciprofloxacin,
which is active against a wide variety of bacteria, was given orally in doses of
750 or 1500 mg prior to eye surgery and then assayed for levels in blood,
aqueous, and vitreous humor during surgery. Population pharmacokinetics
was applied to the data, and the mean half-lives for loss of ciprofloxacin
were determined for aqueous and vitreous humor, which were found to be
3.5 and 5.3 hours, respectively. At steady state, the concentrations of drug in
aqueous and viterous were 23 and 17% of serum levels, respectively. The
authors concluded that the use of oral ciprofloxacin would be below the
minimum inhibitory concentration (MIC) of 0.5 pg/mL in treating bacterial
endophthalmitis or for use for perioperative prophylaxis.

It is reasonable to expect that if drug is instilled topically to the eye
and no unusual tissue affinity occurs for a particular drug, the order of
decrasing tissue concentrations are as follows: cornea > conjunctiva >
aqueous humor > iris/ciliary body > lens, vitreous, and/or choroid/retina.
Many studies (37,51,52,67,78,80,81) show that iris/ciliary body concentra-
tions are higher than aqueous humor concentrations, even though the dose
is instilled topically to the cornea. A number of reasons have been suggested
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to account for this phenomenon. For example, the drug may distribute
extensively to iris/ciliary body, but drug may equilibrate rapidly with aqu-
eous humor so that the elimination rate during distribution equilibrium is
the same as elimination from aqueous humor. If this explanation is correct,
the iris/ciliary body would have a large capacity for drug but not exhibit
an unusually high binding affinity. It is also conceivable that the binding
affinity as well as its capacity is very high so that the elimination rate from
iris/ciliary body and aqueous are not the same but drug remains in the
former tissue much longer.

This latter observation was observed by Putnam et al. (78) for amino-
zolamide, a topically active carbonic anhydrase inhibitor (CAI), which
showed a relatively slow elimination for drug as well as metabolite, 6-acet-
amido-2-benzothiazolesulfonamide, from iris/ciliary body compared to aqu-
eous humor following topical administration to the rabbit eye. In another
example, a derivative of methazolamide, 5-acetoxyacetylimino-4-methyl-
A%-1,3,4 -thiadiazoline-2-sulfonamide, is an ester prodrug that lowered
intraocular pressure in albino New Zealand rabbits but was found to be
active in pigmented Dutch Belt rabbits (79). From various studies it was
concluded that melanin binding in the iris, and to some extent metabolism
occurring only in the Dutch Belt rabbits, were valid explanations.

Alternatively, support for the possibility of high concentrations of
drug in the iris-ciliary body after topical application come from the like-
lihood that drugs reach iris-ciliary body by scleral absorption (i.e., paracel-
lular penetration) and/or uptake by vessels imbedded in the conjunctiva that
deposit drug. Certain drugs, when applied topically to the eye, may be
preferentially absorbed by the sclera, as opposed to the cornea, and enter
the iris/ciliary body without first entering the aqueous humor. In a study by
Ahmed et al. (71), corneal and scleral penectration were determined for
propranolol, timolol, nadalol, penbutolol, sucrose, and inulin. The results
of the study showed that the outer layer of the sclera provides much less
resistance to penetrabiilty for hydrophilic drugs than the corneal epithelium.
Héamadldinen et al. (30) estimated that the conjunctival and scleral tissues
were 15-25 times more permeable than the cornea and that conjunctival
permeability was less affected by molecular size than the cornea. In addition,
the total paracellular space of the conjunctiva was estimated to be 230 times
greater than that in the cornea. For lipophilic drugs, such as propranolol,
timolol, and penbutolol, the difference in penetrability between the tissues
has been estimated to be similar. In a study by Schoenwald and Zhu (52),
ketanserin and its metabolite, ketanserinol, were infused topically to
anesthetized rabbits for 120 minutes. Drug was instilled either within the
well and, therefore, in direct contact with the cornea, or outside the well,
excluding the cornea but allowing drug to come in contact with conjunctiva
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(see Fig. 3). The results showed that iris—ciliary body concentrations were
three and two times higher for ketanserin and ketanserinol when applied
exclusively to the sclera as opposed to the cornea (52).

In a similar study by Chien et al. (79), various anterior chamber tissue
levels were measured over time for clonidine, p-aminoclonidine, and a
6-quinoxalinyl derivative of chlonidine (AGN 190342) using the infusion
method. Whenever drug was maintained on conjunctiva or cornea for a
period of 60 minutes, tissue concentration followed a clear trend. the order
of highest to lowest concentration of drug following conjunctival contact was
conjunctiva > cornea > ciliary body > aqueous humor. When drug solu-
tion was in contact with cornea only, the order was cornea > aqueous humor
> ciliary body > conjunctiva. From the results of recent studies (30,31,79—
82), various pathways of ocular absorption have been proposed, as summar-
ized in Figure 6.

Although many anterior and, to a lesser extent, posterior tissues have
been measured for drug concentration over time following topical or sys-
temic administration, little definitive information exists regarding the ability
of tissues to accumulate drug through either partitioning or binding of drug.
Of critical importance is the iris/ciliary body, which is the biophasic location
for many pharmacological responses acting on the eye. Also of interest is the
lens, since drug accumulation may be responsible for inducing cataract
formation. Both of these tissues are easily removed and often treated as a
kinetically homogeneous tissue, but drug concentrations within these tissues
are likely to be quite variable in concentration since these tissues are not
anatomically homogenous.

For example, iris tissue in the rabbit eye is porous and highly vascular
with a large surface area in direct contact with aqueous humor; consequently,
distribution equilibrium between iris and aqueous humor should occur
rapidly. Also, as the iris becomes darker, the capacity for pigmented iris to
bind to catecholamines increases. This was also observed for carbonic anhy-
drase inhibitors (CAIs) (82). Dark-eyed individuals have a delayed onset and
a reduced but prolonged response to catecholamines, presumably due to the
reservoir effect that the pigmented iris has on ocular disposition of catecho-
lamines. Latanoprost, an isopropyl ester of prostglandin F,,, can darken the
iris in susceptible individuals due to increased pigmentation of the anterior
surface of the iris (83). In contrast to iris tissue, the ciliary body epithelial
layer of the pars plicata, containing a high concentration of carbonic anhy-
drase and presumed to be the active site for CAls, is not easily reached via
topical instillation (84), requiring a lipophilic drug substance to readily pene-
trate cellular membranes. Although the separation of these tissues from one
another would provide useful information, it is usually not done because of
the difficulty in separating one tissue entirely from the other.
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Figure 6 Probable ocular penetration routes for topically applied drugs: (1) trans-
corneal pathways; (2) noncorneal pathways; (3) systemic pathways.

The entire lens is also easy to remove during kinetic studies; never-
theless, the lens should not be treated as a kinetically homogeneous
tissue. Maurice and Mishima (85) reported that fluorescein, a water-solu-
ble dye, spreads laterally and rapidly in the outer layers of the lens but

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



158 Schoenwald

does not diffuse readily into the lens nucleus. The initial barrier for entry
into the lens is the epithelium, which is a single layer of cells lying just below
the anterior lens capsule. Internal to the epithelial layer are densely packed
lens fibers and the nucleus. Because it consists of hard, condensed cellular
material, the nucleus possesses high tortuosity and low porosity. With age,
old fibers are not disposed of but become compressed centrally to form a
larger, less elastic nucleus. Consequently, drugs are not expected to readily
penetrate the lens interior. Ahmed et al. (86) came to this conclusion from a
study of the diffusion of timolol through the lens fibers of rabbit lens. A
pharmacokinetic model for drug entering aqueous humor and distributing
into the lens included the capsule and its epithelium as a compartment adja-
cent to aqueous, but excluded the lens interior since drug did not reach
significant levels in this region. It was concluded that unless a steady state
of drug is present and maintained through repetitive dosing, significant accu-
mulation would not occur. Drug elimination from the eye is too rapid to
allow for significant concentrations to accumulate into the interior of the lens
from a few doses.

3. Elimination

Drug is eliminated from the anterior chamber, at least in part, by aqueous
humor turnover, which in the rabbit eye is 1.5% of the volume of the anterior
chamber per minute or expressed as a half-life, 46.2 minutes (87). Although
clearance is of greatest interest for drugs used systemically, half-life represent-
ing loss from aqueous humor is the most common pharmacokinetic para-
meter measured following topical administration to the eye. Table 5 lists half-
lives for drugs of ophthalmic interest. Surprisingly, nearly all the drugs fall
within a range of 0.6-3 hours, which is less than when these same drugs are
studied systemically. Either there are few tissue-binding sites in the eye to
allow for drugs to resist clearance, or the pathways by which drugs are elimi-
nated are very efficient. The latter may be the most likely explanation, since
aqueous humor volume is relatively large compared to ocular tissue volume.

Elimination can also be expressed as a clearance, and if the anterior
chamber of the rabbit contains about 0.311 mL, an average aqueous humor
clearance due to bulk flow becomes 4.67 uL/min based upon Eq. (4). Ocular
clearances (Cl,) can be calculated from the following equations:

Cl,=K,V, 4)
K,T

= AUChr ®
D¢

Cly=—+— 6
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where K, represents the first-order elimination rate constant out of aqueous
humor, V, is the apparent volume of distribution for the eye, K, is the
constant rate input into the anterior chamber, 7T is the time for the constant
rate input, Djc is an intracameral dose, and AUCyF is the area (to infinity)
under the aqueous humor concentration-time curve.

Each equation above depends on assumption that require experimen-
tation to be carefully planned. In Eq. (4), K, can be easily obtained. It is
calculated from the latter linear slope of the logarithm of drug concentration
in aqueous humor measured over time or obtained from any other tissue
concentration in distribution equililbrium with aqueous humor. The V
term in Eq. (3) has been correctly determined for the eye by cither of two
methods. One method, the topical infusion technique (28,37,52,76), has been
discussed previously and is the basis for Eq. (5), also shown in Figure 4. The
other method for determining V/, is based upon measuring drug concentra-
tion in aqueous humor over time following an intracameral injection of a
very small volume (5 pL) of drug solution. Whenever an intracameral injec-
tion is made, there is concern that drug elimination can be altered because of
a breakdown of the blood-aqueous barrier. However, Mayers, Miller, and
coworkers (4,5,88,89), as well as Tang-Liu and coworkers (2,3), have estab-
lished that for intracameral injections of 5 pL solutions containing various
drugs, no significant breakdown of the blood-aqueous barrier had occurred
since protein concentration was <1 mg/mL. Equation (6), sometimes
referred to as a “‘dose-area’ determination, was used by Tang-Liu et al.
(2,3) to calculate V', for flurbiprofen and levobunolol.

Table 6 contains C/, values for those drugs for which accurate deter-
minations have been made. Values range from 13 to 28.7 mL/min, which are
2.8-6.1 times higher than aqueous humor clearance, suggesting pathways of
elimination other than aqueous turnover. The two most likely alternate
routes of elimination are metabolism and systemic uptake by the vascular
tissues of the anterior uvea. However, accumulation and retention by the
lens (over the time course of the experiment), as well as back diffusion into
the cornea and tears followed by subsequent drainage, are all minor routes
that are not likely to significantly contribute to ocular clearance values.

C. Metabolic Models

Although the eye is not a primary drug-metabolizing organ, a knowledge of
metabolic pathways in the eye has become increasingly important in order
to optimize drug action and therapeutic effect. Esterases have been studied
most extensively (90-93), no doubt because of their importance in the devel-
opment of prodrugs for use in the eye. Prodrugs that have shown a signifi-
cant improvement in corneal penetrability are phenylephrine (94,95),
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Table 5 Aqueous Humor Half-Lives® of Drugs Administered to
the Rabbit Eye Either Topically, Intracamerally, or

Subconjunctivally

Drug Half-life (h) Ref.
Cyclosporine 24.9 19
Dapiprazole 5.8 122
Imirestat 4.75 123
6-Mercaptopurine 4.6 124
Falintolol 3.0 123
Fusidic acid 2.8 125
Suprofen 2.6 126
Dorzolamide 2.4 144
Histamine 2.2 128
Cimetidine 2.2 127
Ketorolac tromethamine 2.1 73
Benzolamide 2.0 128
Ceftazidime 2.0 129
Gentamicin 1.9 130
L-Alphamethyldopa® 1.8 131
1-643,799°¢ 1.8 132
Diclofenac 1.7 133
Diclofenac® 5.0 38
Diclofenac® 1.0 38
Diclofenac’ 0.2 38
Flurbiprofen 1.7 134
Fluorometholone acetate 1.5 20
Cefamandole 1.5 135
Thiamphenicol 1.5 49
Phenylephrine 1.4 120
D-Alphamethyldopa® 1.4 131
Amikacin 1.4 5
Timolol 1.2 136
Timolol 0.84 137
Timolol 0.2 40
Lincomycin 1.2 138
6-Amino-2-benzothiazolesulfonamide 1.15 78
1L-662,583% 1.11 139
Acetbutolol 1.1 137
Cefsulodin 1.0 140
Fluorouracil 1.0 141
Chloramphenicol 1.0 5
Dihydrolevobunolol 0.98 3
N-Methylacetazolamide 0.98 121
6-Hydroxyethoxy-2-benzothiazolesulfonamide 0.97 76
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Drug Half-life (h) Ref.
Propranolol 0.96 10
Propranol 1.2 12
6-Acetamido-2-benzothiazolesulfonamide 0.93 78
L-650,719" 0.81 132
Ketanserrin 0.86 64
Saperconazole 0.86 52
Tobramycin 0.75 20
Trifluoromethazolamide 0.78 128
Pilocarpine 0.72 142
Methazolamide 0.58 128
Cefotaxime 0.57 143
Bufuralol 0.50 137
Levobunolol 0.67 3
Ethoxzolamide 0.63 76
Ethoxzolamide 0.23 128
Pyrilamine 0.61 127
Verapamil 0.55 36
Clonidine 0.49 28
Acetazolamide 0.35 121
Tilisolol 0.35 40
Ibuprofen 0.31 51
2-Benzothiazolesulfonamide 0.29 76
Ibufenac 0.28 51

% Concentrations from the last two to four times intervals were used in

calculating #;, values.

® A small dose dependency was observed (statistically NS); IV dose =

10 mg/kg.

¢ 6-Hydroxybenzol[b]thiophene-2-sulfonamide.
9 Normal rabbit eyes were used.
¢ Keratitis model.

" Uveitis model.

¢ 6-Hydroxybenzol[b]thiophene-2-sulfonamide.
b 6-Hydroxy-2-benzothiazidesulfonamide.

timolol (96), pilocarpine (97,98), and idoxuridine (99). Two sterioisomers,

both isopropyl ester prodrugs of prostaglandin F,,, latanoprost, and uno-
prostone, have approved been recently for clinical use (83). Acetyl-,
butyryl-, and carboxylesterases have been identified in the pigmented rabbit
eye (90) and are responsible for rapid conversion of ester prodrugs to the
active drug species.

Bodor and coworkers (100-105) have applied knowledge of meta-
bolic pathways in the eye to alter a drug’s elimination pathway. New
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Table 6 Ocular Clearances (Cly)* for Drugs of Ophthalmic

Interest

Drug Cly (LL/min)  Ref.
Pilocarpine 13.0 35
Clonidine 14.9 28
Ketanserin 13.6 52
Phenylephrine 14.6 120
Flurbiprofen 14.4 2
Levobunolol 28.7 3
Dihydrolevobunolol 19.7 3
Propranolol 0.86 12
Phenylephrine 14.6 120
Ketorolac tromethamine 11.0 73
Ibufenac 18.7 51
Ibuprofen 8.4 51
Ethoxolamide 9.0 76
2-Benzothiazolesulfonamide 1.15 76
6-Hydroxyethoxy-2-benzothiazolesulfonamide 3.0 76
N-Methylacetazolamide 1.56 121
Acetazolamide 5.27 121

4Cly calculated from Eq. 4-6 in text.

drugs, referred to as “‘soft drugs,” are designed for rapid metabolism and
subsequent conversion to an active species before being eliminated from
the eye. For example, an adamantylethyl of metaprolol has shown a pro-
longed and greater reduction of IOP and also a reduced potential to cause
tachycardia when compared to timolol in the rabbit eye (103). In another
example, timolol maleate was oxidized to a keto analog and coupled with
either hydroxylamine or methoxyamine. The resulting drug candidates,
timolone oxime and timolone methoxime, showed greater reduction of
IOP than timolol in rabbits administered the drugs topically and did not
show cardiovascular effects when administered intravenously to rabbits or
rats (104).

Many enzyme systems have been identified within ocular tissues. As
summarized by Plazonnet et al. (15), these are catechol-O-methyltransferase,
monoamine oxidase, steroid 6-betahydroxylase, oxidoreductase, lysosomal
enzymes, peptidases, glucuronide and sulfate transferase, and glutathione-
conjugating enzymes. Arylamine acetyltransaferase activity was demon-
strated by Campbell et al. (106) in an anterior chamber tissues using p-
aminobenzoate, aminozolamide, and sulfamethazine as substrates. The
rank order of arylamine acetyltransferase activity regardless of substrate
was liver > iris/ciliary process > corneal epithelium > stroma/endothe-
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lium. Although fast- and slow-acetylating rabbits, classified with respect to
their rate of hepatic acetylation, metabolized aminozolamide at different
rates in liver tissue, no differences between phenotypes were observed for
aminozolamide either in ocular disposition or in decline of IOP following
topical instillation.

The distribution of ketone reductase activity in anterior chamber tis-
sues was determined by Lee et al. (107) in order to explain the metabolism of
levobunolol to dihydrolevobunolol. The rank order of activity was corneal
epithelium > iris/ciliary body > conjunctiva > lens. No activity was
detected in the tears, corneal stroma, sclera, or aqueous humor. Bovine
ciliary body apparently contains aldehyde oxidase, which is responsible
for the reduction of a number of compounds: N-oxide, hydroxamic acid,
and sulfoxide and nitro compounds (108).

Metabolic models have been devised for ketanserin (52) and levobu-
nolol (3) (Fig. 7). It is important to study ocular metabolism so that drug
disposition is better understood and also in anticipation of a new drug
candidate. For example, an endogenous corneal epithelial arachidonic
acid metabolite formed by the cytochrome P450 system and a potent
inhibitor of Na "-K "-ATPase was found to significantly lower IOP in the
rabbit eye (109).

Ketanserin

Corneal Ko .

epi

Levobunolol

© i e e

Dihydrolevobunolol

Figure 7 Metabolic schemes devised for ketanserin and levobunolol following
absorption in the eye. (Adapted from Refs. 3 and 52.)
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In general, the iris/ciliary body and the epithelium of the cornea
appear to be anterior chamber tissues with the greatest capacity for meta-
bolism.

V. PHARMACODYNAMICS

Because ophthalmic drugs are relatively potent and because of the diffi-
culty in routinely measuring ophthalmic pharmacokinetics, the measure-
ment of pharmacological responses in the animal or human eye has
become a convenient and necessary aid in anticipating the clinical effect
of an ophthalmic drug. The principal shortcoming to the use of pharma-
cological measurements either for optimizing therapy or for use as an aid
in the development of new ophthalmic drugs is that the same dose often
produces a different intensity of effect in different individuals. This varia-
bility occurs because of differences in dose-response relationships as well as
differences in ocular pharmacokinetic behavior between individuals. Other
factors that contribute to variability are eye pigmentation, whether or not
an individual wears contact lenses, allergies to drugs or preservatives, and
a number of physiological factors, which also determine intrasubject var-
iation, such as eye discomfort leading to induced tearing, changes in blood
pressure, hormonal concentrations, genetic differences, and/or changes in
autonomic tone.

Although many ophthalmic pharmacological responses, such as mio-
sis, mydriasis, IOP, flicker fusion, tear secretion, and aqueous turnover, can
be easily measured over time, variability has been a major reason for the
lack of a mathematical model. Pilocarpine and other muscarinic agonists
that constrict the pupil have been studied extensively with respect to their
miotic response. The response of an isolated strip of human sphincter mus-
cle to carbachol and pilocarpine follows a typical sigmoidal-shaped dose or
concentration-response relationship (110). Figure 8 is a recent representa-
tion of a concentration-response curve for S(+ )flurbiprofen to COX-1 and
COX-2 inhibition activity in homogenate human iris, with the latter treated
with lippolysaccharide (111). Mishima (111) showed that this response,
which represents one molecule binding competitively to a single muscarinic
receptor, can be described as follows:

R

R —

=qC 7
o — R 1 @)

In Eq. (7), Ry 1s the largest response that can be achieved by drug when all
receptors are occupied, C is the drug concentration present in the incubation
media, and ¢ is a proportionality constant, which is equal to 1 if a single
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Figure 8 Concentration-response curves for inhibitin of the COX-1 (untreated)
and COX-2 (treated with lipopolysaccharide) activity in human eye homogenate
(n = 4-6). (Adapted from Ref. 112.)

molecule binds to a single receptor. Maurice and Mishima (85) further
reported that Eq. (7) also correctly characterized the miosis of carbachol
on the sphincter muscle of the cat, mydriasis of isoproterenol on bovine and
rabbit sphincter muscle, mydriasis of 1-epinephrine and atropine on guinea
pig iris, and mydriasis of epinephrine and acetylcholine on cat iris.
Gabrielsson and Weiner (113) analyzed the miotic response in the cat
eye over time after application of three different doses of latanoprost. A
simple one-compartment model was assumed with a first-order input into
the eye with the biophase (site of the miotic response) associated with the
central compartment. The concentration in the biophase was assumed to act
directly on the response according to the sigmoid E,,,, model equation:

Emax Cn

E() = Ey +—mxC
=L+ Een v o

®)
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In Eq. (8), E, is the baseline value for the pupil size, E,,,, is the maximum
effect, C is the concentration of drug in the biophase estimated from a
kinetic model equation, ECs, is the concentration in the biophase at half-
maximal effect, and 7 is the sigmoidicity factor.

Smolen and coworkers (114-118) developed a mathematical model for
which pharmacological response intensities were transformed into biophasic
drug levels for tropicamide, tridihexethylchloride, carbachol, and pilocar-
pine. The transformation was accomplished with the use of a precisely
determined dose-response curve. The method requires a graded response
that can be measured over time and expressed according to:

K /
I 103

_1+K2Q/B+PQB )

where I is the intensity of response at any time and Q’B is the concentration
of drug in the biophase at the same time of measurement (normalized for
dose: O = 0p/D) and K|, K, and P are constants derived from the fitting
procedure.

Figure 9 shows the kinetics of the expected biophasic concentration of
a drug after fitting miosis vs. time data to a kinetic model. After calculating
the expected biophasic drug concentrations to Eq. (8) or (9), the response

Miotic effect

0.0 o.M 01 1.0 10.0
Hypothetical concentration (Ce)
Figure 9 Observed (filled circles) and predicted (solid line) kinetics of a drug in the

effect compartment following topical administration of three different doses.
(Adapted from Ref. 113.)
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intensities (/) or effect (E) can be fit to the concentration of drug estimated
to be in the biophase. Figure 9 represents a fit to Eq. (8) for S(+ )flurbipofen
inhibition of prostaglandin E, to the COX-1 and COX-2 isoenzymes (113).

Use of Eq. (9) requires that the following assumptions are valid: (1) the
same biophasic concentration of drug produces the same intensity of
response (i.e., nonhysteresis), (2) binding to the receptor site is rapid and
reversible, and (3) the pharmacokinetic processes are first order and there-
fore do not differ with dose. Application of this approach permits the opti-
mization of a delivery system for an ophthalmic drug, insight into a drug’s
kinetics of response, and determination of a product’s “‘biophasic bioavail-
ability.” The later term refers to the drug’s absorption and disposition to the
ocular site of action (114).

A mydriatic tolerance of the pupil response has been interpreted for
phenylephrine from the application of the classic pharmacodynamic E,,
model (119):

M=

(AEmaX

N R (10)

where K, is the drug concentration in aqueous humor required to produce
one half of the maximal mydriatic response of phenylephrine (1/2 E,,.y), E(f)
is the change in the mydriatic response from baseline at any time, and Ca(r)
is the concentration of drug in aqueous humor at the same time of measure-
ment of E. In Eq. (10), K], is linearly related to Ca(¢) for a drug that does
not develop tolerance, but if mydriatic tolerance is developed following
topical instillation, the value of K), will vary with time. Chien and
Schoenwald (119) measured the aqueous humor concentration of pheny-
lephrine and its corresponding mydriatic response over time in the rabbit
eye following a 10 uL topical instillation of phenylephrine HCI viscous
solution (10%). A clockwise hysteresis effect of mydriasis vs. C,(¢) is
shown in Figure 10, which illustrates the development of tolerance over
time. At the 240-minute time interval, the phenylephrine was twofold higher
than that measured at the 20-minute time interval. However, at these two
time intervals, the mydriatic response was similar. K, was linear up to 90
minutes, but steadily increased beyond 90 minutes through 240 minutes
postinstillation.

Nonlinear pharmacokinetic behavior may be more common than has
been observed since many ophthalmic drugs are known to alter physiologi-
cal processes. Drugs that affect aqueous humor turnover or blood flow
within the iris/ciliary body would be expected to show some degree of non-
linear pharmacokinetic behavior. Nevertheless, the inability to routinely
measure concentrations of drug in the human eye provides a strong incen-
tive to continue exploring the use of pharmacological response intensities to
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Figure 10 Average mydriasis measurement vs. aqueous humor concentrations of
phenylephrine (clockwise hysteresis loop) following a 10 pL topical instillation of
10% phenylephrine HCI viscous solution. (Adapted from Ref. 119.)

either optimize therapy or povide a screning tool for use in developing new
ophthalmic agents.

VI. CONCLUSION

It is important that the ocular pharmacokinetic behavior for drugs of
ophthalmic interest be determined. Without a detailed knowledge of these
processes, we must rely on the screening of new ophthalmic drugs intended
for systemic use. For many years, drugs originally intended for systemic use
and screened for use in the eye have provided good leads but were not
optimized for ophthalmic potency or structurally altered to be devoid of
systemic side effects when instilled topically to the eye. More recently, dipi-
vefrin, latanoprost, unoprostone, dorzolamide, and brinzolamide were
developed exclusively for the eye. A knowledge of ocular pharmacokinetic
behavior is critical for optimizing therapeutic regimens following single and,
particularly, multiple doses. It is not for lack of interest that prevents study
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of the ocular pharmacokinetic behavior of drugs, but because of the tech-
nical problems that have yet to be solved, the application of pharmacoki-
netics to the design of dosing regimens remains a goal. Specifically, a reliable
method for serially measuring drug levels in aqueous humor without injury,
pain, or risk of infection is yet to be developed for widespread use in the
human eye.

At the present time, pharmacokinetic determinations in the human eye
can only be made in subjects undergoing eye surgery. The patient is given
the ophthalmic drug prior to entering surgery, and a sample of aqueous
humor (or other tissue) is removed when it does not interfere with the
surgery. In these experiments the time interval may not be measured accu-
rately, and each patient’s sample represents only one time interval.
Consequently, a number of patient determinations at different time intervals
must be averaged.

In lieu of human measuerments, an animal model is needed that is
readily available and can accurately predict human ocular pharmacoki-
netics. The ideal animal model, whether a rabbit or monkey eye, should
allow for accurate predictions in the human eye so that dosing regimens
can be predicted. The pharmacokinetic measurements should be capable of
assessing absorption (rate and extent), distribution, and elimination in
volunteers and, in particular, patients. The model may be mathematically
based but useful without extensive training and/or requiring specialized
computer programs for its use. It should also allow for accurate predictions
even though the drug itself may alter its own pharmacokinetic or pharma-
codynamic processes over time, which may also complicate pharmacokinetic
modeling since nonlinearity requires a unique set of assumptions for each
drug. No doubt as these limitations are solved, the application of pharma-
cokinetics will become as extensively studied and applied to the human eye
as it is now to drugs administered systemically. In the interim, it is useful to
study various routes of administration and to measure tissue levels of drug
for the purpose of determining if the minimum effective concentration is
reached.
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Mathematical Modeling of Drug
Distribution in the Vitreous Humor

Stuart Friedrich, Bradley Saville, and Yu-Ling Cheng
University of Toronto, Toronto, Canada

. INTRODUCTION
A. Vitreous Physiology

The vitreous humor is a viscous fluid occupying the space between the lens
and retina of the eye. A number of diseases that can affect the vitreous or the
surrounding retina can be treated by administration of various therapeutic
drugs. Due to physiological barriers within the eye that prevent drug in the
systemic circulation from entering the vitreous, the most common method of
treating diseases affecting the vitreous or retina is a direct intravitreal injec-
tion of drug (1). Many of the drugs used to treat vitreous and retinal dis-
orders have a narrow concentration range in which they are effective, and
they may be toxic at higher concentrations (2-6). Therefore, knowledge of
the drug distribution following intravitreal administration is important if
the disease is to be properly treated and damage to tissues by high concen-
trations of drug is to be avoided.

There are three main tissues that bound the vitreous humor: the retina,
lens, and hyaloid membrane. The retina covers the posterior portion of the
interior of the globe and is immediately adjacent to the vitreous. In a rabbit
eye, the retina is supplied with nutrients via the choroid, the tissue layer
directly outside the retina. The choroid has a vast network of capillaries,
while the retina is avascular. The retina is made up of several cellular layers,
some of which form the blood-retinal barrier that prevents extraneous com-
pounds from entering the vitreous from the bloodstream. The vitreous to
blood permeability of the blood-retinal barrier depends on the physicochem-
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ical properties of the drug. Some drugs cannot penetrate the barrier, while
others may be actively transported between the vitreous and the blood. The
lens forms the majority of the anterior boundary of the vitreous humor. The
lens is composed of highly compacted cellular material and is therefore
highly impermeable to most drugs. The hyaloid membrane is composed of
loosely packed collagen fibers and spans the gap between the lens and the
ciliary body. Although the hyaloid membrane forms a boundary between
the stagnant vitreous and the flowing aqueous humor, it does not form a
limiting barrier to the transport of low molecular weight compounds. The
aqueous humor is continuously produced by the ciliary body and drained
from the anterior chamber of the aqueous humor after it passes between the
iris and the lens. Therefore, once drug passes through the hyaloid membrane
from the vitreous it is eliminated by the flow of aqueous humor.

B. Properties of Intravitreal Injected Drug Solutions

The distribution of a drug solution within the vitreous immediately follow-
ing intravitreal injection may be dependent on several factors. Needle gauge,
needle length, penetration angle of the needle, speed of the injection, rheol-
ogy of the injected solution, and rheology of the vitreous could all affect
how the drug solution is initially distributed in the vitreous. The shape that
the drug solution assumes immediately after injection may range from glob-
ular to irregular shapes that vary in the extent of fingering. Such variations
in shapes would influence the diffusional surface area and hence drug dis-
tribution within the vitreous (7).

C. Experimental Measurements of Drug Distribution in the
Vitreous and Retinal Permeability

Due to the difficulty in measuring solute concentrations within the vitreous,
there has only been one published report that shows experimentally mea-
sured concentration profiles of model compounds across an entire cross
section of the rabbit vitreous (8). The compounds used in the study were
fluorescein, fluorescein glucuronide, and fluorescein isothiocyanate. The
main elimination route for fluorescein is across the retina; conversely, fluor-
escein glucuronide has a very low retinal permeability and is eliminated
mainly across the hyaloid membrane. As a result of their contrasting elim-
ination characteristics, the experimental fluorescein and fluorescein glucur-
onide concentration profiles observed by Araie and Maurice (8) are ideal for
comparing to concentration profiles calculated by a mathematical model as
a test of the model’s robustness.
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The in vitro permeability of an excised rabbit retina to fluorescein and
fluorescein glucuronide has been measured by Koyano et al. (9). Retinal
permeabilities can also be determined by fitting vitreous concentrations
calculated by a mathematical model to experimental data, such as the
data observed by Araie and Maurice (8). Therefore, the in vitro retinal
permeability found by Koyano et al. can be compared to model calculated
retinal permeabilities as a method of model validation.

. EARLY MATHEMATICAL MODELS OF THE VITREOUS
HUMOR

Several models have been developed to simulate the distribution and elim-
ination of drugs from the vitreous (8,10-13). A number of other models
have been used to determine the retinal permeability from the blood to
the vitreous (14-19). In each of the former models, a simplified geometry
and set of boundary and initial conditions were used so that the mathema-
tical expression of the model would be easier to develop and solve. Some of
these simplifications affect the generality of the model and may affect model
calculations and estimates of the retinal permeability.

A. Araie and Maurice Model

Araie and Maurice (8) used the simplest approach to model distribution
and elimination in the vitreous by representing the vitreous as a sphere
with the entire outer surface representing the retina (Fig. 1). The predicted
concentration profile within the vitreous will be the same for any cross
section that passes through the center of the sphere, with the highest
concentration in the center and the lowest concentration next to the
outer surface. In a rabbit eye, the center of curvature of the retina is
immediately next to the lens, on the symmetry axis of the vitreous.
Qualitatively, the concentration profile calculated by a spherical model
will be correct for the posterior hemisphere of the vitreous, which is
behind the center of curvature of the retina. In a spherical geometry
model like the Araic and Maurice model, the concentration profile in
the anterior hemisphere will be the same as in the posterior hemisphere,
since the two hemispheres are the same. Therefore, the concentration pro-
file calculated by a spherical model for the portion of the vitreous that is
in front of the center of curvature of the retina will not accurately reflect
the actual profile that would be present in vivo. A spherical model also
assumes that there is no flux across the plane that passes through the
center of curvature of the retina and is perpendicular to the symmetry
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Figure 1 Comparison of models developed by Araie and Maurice (8), Yoshida et
al. (12,13), and Ohtori and Tojo (10,11).

axis. For this assumption to be true, the loss across the portion of the
retina located behind its center of curvature must equal the sum of the loss
across the hyaloid membrane plus the loss across the portion of the retina
in front of the center of curvature of the retina. This condition will only be
true for a particular retinal permeability.

B. Yoshida Model

Yoshida et al. (12,13) extended the model used by Araic and Maurice by
dividing the vitreous into an anterior and posterior hemisphere (Fig. 1).
Each hemisphere was further subdivided into eight compartmental shells,
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and a separate permeability was used for the outer surface of each hemi-
sphere. Within each concentric compartmental shell, the concentration
calculated by the model would be uniform since each compartment was
assumed to be perfectly mixed. Yoshida’s model is a more accurate repre-
sentation of the true vitreous than a spherical model, since a separate
permeability is calculated for the outer surface of the anterior and poster-
ior hemispheres. However, if this model is used to estimate retinal perme-
abilities using vitreous concentration data, an accurate estimate of the
retinal permeability will only be obtained for compounds that are primar-
ily eliminated across the retina. As discussed in further detail (in Sec. 3.2),
compounds that are eliminated mainly across the hyaloid membrane will
have concentration contours within the vitreous which are perpendicular
to the retina, and, therefore, the concentric compartmental shells will not
accurately calculate the correct concentration profile. The profile calcu-
lated by a model that uses concentric compartmental shells will always
have concentration contours that are parallel to the retina since the
concentration within each compartmental shell must be uniform.
Furthermore, the concentric shell compartmental model will always predict
a uniform vitreal concentration over the entire inner surface of the retina;
the model will be unable to account for conditions that result in nonuni-
form concentrations adjacent to the retina (such as displaced or irregular
injections or diseases that cause the retinal permeability to vary over the
retinal surface).

C. Ohtori and Tojo Model

The geometry and boundary conditions of the vitreous were more accu-
rately modeled by Ohtori and Tojo (10,11). The model was cylindrical in
shape with one end of the cylinder and the curved surface representing the
retina, and the opposite end of the cylinder divided into an outer section
representing the hyaloid membrane and an inner section representing the
lens (Fig. 1). This model design allowed the use of different permeability
values for the boundaries representing the lens, hyaloid membrane, and
retina. The main advantage of this model is a more accurate representation
of drug loss from the anterior portion of the vitreous. The boundary
conditions representing the lens and hyaloid membrane are different
than for the retina, thereby allowing more accurate calculated concentra-
tions within the region of the vitreous close to these boundaries. The main
limitations of this model are the use of a cylinder to approximate the
spherical shape of the vitreous and the inability to study complex and
nonsymmetric initial conditions.
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lll. FINITE ELEMENT MODEL BASED ON RABBIT EYE

Modelling drug distribution and elimination in the vitreous is particularly
suitable to finite element analysis, which allows the complex geometry and
boundary conditions of the vitreous to be more accurately incorporated into
the model. Finite element analysis also allows complex initial conditions to
be studied.

A finite element model has been developed (20), and the model was
initially based on the physiological dimensions of a rabbit eye, using the
cross sections of the eye shown by Araie and Maurice as a guide (8). The
rabbit eye was initially chosen rather than the human eye due to the avail-
ability of data for confirmation of model calculations.

A. Model Development

A detailed description of the model equations and solution methods are
presented elsewhere (20). The tissues included in the model were the vitr-
eous, retina, posterior surface of the lens, and the posterior chamber of the
aqueous humor (Fig. 2). Mass transport by both convection and diffusion
was accounted for in the aqueous humor. Due to the viscous nature of the
vitreous, especially in the rabbit eye, only diffusive mass transport was
considered in the vitreous.

The only unknown variables in the model were the initial distribution of
drug solution in the vitreous following injection (initial condition) and the
retinal permeability. The initial distribution of the injected drug solution is a
variable that could affect the elimination of drug from the vitreous. Therefore,
rather than simulating only a central injection, four extreme initial conditions
were considered. These conditions covered a range of possible positions where
the injected drug solution may have been placed in the in vivo experiments
performed by Araie and Maurice (8): (a) a central injection, (b) an injection
placed next to the lens on the symmetry axis, (c) an injection placed next to the
retina on the symmetry axis, and (d) an injection placed close to the hyaloid
membrane (Fig. 3). The model simulated the shape of the injected solution as
a sphere in cases 1-3 and a cylinder of equal height and diameter for case 4. In
reality, a drug solution injected into the vitreous will not take the shape of a
perfect sphere or a cylinder. Complex and poorly characterized shapes that
depend on drug solution and vitreous properties as well as the injection pro-
cedure may be observed (7). These complex shapes would be difficult to
incorporate in the finite element model, so for the purpose of studying the
effect of injection position, a simpler shape was selected. The concentration
profiles produced by the model using each initial condition were fit to the
concentration profiles observed by Araie and Maurice (8), resulting in four
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Figure 2 Cross section view of the model. In addition to the vitreous, the model
includes the posterior aqueous compartment and the surrounding retina layer. The
aqueous compartment was included to properly account for drug loss across the
hyaloid membrane.

possible values of retinal permeability that best fit the experimental profiles.
By simulating extreme injection positions, the range of retinal permeabilities
calculated by the model should include the actual retinal permeability. If the
actual injection position used by Araie and Maurice was precisely known, a
single retinal permeability could be calculated using the model.

B. Comparison of Model Calculated and Experimental Data

Figures 4 and 5 show the model calculated concentration profiles for fluor-
escein at 15 hours and for fluorescein glucuronide at 24 hours, respectively,
after a spherical central injection (A), and a cylindrical injection displaced
towards the hyaloid membrane (B). The concentration profiles for the injec-
tion displaced towards the lens and the injection displaced towards the
retina were qualitatively similar to the concentration profile produced by
the central injection.

Qualitatively, the contour profiles calculated using the model are simi-
lar to those found experimentally by Araie and Maurice (8). In Figure 4, the
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Central Injection Displaced
Injection Toward Lens

Injection Displaced Injection Displaced
Towards Retina Towards Hyaloid

Figure 3 Injection positions studied using the model. Four extreme and distinct
injection positions were studied to determine the sensitivity of the model calculated
retinal permeability to the initial location of the injected drug.

concentration contour lines are parallel to the retina as expected, since the
flux of fluorescein across the retina was the dominant elimination mechan-
ism. For each injection position along the symmetry axis, the maximum
model calculated concentrations were next to the lens, on the symmetry
axis as shown in Figure 4A. In the case where fluorescein was injected closer
to the hyaloid membrane (Fig. 4B), the maximum model calculated concen-
tration was next to the lens; however, it is displaced slightly, closer to the site
of the injection.

In Figure 5, the model calculated concentration contour lines are
perpendicular to the retina since fluorescein glucuronide is eliminated
mainly across the hyaloid membrane. Araie and Maurice (8) found that
the concentration of fluorescein glucuronide in the vitreous was approxi-
mately the same next to the retina and next to the lens on the symmetry axis
of the vitreous at 24 hours. However, the model calculated that the concen-
tration next to the retina (12.1 pg mL™") was slightly higher than the con-
centration next to the lens (10.4 pg mL™") for all injection positions. For the
hyaloid-displaced injection, the maximum concentration was shifted slightly
towards the injection site, similar to that noted for the hyaloid-displaced
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Figure 4 Model calculated concentration profile for fluorescein at 15 hours for a
spherical central injection (A) and a hyaloid-displaced injection (B). The dominant
elimination route for fluorescein is across the retina; therefore, the concentration
contour lines are parallel to the retina surface. The concentration profile for the
lens-displaced injection and the retina-displaced injection were qualitatively similar
to the central injection.
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Figure 5 Model calculated concentration profile for fluorescein glucuronide at 24
hours for a spherical central injection (A) and a hyaloid-displaced injection (B).
Fluorescein glucuronide has a very low retinal permeability; therefore, the concen-
tration contour lines are perpendicular to the retina. The concentration profile for
the lens-displaced injection and the retina-displaced injection were qualitatively simi-
lar to the central injection.
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injection of fluorescein. If the hyaloid membrane was the only elimination
route, theory would suggest that the maximum concentration would be next
to the retina on the symmetry axis, since this is the point where a drug
molecule must travel furthest to be eliminated.

In Figure 6, the model calculated concentration gradients of fluorescein
between the lens and the retina along the symmetry axis are compared with
the experimental data of Araie and Maurice (8). In each case, the concentra-
tions have been normalized with respect to the concentration found next to
the lens. Considering that the concentration gradients were calculated by
fitting only the experimental concentration measured 1 mm adjacent to the

10 =

0.9 —
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T 0.8 —
2
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=
i
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=
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L%
=
3 04 — ———  cCentral Spherical Injection
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©
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Figure 6 Concentration gradient between the lens and retina 15 hours after an
intravitreal injection of fluorescein. Concentrations have been normalized with
respect to the concentration next to the lens. The experimental bars represent the
minimum and maximum distance from the center of curvature of the retina that each
specific experimental concentration contour line was observed (8). The model calcu-
lated profiles were produced using the retinal permeabilities shown in Table 1. The
retinal permeabilities were calculated by fitting only the experimental concentration
observed 1 mm adjacent to the lens measured at 15 hours. However, the model was
able to accurately fit the entire profile.
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lens, the fact that the model-calculated concentration gradients follow the
experimentally observed gradient provides strong validation of the model
and its inherent assumptions. Of particular note is that even 15 hours after
the intravitreal injection, significant variations in the concentration profiles
were observed when different injection locations were considered. At earlier
times after the injection, the concentration variations would be much larger,
which suggests that injection position is an important variable that must be
controlled when performing animal experiments and in clinical treatment.
For each of the simulated injection positions, Table 1 shows the model
calculated retinal permeabilities of fluorescein and fluorescein glucuronide
that were determined by fitting the experimental data and compares them to
values calculated by other published models and found in vitro by Koyano
(9) using an excised rabbit retina. As mentioned earlier, the retinal perme-
ability for a compound is a constant. The different values obtained from the
various simulations occurred because the retinal permeability was the only
parameter with an unknown value that could be adjusted to fit the experi-
mental data. Since the injection position affects the concentration gradients
in the vitreous, different estimates for retinal permeabilities were obtained.
The estimated fluorescein retinal permeabilities were much lower when the
injection was displaced towards the retina or the hyaloid membrane. In the
former case, fluorescein was placed closer to the retina, producing a higher
initial concentration gradient of fluorescein across the retina than obtained
from a central injection. Since the concentration gradient is higher, a lower

Table 1 Comparison of Finite Element Model Calculated Retinal
Permeabilities and Other Published Values

Retinal permeability

(cm/s)

Fluorescein
Position of injection and other published values Fluorescein  glucuronide
Central Injection 2.88 x 107 6.41 x 1077
Injection Displaced Towards Lens 3.50 x 107° 3.89 x 1077
Injection Displaced Towards Retina 2.03x107° 7.62x 1077
Injection Displaced Towards Hyaloid Membrane 1.94 x 1073 0
Araie and Maurice (8) 233 % 107° NC
Koyano et al. (9) 0.6-1.8x 107 63 x107°
Yoshida et al. (12,13) 127x 107 1.5%x 1078

% These data were collected using monkey eyes but were included for comparison.
NC = Not calculated.
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retinal permeability is required to fit the experimental data. In the latter
case, the injection position is closer to both the retina and the hyaloid
membrane than with a central injection. Retinal penetration is the dominant
elimination mechanism for fluorescein; however, when the injection is placed
closer to the hyaloid membrane, more fluorescein will be eliminated across
the hyaloid membrane than if the injection was placed in the center of the
vitreous. The combination of a greater loss across the hyaloid membrane
and a higher initial concentration gradient across the retinal results in a
lower retinal permeability required to fit the experimental data.
Displacement of the injection towards the lens led to the highest estimate
of the retinal permeability, because this injection position places fluorescein
furthest from the retina compared to the other three injection positions.

A retinal permeability of zero was obtained when the injection of
fluorescein glucuronide was displaced towards the hyaloid membrane. A
low retinal permeability was expected since penetration across the hyaloid
membrane is the main elimination route for fluorescein glucuronide, and
an injection placed closer to the hyaloid membrane will increase the
amount of fluorescein glucuronide eliminated across the hyaloid mem-
brane. Therefore, a lower retinal permeability will be required to fit the
experimental data. Since fluorescein glucuronide is known to penetrate the
retina at least to a small degree and the model has estimated a retinal
permeability of zero, it is reasonable to conclude that the extreme position
of the hyaloid-displaced injection is significantly different than the actual
experimental injection position, leading to an error in the estimation of the
retinal permeability. This result was also due to the low sensitivity of the
fluorescein glucuronide concentration at 24 hours to the retinal permeabil-
ity. For the other three injection positions, as the injection site was moved
further from the hyaloid membrane, the net elimination across the hyaloid
was reduced. To compensate, the simulated amount of drug transferred
across the retina must increase, and, therefore, the estimated retinal per-
meability increases as the injection site was placed further from the hyaloid
membrane.

The retinal permeability of fluorescein calculated by the models of
Araie and Maurice (8) and Yoshida et al. (12,13) and found in vitro by
Koyano (9) are close to the range of retinal permeabilities calculated by
the finite element model. Since the fluorescein retinal permeability calculated
by Araie and Maurice (8) with their spherical model agrees with the retinal
permeability calculated with the finite element model, the fluorescein perme-
ability value is coincidentally the value that is required to balance the ante-
rior and posterior losses. The retinal permeability calculated with a spherical
model for any compound that does not have an actual retinal permeability
similar to fluorescein will be in error.
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Yoshida et al. (12,13) used their model to calculate the retinal perme-
ability of fluorescein and fluorescein glucuronide in monkey eyes.
Therefore, any differences between the retinal permeability calculated by
their model and the finite element model could be due to differences
between the models and also due to differences between the physiology of
the rabbit and monkey retina. However, a comparison of the two models
on a theoretical basis can still be made. Yoshida et al. (12,13) divided the
vitreous into an anterior and posterior hemisphere. Each hemisphere was
further subdivided into eight compartmental shells, and a separate perme-
ability was used for the outer surface of each hemisphere. Within each
concentric compartmental shell, the concentration calculated by the
model would be uniform since each compartment was assumed to be per-
fectly mixed. As noted experimentally by Araie and Maurice (8), and with
the finite element model, the concentration contours of fluorescein form
concentric rings that are parallel to the retina in the rabbit eye. The con-
centration contours in a monkey eye would be similar, due to the high
permeability of fluorescein through the monkey retina. The concentration
contours calculated using Yoshida’s model (12,13) for the posterior portion
of the vitreous, therefore, would be qualitatively correct. Since the anterior
portion of Yoshida’s model (12,13) is also defined by concentric compart-
mental shells and the concentration contours in the region close to the
hyaloid membrane are not parallel to the retina, the concentration profile
calculated for the anterior portion of the vitreous would be incorrect.
Yoshida’s model (12,13) is a more accurate representation of the true vitr-
eous than a spherical model, since a separate permeability is calculated for
the outer surface of the anterior and posterior hemispheres. However, an
accurate estimate of the retinal permeability will only be obtained for com-
pounds that are primarily eliminated across the retina. Compounds that are
eliminated mainly across the hyaloid membrane will have concentration
contours perpendicular to the retina, and, therefore, the concentric com-
partmental shells will not accurately calculate the correct concentration
profile. The profile calculated by a model that uses concentric compartmen-
tal shells will always have concentration contours that are parallel to the
retina since the concentration within each compartmental shell must be
uniform. Furthermore, since the concentration in the vitreous (adjacent
to the retina) calculated by a concentric shell compartmental model will
be always uniform over the entire inner surface of the retina, the model will
be unable to account for conditions that result in nonuniform concentra-
tions adjacent to the retina (such as displaced or irregular injections or
diseases that have a local effect on retinal permeability).

Although the retinal permeability of fluorescein found in vitro by
Koyano et al. (9) is similar to the values found using the finite element
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model, their retinal permeability of fluorescein glucuronide is significantly
different from the value found using the finite element model. To test the
value that was found by Koyano et al. (9), a simulation was performed
with the finite element model using their permeability value and a central
injection of fluorescein glucuronide with the same injected concentration
used by Araie and Maurice (8). As mentioned previously, the concentration
contour lines of fluorescein glucuronide were found to be perpendicular to the
retina at 24 hours, experimentally by Araie and Maurice (8), and by the finite
element model for any of the injection positions. However, when the retinal
permeability value found by Koyano et al. (9) was used in the model, the
concentration contour lines at 24 hours were found to be parallel to the retina,
similar to the profiles for fluorescein. If the profiles found experimentally by
Araie and Maurice (8) are assumed to be correct, then it must be concluded
that the retinal permeability values found in vitro by Koyano et al. (9) are not
accurate. This may be due to the difficulty of excising a retina from the eye
and maintaining its viability while permeation experiments are performed.

IV. USING FINITE ELEMENT MODELING TO INVESTIGATE
CLINICAL CONDITIONS

A. Modification of Finite Element Model to Anatomy and
Physiology of Human Eye

To determine the implications of changing conditions which may affect drug
distribution in the vitreous in a more clinically relevant setting, the finite
element model can be modified to match the geometry of the human eye (21)
(Fig. 7). The most significant differences between the posterior segment of a
rabbit and human eye are the size of the lens and the volume of the vitreous
humor. In a human eye, the lens occupies a smaller portion of the vitreous
than in the rabbit eye. The volume of the vitreous humor in the human eye is
approximately 4 mL, and the volume of the rabbit vitreous is approximately
1.5 mL. Another difference between the human and rabbit eye is the flow
dynamics in the posterior aqueous humor chamber. The volumetric flow
rate of aqueous humor is similar in human and rabbit eyes; however, the
cross-sectional area for flow is approximately four times larger in human
eyes, resulting in a lower flow velocity in human eyes. Similar to the rabbit
eye model, fluorescein and fluorescein glucuronide were used as test com-
pounds to study the effects of injection position and volume in the human
eye model. In humans, the exact retinal permeabilities of fluorescein and
fluorescein glucuronide are not known, so the values used were 2.6 x 107>
cm/s and 4.5 x 1077 cm/s, respectively, which are the average of the values
that were found using the rabbit eye finite element model. For the purpose
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Figure 7 Cross-section view of human eye model. The model was based on the
physiological dimensions of the human eye. The posterior chamber of the aqueous
humor was included to account for the loss of drug from the vitreous across the
hyaloid membrane. Transport of drug by convection and diffusion was accounted
for in the posterior chamber of the aqueous humor, and only diffusive transport was

accounted for in the vitreous humor.

of examining the effects of changing intravitreal injection variables, the
accuracy of the retinal permeability is not of prime importance. The retinal
permeability value will impact the quantitative results of each injection
variable case studied, but qualitative intercase comparisons using a constant

retinal permeability will be valid.

B. Effects of Injection Position and Volume on Drug
Distribution in the Vitreous

1. Injection Conditions Studied

The actual position and shape of an intravitreal injection will most likely not
be the same as any of the initial conditions that are described in Sec. I11.A;
however, the model results indicated the variability that can occur when the
injection is not placed in the same position each time. Not only is knowledge
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of the actual injection position and shape required to calculate the correct
retinal permeability, it is also very important for calculating the correct
concentrations within the vitreous. Different injection positions and shapes
will produce different concentrations within the vitreous, and, therefore, the
efficacy of the treatment produced by the drug will change. Although other
authors have suggested that the location of an intravitreal injection is sig-
nificant with respect to drug toxicity (16), a detailed study has not been
performed due to the difficulty of experimentally measuring drug distribu-
tion within the vitreous.

Similar to the rabbit eye finite element model, four extreme injection
positions were studied using the human eye finite element model: (a) a central
injection, (b) an injection displaced towards the lens, (¢) an injection dis-
placed towards the retina, and (d) an injection displaced towards the hyaloid
membrane. The most common intravitreal injection volume in human
patients is 100 uL; however, different volumes may be used for clinical trials
and in animal studies (8,12,13). The two injection volumes compared using
the model were 15 and 100 pL. The mass injected in each case was the same
(30 pg), resulting in drug solution concentrations of 2000 and 300 pg/mL for
the 15 and 100 pL injections, respectively. In each of the 100 puL injection
cases, the distance between the outer boundary of the injected drug and the
adjacent tissue surface was the same as for the corresponding 15 pL injection.
Therefore, the overall displacements of the 100 puL injections from the central
injection were not as large as the displacements of the 15 pL injections due to
the larger diameter sphere that was used to represent the 100 pL injection.

At any time following an intravitreal injection, there may be significant
concentration gradients within the vitreous due to the localized initial dis-
tribution and the fact that in the finite element model, mass transfer within
the vitreous occurs by diffusion alone. Changing the variables of an intravi-
treal injection dramatically affects the concentration gradients and local
concentrations. Therefore, the concentrations within the vitreous were mon-
itored at three different sites (Fig. 8): (a) adjacent to the lens on the sym-
metry axis, (b) adjacent to the retina on the symmetry axis, and (c) adjacent
to the hyaloid membrane. For the case where the injection was placed close
to the hyaloid membrane, the concentration was also monitored at the
opposite side of the vitreous adjacent to the hyaloid membrane.

2. Results of Changing Injection Conditions

Figures 9 and 10 show the model calculated concentrations in the vitreous
adjacent to the retina on the symmetry axis of the vitreous following 15 uL
injections of fluorescein or fluorescein glucuronide, respectively, at the four
different vitreous locations. Tables 2 and 3 contain the peak concentrations
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Figure 8 Sites within vitreous where concentrations were monitored using the
finite element model. In addition to studying the effects of injection position and
volume on mean concentrations within the vitreous, concentrations were also mon-
itored at several distinct points within the vitreous. The variation of drug concentra-
tions within the vitreous will be revealed using this method of analysis.

and area-under-the-curve (AUC) values for all the vitreous sites and injec-
tion locations of fluorescein and fluorescein glucuronide.

In general, the data illustrate that injecting fluorescein or fluorescein
glucuronide at different locations within the vitreous may produce signifi-
cantly different local concentrations and concentration profiles. The peak
concentrations that were calculated by the model depended on the location
of the injection relative to the site where the concentration was monitored.
The largest variations in the peak concentrations of fluorescein were
observed at the vitreous site adjacent to the retina, where the retina-dis-
placed injection produced a peak concentration over three orders of magni-
tude higher than that obtained from the hyaloid-displaced injection (Table
2). At the vitreous site adjacent to the hyaloid membrane, the peak concen-
tration of fluorescein produced by the hyaloid-displaced injection was also
over three orders of magnitude higher than the concentration produced by
the retina-displaced injection. Peak concentrations of fluorescein at the vitr-
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Figure 9 Concentration of fluorescein at the vitreous site adjacent to the retina
following 15 pL injections at four different vitreous locations. Peak concentrations of
fluorescein at this vitreous site varied by up to three orders of magnitude, depending
on the initial injection position. Similar variations were noted for the other sites
within the vitreous where the concentrations were monitored.

eous site adjacent to the lens varied by up to two orders of magnitude,
depending on the location of the injection (Table 2). Similar variations
were also noted for fluorescein glucuronide; peak concentrations produced
by the different injection sites varied by up to two orders of magnitude at the
different vitreous sites (Table 3).

It is also important to note that there were significant variations in the
model calculated peak concentrations at each vitreous site produced by an
individual injection location. For example, for the hyaloid-displaced injec-
tion, the peak concentration next to the injection (adjacent hyaloid) was over
three orders of magnitude higher than the peak concentration next to the
hyaloid membrane opposite the injection location (Table 3). Furthermore,
the time to reach the maximum fluorescein concentration varied from
approximately 6 minutes to 12 hours, depending upon the proximity of the
monitoring site to the injection site. Similarly, the time to reach the peak
concentration of fluorescein glucuronide ranged from approximately 10 min-
utes to 24 hours. The variations observed for the AUC-time curve followed
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Figure 10 Concentration of fluorescein glucuronide at the vitreous site adjacent to
the retina following 15 pL injections at four different vitreous locations. Peak con-
centrations of fluorescein glucuronide varied by up to three orders of magnitude at
this site within the vitreous, depending on the initial position of the injection. Similar
variations in concentrations were noted for the other sites within the vitreous.

trends similar to those observed for the peak concentration values. For
fluorescein, AUC values for a specific vitreous site varied by over two orders
of magnitude, depending on the location of the injection. AUC values for
fluorescein glucuronide for a specific vitreous site also varied by over an
order of magnitude. The AUC represents the cumulative exposure of a par-
ticular tissue to a drug over time and may therefore be related to the efficacy
and/or toxicity of a drug at a particular site.

The data in Table 3 also further emphasize the importance of the
injection location. After 24 hours there is one-quarter the amount of fluor-
escein left in the vitreous following the 15 pL hyaloid-displaced injection
compared to after the 15 pL central injection. Similarily, there is one-third
the amount of fluorescein glucuronide left in the vitreous following the 15
pL hyaloid-displaced injection compared to after the 15 pL retina-displaced
injection. For the larger 100 uL injections, the difference between the
amount of drug remaining at 24 hours for the different injection locations
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Table 2 Peak Concentrations and Area Under Curve Values at Various Vitreous Sites
Following 15 pL Intravitreal Injections of Fluorescein at Four Different Vitreous
Locations

Vitreous site where concentration was monitored

Adjacent
Injection Adjacent Adjacent Adjacent opposite
location retina lens hyaloid hyaloid
Peak Central 6.77 (3.2) 9.53 (3.8) 0.673 (6.9)
concentration Lens-displaced 0.989 (7.9) 628 (0.13) 2.97 (2.8)
(ng/mL) Retina-displaced 563 (0.10) 1.52 (9.9) 0.154 (11)
Hyaloid-displaced 0.166 (12) 5.73 (3.3) 210 (0.10) 0.084 (9.3)
AUC Central 56.7 104 8.72
(ng h/mL) Lens-displaced 13.9 800 23.6
0-24 h Retina-displaced 548 22.4 2.22
Hyaloid-displaced 2.44 49.6 217 1.22

Values in parentheses indicate the time (hours) to reach the peak concentrations.

Table 3 Peak Concentrations and Area Under Curve Values at Various Vitreous Sites
Following 15 pL Intravitreal Injections of Fluorescein at Four Different Vitreous
Locations

Vitreous site where concentration was monitored

Adjacent
Injection Adjacent Adjacent Adjacent opposite
location retina lens hyaloid hyaloid
Peak Central 14.6 (4.6) 9.54 (3.8) 0.904 (11)
concentration Lens-displaced 4.68 (21) 628 (0.13) 3.04 (3.1)
(ng/mL) Retina-displaced 680 (0.14) 4.14 (21) 0.742 (24)
Hyaloid-displaced 2.15 (24) 6.38 (3.4) 210 (0.10) 0.188 (22)
AUC Central 244 138 17.3
(ng h/mL) Lens-displaced 77.1 843 32.7
024 h Retina-displaced 1290 66.6 10.4
Hyaloid-displaced 28.6 79.9 260 3.15

Values in parentheses indicate the time (hours) to reach the peak concentrations.
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Table 4 Mean Vitreous Concentrations of Fluorescein and Fluorescein
Glucuronide 24 Hours After 30 pg Injections

Intravitreal injection volume

Injection location 15 uL 100 pL
Mean concentration of Central 0.603 0.527
fluorescein in vitreous  Lens-displaced 0.564 0.535
(ng/mL) Retina-displaced 0.339 0.361

Hyaloid-displaced 0.159 0.214
Mean concentration of Central 5.16 5.11
fluorescein glucuronide Lens-displaced 3.73 4.09
in vitreous (ug/mL) Retina-displaced 5.71 5.60

Hyaloid-displaced 1.87 2.49

is not as large; however, variations of up to a factor of 2.5 are still observed.
As the injection volume increases, the effect of injection position would be
dampened, with the upper limit of injection volume being a single injection
that completely replaces the whole vitreous.

Table 4 lists the mean model calculated concentrations of fluorescein
and fluorescein glucuronide in the vitreous as a function of the injection
position, following either a 15 or a 100 pL injection. As mentioned earlier,
the simulated mass of drug injected in each case was the same (30 pg). As
indicated by the lower values of the mean fluorescein concentration at 24
hours, elimination of fluorescein was faster for the 100 uL central and lens-
displaced injections than for the 15puL injections. However, when the fluor-
escein was injected closer to the retina or hyaloid membrane, elimination
was higher for the 15 pL injections. These results are consistent with the fact
that fluorescein is primarily eliminated across the retina. When the 15 pL
injection is placed next to the retina, the flux of drug across the retina
immediately after the injection is faster than for the 100 pL injection, due
to the higher concentration within the 15 uL injection. This is illustrated by
Figure 11, which shows the concentration of fluorescein adjacent to the
retina on the symmetry axis of the vitreous following both the 15 and 100
pL retina-displaced injections. For the central and lens-displaced injections
of fluorescein, elimination was higher for the 100 pL injection than for the
15 pL injection. In these cases, the 100 uL injection produces a higher
concentration at the surface of the retina than the 15 puL injection, resulting
in a higher rate of elimination. For injections of fluorescein glucuronide, the
same trends were observed. Since fluorescein glucuronide is eliminated
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Figure 11 Concentration of fluorescein at the vitreous site adjacent to the retina
following a 15 or 100 pL injection adjacent the retina on symmetry axis of vitreous.
The mass of fluorescein injected in each case was identical, resulting in higher peak
concentrations adjacent to the retina following the 15 pL injection case and, there-
fore, a higher initial loss of fluorescein across the retina.

mainly across the hyaloid membrane, the 15 pL injections placed closer to
the hyaloid membrane (hyaloid-displaced and lens-displaced) resulted in
lower mean concentrations at 24 hours than the 100 pL injections at the
same locations, due to a higher initial rate of elimination across the hyaloid
membrane. Figure 12 shows the concentration adjacent to the hyaloid mem-
brane for the 15 and 100 pL hyaloid-displaced injections of fluorescein
glucuronide. Similar to fluorescein, when the injection of fluorescein glucur-
onide was not placed next to its elimination surface (central and retina-
displaced), higher elimination is produced by the 100 pL injection.

3. Clinical Implications of Changes in Injection Conditions

From a clinical perspective, the results of changes in injection conditions are
very significant. Retinal damage from excessive drug concentrations is
observed periodically following an intravitreal injection. The results of this
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Figure 12 Concentration of fluorescein glucuronide at the vitreous site adjacent to
the hyaloid membrane following a 15 or 100 pL injection adjacent to the hyaloid
membrane. The mass of fluorescein glucuronide injected in each case was identical,
resulting in a higher peak concentration, adjacent to the hyaloid membrane following
the 15 pL injection case and, therefore, a higher initial loss of fluorescein across the
hyaloid membrane.

modeling work show that enormous variations in local concentrations can
arise due to variations in injection positions, suggesting that small deviations
from a central injection position may contribute to retinal damage. For
treatment of infectious diseases, a specific minimum inhibitory level of
drug must be maintained for a specified length of time to eradicate the
infectious agent. Due to the potentially devastating effects of a vitreoretinal
infection, the antibiotics are used at the highest possible nontoxic doses (22);
however, these studies indicate that a nontoxic dose injected at one location
of the vitreous may be toxic if injected in a different location. Furthermore,
the time interval the antibiotic drug remains above its therapeutic concentra-
tion at a specific site in the vitreous is dependent on the injection location.
The results are also relevant to early clinical trials or experiments with
animal models, when the efficacy of new drugs is tested. Significant
variability in the results may occur if care is not taken to ensure that
the conditions of the intravitreal injections are kept constant. Although
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the injection positions that were examined in this study are extremes within
the anatomy of the eye, a variation of only 5-8 mm from a central injection
will produce these extremes. Slight changes in the injection conditions can
easily produce these variations. Knowledge of concentration variations that
are present at different sites within the vitreous will facilitate the optimiza-
tion of administration techniques for diseases that affect the posterior seg-
ment of the eye.

C. Effects of Aphakia and Changes in Retinal Permeability
and Vitreous Diffusivity on Drug Distribution in the
Vitreous

Posterior segment infections that result in endophthalmitis most often occur
as a complication following cataract extraction, anterior segment proce-
dures, and traumatic eye injuries (23-25). Vitreoproliferative disease, a dis-
order in which there is uncontrolled proliferation of nonneoplastic cells,
accounts for the majority of failures following retinal detachment surgery
(26). A common result of both of these diseases states is inflammation of the
retina, which results in a breakdown of the blood-retinal barrier (27). Long-
term diabetes is also known to result in a breakdown of the blood-retinal
barrier (28). The permeability of the retina will be affected as a result of
these disorders and will depend on the extent to which the blood-retinal
barrier has been compromised. The retinal permeability of compounds nor-
mally unable to cross the blood-retinal barrier will be increased; however,
the retinal permeability of compounds that are normally actively trans-
ported across the retina may actually decrease due to a disruption in the
active transport processes. Another transport parameter that may change
indirectly with changes in the pathophysiology of the eye is the diffusivity of
drugs in the vitreous. Changes in drug diffusivity will be most significant
when drugs of different molecular weight are used to treat different patho-
logical conditions. The developed human eye finite element model was used
to estimate how the pathophysiology of the posterior eye segment affects the
distribution and elimination of drug from the vitreous (29). In particular,
the effect of three conditions were examined: changes in the diffusivity of
drugs in the vitreous, changes in retinal permeability, and, since it is com-
mon to inject drugs into aphakic eyes, the presence or absence of the lens.

1. Range of Vitreous Diffusivity and Retinal Permeability
Values Considered

In order to cover a large number of drugs with a wide range of physico-
chemical properties, retinal permeabilities between 1 x 10~/ and 1 x 107
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cm/s were considered. Retinal permeabilities have been estimated for only a
small number of compounds, including fluorescein (2.6 x 10~> cm/s), fluor-
escein glucuronide (4.5 x 1077 cm/s), and dexamethasone sodium m-sulfo-
benzoate (4.9 x 107> cm/s) (1,9,15-17,30). All of the reported values fall
within the range of permeabilities that were studied.

The vitreous is composed of water and low concentrations of collagen
and hyaluronic acid. As the vitreous ages, the concentration of collagen and
hyaluronic acid increases; however, even when elevated, the concentrations
are still relatively low, at 0.13 mg/mL and 0.4 mg/mL, respectively (31). It has
long been accepted that the diffusivity of solutes in the vitreous is unrestricted
(32). An empirical relationship developed by Davis (33) can be used to deter-
mine if the concentration of collagen and hyaluronic acid would affect drug
diffusivity in the vitreous. The diffusivity of a substance in a hydrogel can be
estimated relative to its free aqueous diffusivity using the following equation:

%: =exp[—(5+ 1074(M))C, ]

where Dp and D, represent the hydrogen (vitreous) diffusivity and the dif-
fusivity in a polymer-free aqueous solution, respectively, M, represent the
molecular weight of the diffusing species, and Cp represents the concentra-
tion of polymer (collagen and hyaluronic acid) in the hydrogel in units of
grams of polymer per gram of hydrogel. Using the sum of the maximum
concentration of collagen and hyaluronic acid (5.3 x 107 g/g) as Cp and the
molecular weight of fluorescein (330 Da) gives a Dp to D, ratio of 0.997.
This value indicates that the diffusivity of a small molecule like fluorescein in
the vitreous is virtually identical to the diffusivity of fluorescein in a poly-
mer-free aqueous solution. Even if a molecular weight of 100,000 Da is used,
the ratio of Dp to D, is still 0.992, indicating that for virtually all drugs of
interest, the diffusivity in a free aqueous solution is an accurate representa-
tion of vitreous diffusivity. This conclusion will hold for any molecule that
does not have some form of binding interaction with collagen and hyaluro-
nic acid. The diffusivity of molecules that do not interact with hyaluronic
acid and collagen is simply a function of the molecular weight of the diffus-
ing species. The molecular weight of drugs administered to the vitreous fall
within a range of approximately 100-10,000. Davis (33) estimated the dif-
fusivity of Na'*I (125 Da), [*H]prostaglandin F,, (354 Da), and '*I-
labeled bovine serum albumin (67,000 Da) in water. Although these com-
pounds would not be administered therapeutically to the vitreous, their
diffusivities represent a reasonable range of values for testing the sensitivity
of drug distribution and elimination using the model. Therefore, the diffu-
sivities used in the model simulations are 2.4 x 10~> cm?/s (125 Da), 5.6 x
107® cm?/s (354 Da), and 5.4 x 1077 cm?/s (67,000 Da).
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The effects of changing the retinal permeability or vitreous diffusivity
were studied using the phakic eye model. When the sensitivity to the vitreous
diffusivity was studied, the retinal permeability was held constant at
5x 107> cm/s. Likewise, when the sensitivity to the retinal permeability
was studied, the vitreous diffusivity was held constant at 5.6 x 107¢ cm?/s.
When the effects of changing the vitreous diffusivity and retinal permeability
were studied in the phakic eye model, only a central injection was considered
to reduce the number of variables that were changed.

2. Modifications to Finite Element Model to Simulate Aphakic
Eyes

Although cataract extractions previously involved removal of the entire
lens, it is more common today to leave the posterior lens capsule intact in
order to reduce postoperative complications such as vitreous changes and
retinal detachment (34). To study elimination in an aphakic eye, the human
phakic eye model was modified so that the curved barrier formed by the lens
(Fig. 7) was replaced by the posterior capsule of the lens (Fig. 13). All of the
other tissues of the aphakic eye model were assumed to be in the same

radius = 1.0 cm
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Humar
Posteri {volume = 3.93 mL}
osterier
Chamber )
of Aqueaus Hyaloid
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Figure 13 Cross-section view of aphakic human eye model.
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configuration as in the phakic eye model. The values noted earlier for the
retinal permeability of fluorescein and fluorescein glucuronide were also
used in the aphakic model to study the effects of removing the lens on the
elimination of compounds that have either a high or a low retinal perme-
ability. The diffusivity of fluorescein and fluorescein glucuronide used for
the vitreous and hyaloid membrane was 6.0 x 107¢ cm?/s, which is the same
as the diffusivity in free solution (35). Kaiser and Maurice (30) studied the
diffusion of fluorescein in the lens and concluded that the mass transfer
barrier formed by the posterior capsule of the lens was the same as an
equal thickness of vitreous. The drug diffusivity used within the posterior
lens capsule, therefore, was also 6.0 x 107¢ cmz/s.

3. Results of Changes in Vitreous Diffusivity and Retinal
Permeability

The effects of changing the retinal permeability and vitreous diffusivity are
summarized in Table 5. The results agree with what would be expected based
on mass transfer principles. The effect of vitreous diffusivity was examined
with the retinal permeability set to an intermediate value of 5.0 x 107> cm/s,
such that both the hyaloid membrane and the retina are expected to be
important elimination routes. Decreasing the drug diffusivity through the
vitreous increases the time required for drug molecules to travel from the
injection site to an elimination boundary. Accordingly, the mean concentra-
tions in the vitreous, calculated at 4, 12, and 24 hours after injection,
increased as the drug diffusivity was reduced. Furthermore, the rate of
drug elimination, which is inversely related to the drug’s elimination half-
life, decreased significantly as the drug diffusivity was reduced. (Note: The
half-life noted in these studies is not the terminal phase half-life normally
quoted for a drug’s pharmacokinetic properties, but rather the time required
for the average concentration in the vitreous to drop by a factor of two
immediately following injection.) At the lowest diffusivity considered
(5.4 x 1077 cmz/s), the mean intravitreal concentration at 24 hours was
only 7.5% lower than the concentration at 4 hours. In contrast, at the highest
diffusivity examined (2.36 x 107> cm?/s), the mean vitreal concentration
decreased by more than 99% between 4 and 24 hours. Consequently, drug
diffusivity can have a drastic effect upon drug distribution and elimination.

Table 5 shows the peak concentrations in the vitreous adjacent the lens
were only slightly affected by changes to the drug diffusivity. However, the
time at which the peak concentration occurred increased as the drug diffu-
sivity decreased because the average time required for a drug molecule to
reach the lens increased. In the regions adjacent to the retina and hyaloid
membrane, the peak concentrations increased as the drug diffusivity
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Table 5 Sensitivity of Half-Life, Mean Vitreous Concentration, and Peak Vitreous
Concentration to Drug Diffusivity and Retinal Permeability

Clnean 11 Vitreous Cpeax in vitreous
(ng/mL) (ng/mL)
Dvit Prelina
(cmz/s) (cm/s)  t) Adjacent Adjacent Adjacent
x1077 x1077 (r)* 4h 12h 24h lens retina hyaloid

54 500 639 797 793 737  9.51(38.6)  0.591 (26.5 0.366 (61.7)
56 500 7.64 649 222 0435 9.54(3.89)  4.36(2.97) 0.621 (7.03)
236 500 2.69 2.54 0.264 0.0169 9.48 (0.897)  9.26 (0.897) 0.775 (1.75)
56 1.0 444 788 7.0 569  9.54(3.89) 148 (544)  0.915(11.3)
56 10 311 7.80 653 479  9.54(3.89) 14.1 (4.67)  0.876 (11.3)
56 100 123 730 407 1.54  9.54(3.89)  9.86 (3.89) 0.742 (7.78)
56 1000 694 621 190 0323 9.53(3.89)  2.59 (2.66) 0.587 (6.25)

All values were obtained using a central injection into the vitreous.
Values in parentheses indicate the time (hours) to reach the peak concentration.

# The half-life noted in these studies is not the terminal phase half-life, but rather the time required for
the average concentration in the vitreous to drop by a factor of 2 immediately following injection.

increased, and the time to reach the peak concentration decreased as the drug
diffusivity increased. When the vitreous diffusivity is high, the retina limits
the rate of elimination. Therefore, the drug rapidly diffuses to the retina, but
cannot be rapidly transferred across the retina, leading to a high concentra-
tion adjacent to the retina. When the diffusivity is low, the retina is no longer
a rate-limiting barrier, and molecules are eliminated almost as soon as they
reach the retina surface, and the concentration adjacent to the retina is low.
The diffusivity within the hyaloid membrane is equal to the diffusivity within
the vitreous, and, therefore, the hyaloid membrane is never a rate-limiting
transport barrier. The observation that peak concentrations adjacent to the
hyaloid membrane decrease as the vitreous diffusivity decreases is due to the
proximity of the hyaloid membrane to the retina.

Changing the retinal permeability had similar effects on the mean and
peak concentrations within the vitreous (Table 5). The effect of retinal per-
meability was examined with the vitreous diffusivity held constant at an
intermediate value (5.6 x 107® cm?/s). Increasing the retinal permeability
increases the rate of elimination; consequently, the mean concentration in
the vitreous at 4, 12, and 24 hours decreases as the retinal permeability
increases. The increase in elimination rate is also apparent by the fact that
the half-life dramatically decreases as the permeability increases. At the low-
est retinal permeability considered (1.0 x 10~ cm/s), the mean concentration
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in the vitreous at 24 hours was approximately 27% lower than at 4 hours. In
contrast, when the retinal permeability was 1.0 x 10~* cm/s, the mean vitreal
concentration at 24 hours was 95% lower than the concentration at 4 hours.

Peak concentrations and peak times in the vitreous adjacent to the lens
were virtually unaffected by changes to the retinal permeability. The largest
changes in the peak concentrations were noted adjacent to the retina, where
changing the retinal permeability by four orders of magnitude caused a
sixfold variation in peak concentrations. As the retinal permeability
increases, it is less likely to be a rate-limiting barrier. Therefore, where the
permeability is high, drugs are eliminated faster, leading to a lower concen-
tration adjacent to the retina.

Figure 14 contains a plot of the half-life of a drug within the vitreous
as a function of either its vitreous diffusivity or its retina permeability.

100

®—@ Retinal Permeability {0, = 5.6 x 107 cm’/s)
.\ W~ —— Vitreous Diffusivity (P,

= 5.0x 107 emis)

Ratina

.
L)

Half-life {hours)

1 L AN | 1 il L P T B W

1e-7 1e-6 1e-5 1e-4

Vitreous Diffusivity (cmzfs) or Retinal Permeability (cmfs)

Figure 14 Dependence of half-life on vitreous diffusivity or retinal permeability.
Note the half-life noted in these studies is not the terminal phase half-life, but rather
the time required for the average concentration in the vitreous to drop by a factor of
two immediately following injection.
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Similar relationships between retinal permeability, vitreous diffusivity, mole-
cular weight, and half-life have been shown by Maurice (32,36). Within the
range studied, half-life is inversely dependent on the vitreous diffusivity and
retinal permeability. The half-life has a greater dependence on the vitreous
diffusivity than on the retinal permeability, although neither relationship is
linear. As the retinal permeability either decreases towards zero or increases
to a high value, the half-life approaches either a high or a low limit, respec-
tively. This is consistent with expectations because all drug is eliminated
across the hyaloid membrane when the retinal permeability is zero.
Therefore, the half-life will be dependent on the rate at which drug reaches
the hyaloid membrane, which is determined by the drug diffusivity through
the vitreous. Likewise, when the retinal permeability is high, the rate of
elimination will be limited by the rate of diffusion across the vitreous.
Although the range of drug diffusivities considered is not large enough to
show the effect of extreme values of diffusivity on half-life, it is expected that
as the vitreous diffusivity decreases, the half-life should increase without
bound. However, as the vitreous diffusivity increases, drug elimination
would occur primarily through the hyaloid membrane into the aqueous
humor and ultimately through the aqueous/blood barrier. Since diffusivity
in the aqueous humor should be at the same as in the vitreous and hyaloid,
the flowing aqueous humor should not represent a limiting mass transfer
barrier. Although the finite element model did not account for the aqueous/
blood barrier, the properties of this barrier would dictate the lower limit of
vitreous half-life when vitreous diffusivity increases to large values.

Most drugs administered intravitreally have molecular weights ran-
ging from 300 to 500 Da; therefore, Figure 14 (for a vitreous diffusivity of
5.6 x 1078 cm?/s, 354 Da) will be representative of most drugs. However, for
smaller or larger compounds, the quantitative relationship between half-life
and the permeability will be different, as will the limiting values.
Nevertheless, the same qualitative relationship should still be observed,
regardless of the vitreous diffusivity. Consequently, Figure 14 permits qua-
litative comparisons between the elimination of different drugs (molecular
weight affects diffusivity). Furthermore, Figure 14 demonstrates the impor-
tance of dose adjustment if a drug is administered into an eye compromised
by retinal inflammation or other disease that alter the permeability of the
blood-retinal barrier.

4. Results of Aphakia on Drug Distribution in the Vitreous

Figure 15 shows the model calculated concentration profile of fluorescein on
half of a cross section of the vitreous 24 hours after a central intravitreal
injection in the phakic and aphakic eye models. The concentration contours
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Figure 15 Model calculated concentration profile of fluorescein on half of a cross-
section of the vitreous 24 hours after a central intravitreal injection in the phakic eye
model (A) and the aphakic eye model (B).

are parallel to the retina, as expected, since fluorescein is eliminated mainly
across the retina. Table 6 lists the half-lives, mean concentrations, and peak
concentrations of fluorescein within the vitreous as a function of injection
position for both the phakic eye model or the aphakic eye model. Different
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Table 6 Half-Life and Peak and Mean Vitreous Concentrations of Fluorescein
Calculated Using the Aphakic and Phakic Eye Models Following Intravitreal
Injections at Different Locations

Clyean 10 Vitreous Cpeax in vitreous

(ng/mL) (ng/mL)
Injection tip Adjacent Adjacent Adjacent
location (h)* 4h 12h 24 h lens retina hyaloid
Phakic
Central 8.36 6.61 2.61 0.60 9.53 6.77 0.673
(3.78) (3.17) (6.89)
Lens 8.08 6.49 2.49 0.564 628 0.989 2.97
Displaced (0.128) (7.94) (2.83)
Retina 3.54 3.79 1.27 0.339 1.52 563 0.154
Displaced (9.89) (0.119) (11.1)
Hyaloid 1.39 2.11 0.695 0.158 5.73 0.166 210
Displaced (3.28) (12.1) (0.104)
0.084°
9.31)°
Aphakic
Central 8.38 6.61 247 0.646 3.34 4.13 0.873
(4.33) (4.33) (5.22)
Lens 3.54 3.72 1.26 0.312 328 0.430 3.58
Displaced (0.093) (10.3) (2.01)
Retina 3.75 3.84 1.35 0.303 0.421 563 0.144
Displaced (11.2) (0.131) (11.2)
Hyaloid  2.29 2.41 0.626 0.146 3.98 0.163 238
Displaced (2.03) (12.9) (0.137)
0.102°
(8.44)°

Values in parentheses indicate the time (hours) to reach the peak concentrations.

% The half-life noted in these studies is not the terminal phase half-life, but rather the time
required for the average concentration in the vitreous to drop by a factor of 2 immediately
following injection. The terminal phase half-life would not be expected to change with
changes in injection position since the terminal phase occurs after a pseudo equilibrium has
been achieved in the vitreous. After this point only vitreous diffusivity and retinal perme-
ability would govern the rate of elimination.

® Peak concentration in vitreous adjacent hyaloid opposite the location of the intravitreal
mjection.

trends were noted when comparing the half-life of fluorescein in the phakic
versus aphakic eye model. In both cases, the longest half-life was found for a
central injection and the shortest half-life was found for a hyaloid-displaced
injection. The half-life for the lens-displaced injection, however, was much
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lower in the aphakic eye model than in the phakic eye model. Placing the
injected drug closer to the lens capsule in the aphakic eye model would
initially produce a rapid loss of drug to the posterior chamber of the aqu-
eous humor. However, in the phakic eye model, since there is no loss across
the lens, injecting the drug closer to the lens has little effect. The initial drug
loss across the lens capsule in the aphakic eye model is confirmed by com-
paring, in the aphakic and phakic eye models, the ratio between the mean
concentrations at 4 and 24 hours for the central and lens-displaced injec-
tions. In the aphakic eye model, the mean concentration 4 hours following a
central injection is 1.75 times greater than the mean concentration from a
lens-displaced injection; this ratio increases slightly at 24 hours. In the
phakic eye model, however, this ratio is only approximately 1.02, despite
the fact that the mean concentration in the vitreous is the same for the
phakic and aphakic eye models 4 hours following a central injection. The
higher ratio in the aphakic eye model is therefore due to increased transport
across the lens capsule, much of which occurs within the first 4 hours fol-
lowing an injection.

The mean vitreous concentrations in the phakic and aphakic eye mod-
els differ by less than 10% following central, retinal-displaced, and hyaloid-
displaced injections, regardless of the sample time considered. However, the
peak concentrations of fluorescein adjacent to the lens and retina were
higher in the phakic eye model than in aphakic eye model for all the injec-
tion positions. Adjacent to the lens, the peak concentrations were higher in
the phakic eye model because there is no loss across the lens. Adjacent to the
retina, the peak fluorescein concentrations were only significantly higher in
the phakic eye model for the central and lens-displaced injections. This is
due to increased loss across the lens capsule in the aphakic eye model and
the fact that the distance between the injection site and the recording site is
slightly larger in the aphakic eye model than in the phakic eye model. The
peak concentrations adjacent to the hyaloid membrane were higher in the
aphakic eye model than in the phakic eye model for the central and lens-
displaced injections. This is due to the fact that, in the aphakic eye model,
the injection sites are slightly closer to the site adjacent to the hyaloid where
the concentrations were recorded.

Figure 16 shows the model calculated concentration profile of fluor-
escein glucuronide in half of a cross section of the vitreous 36 hours after a
central injection in the phakic and aphakic eye models. In this case, since
fluorescein glucuronide has a low retinal permeability and is eliminated
primarily across the hyaloid membrane, the concentration contours are
perpendicular to the surface of the retina. Table 7 lists the half-lives,
mean concentrations, and peak concentrations of fluorescein glucuronide
within the vitreous as a function of injection position for both the phakic
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Figure 16 Model calculated concentration profile of fluorescein glucuronide on
half of a crosssection of the vitreous 24 hours after a central intravitreal injection
in the phakic eye model (A) and the aphakic eye model (B).

and aphakic eye models. It should be noted that the different half-lives
reported in Table 6 or Table 7, with respect to injection position, are due
to differences in elimination rates immediately following the injection that
depend upon the injection position.
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Table 7 Half-Life and Peak and Mean Vitreous Concentrations of Fluorescein
Calculated Using the Aphakic and Phakic Eye Models Following Intravitreal
Injections at Different Locations

Clnean 1N Vitreous

Cpeak in vitreous

(ng/mL) (ng/mL)
Injection Ly Adjacent Adjacent Adjacent
location (h)* 4h 12h 24 h lens retina hyaloid
Phakic
Central 354 7.73  6.71 5.16 9.54 14.6 0.904
(3.77) (4.61) (11.0)
Lens 21.5 6.99 5.15 3.74 628 4.68 3.04
Displaced (0.128) (21.0) (3.11)
Retina 40.4 7.73  7.13 5.71 4.14 680 0.742
Displaced (21.0) (0.138) (24.0)
Hyaloid 3.33 3.76  2.62 1.87 6.38 2.15 210
Displaced (3.4 (24.0) (0.104)
0.188°
(22.2)°
Aphakic
Central 30.4 7.45 6.13 4.60 3.36 10.0 1.02
(4.78) (6.53) (6.53)
Lens 4.08 4.01 2.60 1.83 328 2.21 3.60
Displaced (0.093) (21.7) (2.01)
Retina 38.1 7.59 697 5.49 1.39 678 0.702
Displaced (21.6) (0.130) (21.6)
Hyaloid 3.97 3.96 2.46 1.71 4.23 2.0 238
Displaced (2.11) (24.0) (0.137)
0.180°
(19.6)°

Values in parentheses indicate the time (hours) to reach the peak concentrations.

% The half-life noted in these studies is not the terminal phase half-life, but rather the time
required for the average concentration in the vitreous to drop by a factor of 2 immediately
following injection. The terminal phase half-life would not be expected to change with
changes in injection position since the terminal phase occurs after a pseudo equilibrium has
been achieved in the vitreous. After this point only vitreous diffusivity and retinal perme-

ability would govern the rate of elimination.

® Peak concentration in vitreous adjacent hyaloid opposite the location of the

intravitreal injection.
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The rate of elimination from the vitreous at longer times (in the term-
inal phase) should be independent of the injection position. In general, the
half-life of fluorescein glucuronide is higher than that for fluorescein.
However, the elimination behavior observed with the phakic model and
the aphakic model is different for fluorescein and fluorescein glucuronide.
These differences are due to the fact that fluorescein glucuronide is elimi-
nated mainly across the hyaloid membrane, rather than across the retina. In
both the aphakic model and the phakic model, the highest half-life occurred
for the retina-displaced injection and the lowest half-life occurred for the
hyaloid-displaced injection, which is consistent with the fact that the hyaloid
is the main elimination pathway. Similar to fluorescein, the half-life follow-
ing a lens-displaced injection was much lower in the aphakic model than in
the phakic model due to transport of drug across the lens capsule in the
aphakic eye model. Mean intravitreal concentrations of fluorescein glucur-
onide at 12 and 24 hours are lower in the aphakic model for all the injection
locations considered.

A comparison of peak concentrations (Table 7) shows that fluorescein
glucuronide concentrations adjacent to the lens and retina were consistently
lower in the aphakic eye model. However, concentrations adjacent to the
hyaloid membrane were typically higher following injection in the aphakic
eye model. Similar trends are observed for the peak fluorescein concentra-
tions (Table 6). The aphakic model calculated lower peak concentrations
near the retina and lens, for all the injection positions, but calculated higher
concentrations near the hyaloid membrane. Thus, this comparison of elim-
ination in the aphakic and phakic eye models has indicated that not only does
the presence of the lens affect elimination, but the difference in elimination
from an aphakic eye and a phakic eye is highly dependent on the injection
location and the retinal permeability of the drug. If the drug has a low retinal
permeability, then the half-life of the drug in an aphakic eye is highly depen-
dent on the distance between the injection location and the lens capsule.

V. SUMMARY

Finite element modeling has been shown to be a useful tool to study drug
distribution within the vitreous humor, with fewer limitations than pre-
viously developed mathematical models. Using a finite element model of
the vitreous, the site of an intravitreal injection was shown to have a sub-
stantial effect on drug distribution and elimination in the vitreous. The
retinal permeability of fluorescein and fluorescein glucuronide in rabbit
eyes calculated by the model ranged from 1.94 to 3.5 x 107> and 0 to 7.62 x
1077 cm/s, respectively, depending on the assumed site of the injection. The
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actual physiological retinal permeability will be a constant that is expected
to lie within these ranges. If the exact initial location and distribution of the
drug following injection were known, a single retinal permeability value
could be calculated using the model.

By using a finite element model that matched the geometry and phy-
siology of the human eye, it was shown that variations in intravitreal injec-
tion conditions can produce radically different levels of drug exposure in
different sites within the vitreous. Variations in the injection location
resulted in peak concentrations that varied by over three orders of magni-
tude. These variations are very important to consider if toxicity to the retina
and other tissues is to be avoided. The mean calculated vitreous concentra-
tion 24 hours after an intravitreal injection varied by up to a factor of 3.8,
depending on the initial location of the injected drug. Changing the volume
of the injection from 15 to 100 pL. dampened the effects of the initial injec-
tion location; however, mean concentrations at 24 hours still varied by up to
a factor of 2.5.

Using finite element modeling, it has also been shown that the rate of
drug elimination from the vitreous is highly dependent on diffusivity through
the vitreous and retinal permeability. For a constant retinal permeability of
5.0 x 107> cm/s, increasing the vitreous diffusivity from 5.4 x 107" to 2.4 x
107> cm?/s decreased the calculated half-life from 64 hours to 2.7 hours. For
a constant drug diffusivity of 5.6 x 107® cm?/s, increasing the retinal perme-
ability from 1.0 x 1077 to 1.0 x 10~* cm/s decreased the calculated half-life
of drug from 44 to 7 hours. Therefore, the drug diffusivity and retinal perme-
ability are key factors that affected elimination from the vitreous and must be
considered when selecting drugs and doses, particularly if the blood-retinal
barrier has been compromised. Drug elimination was higher in an aphakic
eye model than in a phakic eye model, especially for drugs with a low retinal
permeability and if the injection was close to the lens capsule.

In the modeling work presented in this chapter, injection solutions
have been assumed to be spherical or cylindrical in shape. It is known,
however, that the distribution or shape of a drug solution within the
vitreous immediately following intravitreal injection may vary depending
on factors such as needle gauge and length, injection speed, solution visc-
osity, and vitreous rheology. Such variations in shape would influence the
diffusional surface area and hence drug distribution within the vitreous.
An attempt has been made to quantitate the effect of shape by using the
extent of fingering as a quantitative indicator of shape irregularity and
simulating intravitreal drug distribution using various shapes as the initial
condition (7). Although such simulations provide some insight into the
effect of shape, given the spurious nature of injections, it is difficult to
relate the results to any given injection.
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Another limitation of the models discussed in this chapter is that
transport of drug in the vitreous was assumed to occur only by diffusion.
Vitreous liquefaction as a result of age or disease may result in pockets of
liquefied vitreous where there may be convective transport of drug. This
convection would dampen both the concentration gradients calculated by
the model and the effects of using different intravitreal injection conditions.
However, knowledge of exactly where liquefaction occurs or how much
convection occurs in liquefied pockets was not available at the time the
modeling was performed. When better knowledge of vitreous liquefaction
becomes available, this could be incorporated into the models.
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Anterior Segment Microdialysis

Kay D. Rittenhouse
Pfizer Inc., San Diego, California, U.S.A.

. INTRODUCTION

Preservation of sight is the major objective of many scientific studies.
Topically administered drugs effectively treat many important ocular dis-
eases. Short-term efficacy endpoints are sometimes difficult to assess fol-
lowing these treatment approaches. Hence, it is important to determine
whether therapeutically relevant concentrations reach the site of action, as
in other regions of the body. The anterior chamber of the eye is a rela-
tively straightforward region for sampling. Anatomically accessible by
paracentesis procedures, it is possible to obtain a single sample for mea-
surement of drug concentrations. However, challenges are encountered
when time-course or steady-state data are collected. Repeat sampling of
this region is not possible by conventional methods in general.
Traditionally, rabbits or other mammal species have been used for the
assessment of intraocular concentrations of topically administered drugs.
In order to obtain time-course data in aqueous humor, many animals are
required, with each time point requiring multiple individual aqueous
humor samples following sacrifice. These procedures present a number
of challenges to be managed.

The anterior segment is an interesting and important ocular region for
exploration with research tools such as microdialysis. More than 20 papers
describing microdialysis approaches for assessment of ocular drug delivery
and endogenous substrate characterization have been published, which
include both vitreous and aqueous humor sampling.
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Il. PHYSIOLOGICAL CONSIDERATIONS OF THE
ANTERIOR SEGMENT

Aqueous humor, the watery solvent produced by the ciliary body in the
posterior chamber, is, in part, an ultrafiltrate of plasma (1). However, a
number of the electrolytes are present in higher concentration in aqueous
humor than in blood, providing evidence of active secretory and metabolic
components to aqueous formation. For example, ascorbate and lactate are
20-fold and 2-fold higher in concentration in aqueous relative to plasma,
respectively (2). Aqueous humor serves a nutritive role for avascularized
ocular tissues such as the cornea, trabecular meshwork, and lens (2).

A. Aqueous Humor Formation and Turnover
1. Inflow Dynamics

Blood, presented at the ciliary body arterioles at relatively high hydrostatic
pressure (~ 30 mmHg) (3-5), is converted into aqueous humor through
complex and not completely characterized ways. The protein concentration
in aqueous humor is less than 1% of that present in plasma (1). Plasma
proteins are prevented from entry into aqueous humor by the tight junctions
located at the nonpigmented ciliary epithelium, a component of the so-called
blood-aqueous barrier, analogous to the blood-brain barrier (1). Active
secretion of electrolytes such as sodium, deposited at the intercellular clefts
of the tight junction regions of the nonpigmented ciliary epithelium, provide
for a concentration gradient favoring fluid flow from the ciliary processes to
the posterior chamber (6). A number of active secretory pathways have been
identified (7,8) with specific active transport systems such as Na®/K*-
ATPase and others providing a major contribution. The formed aqueous
humor flows into the posterior chamber, down a pressure gradient, and is
transported via convective bulk flow through the pupil into the anterior
chamber, where the pressure is ~ 16 mmHg (6).

2. Outflow Dynamics

Return of aqueous humor to the systemic circulation is facilitated by the
lower pressure of the episcleral venous system (~ 9 mmHg) relative to the
anterior chamber (~ 16 mmHg), as aqueous percolates through the trabe-
cular meshwork and collects into the canal of Schlemm (1). A second pres-
sure-independent pathway, called the uveoscleral route, provides an
important contribution to aqueous outflow in humans. In contrast, rabbits
have virtually no aqueous outflow by this route (9). Resistance to flow, or
aqueous humor outflow facility, is used to describe the passive resistance of
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the trabecular meshwork to the passage of aqueous humor (10,11). The
pressure-independent flow pathway behaves like a constant-rate pump;
however, no metabolically dependent process has been identified as a driv-
ing force for pressure-independent flow (11). The uveoscleral pathway is
described as the slow entry of aqueous humor through the face of the ciliary
body just posterior to the scleral spur, with movement by bulk flow through
the tissue and absorption into the uveal vessels or into periocular orbital
tissues (10). There is considerable discussion concerning whether or not a
significant energy-dependent component of the outflow pathway exists (10).
The cells of the trabecular meshwork have phagocytic activity (12-14),
which may contribute to increased facility of outflow. Trabecular meshwork
outflow is biologically active, providing biochemical modulation of a passive
physical process (10).

The relationship between inflow and outflow provides a means for
estimating the intraocular pressure (IOP). This relationship is described as:

F-U
IOP:T-i-PU

where F is aqueous humor formation, or flow, U is pressure-insensitive flow,
C is the facility of inflow or pressure sensitive flow, and Pv is the episcleral
venous pressure (2).

. AQUEOUS HUMOR DYNAMIC IMPACT ON ANTERIOR
SEGMENT DRUG DISPOSITION

The pharmacokinetics of drugs in aqueous humor is complex. Aqueous
turnover, as well as availability of unbound substrate (i.e., tissue binding),
complicate the assessment of ocular clearance. Anterior chamber volume in
rabbit and humans is estimated to be ~ 250—300 pL. Aqueous humor turn-
over is ~ 1% of anterior chamber volume (~ 2.5 pL./min) (15). In the ante-
rior chamber environment, volume and clearance are not independent in the
sense that drug clearance is a function of aqueous turnover and turnover
rate is a function, in part, of anterior chamber volume (16). The nature of
aqueous humor turnover and the pharmacodynamics of drugs that affect
aqueous formation can also complicate the characterization of drug disposi-
tion. As drug is absorbed and exerts the pharmacological effect resulting in
decreased aqueous humor formation, for example, the resulting aqueous
concentrations are elevated relative to that of substrates that would not
exert this effect (17). Tissue binding and drug lipophilicity, for example,
provide input into the dispositional characteristics of the drug. Systemic
effects can also influence the ocular disposition of drugs. Analgesia may
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result in decreased aqueous humor turnover (17), which in turn results in
elevated aqueous humor drug concentrations.

IV. MICRODIALYSIS SAMPLING OF AQUEOUS HUMOR
A. Important Problems in the Anterior Chamber
1. Anterior Segment Pharmacokinetics

The ocular pharmacokinetics of ophthalmic drugs has been evaluated for
many years by paracentesis sampling of anterior chamber aqueous. Lee et
al. (18) examined the systemic disposition of a series of beta-adrenergic
antagonists following topical administration to the pigmented rabbit (18)
in order to establish the relationship between the physicochemical drug
properties and absorption pathways. The efficiency of nasolacrimal punc-
tum occlusion for minimization of systemic exposure and increased local
absorption also was examined. Ross et al. (19) reported a propranolol
aqueous humor C,,, of ~ 50005500 ng/mL (~ 10—11 ng/mL/pg, dose
normalized) in anesthetized rabbits with paracentesis sampling. Others
have examined the aqueous humor disposition of propranolol and other
beta-adrenergic antagonists using this sampling technique (19-21).
Disadvantages to this approach include the large number of animals
required for evaluation and that paracentesis sampling is usually a terminal
procedure.

Rabbits are the species of choice for most ocular pharmacokinetic
experiments, although work in the cat, dog, and primate has been reported
(22,23). The rabbit eye is similar to the human eye in size and aqueous
humor volume. The rabbit eye has a thinner corneal thickness (0.35 mm
vs. 0.52 mm in humans) (9), slower blink reflex (9), a nictitating membrane
(absent in humans) (24), and virtually no uveoscleral outflow pathway (9).

2. Approaches to the Assessment of Modulation of Aqueous
Humor Inflow and Outflow

In order to study pharmacodynamics of drugs that affect aqueous humor
formation and turnover, a number of techniques have been developed.
Approaches such as fluorophotometry have been used (25,26). In essence,
fluorophotometry is a noninvasive technique that uses sophisticated instru-
mentation for the evaluation of the anterior chamber time course of topi-
cally or systemically administered fluorescing compounds such as
fluorescein or fluorescein conjugates; the dilution of a topically or systemi-
cally administered dye in aqueous is measured without direct assay of aqu-
eous humor contents. This procedure is advantageous for use in the clinical
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setting due to its lack of invasive sampling. Measurement of fluorescein in
the eye using fluorophotometry is a somewhat complex procedure with a
number of possible sources of error (25). Tonography, also a noninvasive
approach, can be used to assess aqueous humor formation indirectly.
Briefly, tonography tests the ability of the eye to recover from the elevation
of IOP induced by a tonometer. Such recovery primarily occurs through
increased outflow of aqueous humor (27). Tonography depends on the
assumption that aqueous humor formation is insensitive to moderate
changes in IOP; the facility of trabecular meshwork outflow is estimated.
This method neglects the pseudofacility component. With this approach, it
is difficult to separate out the different contributions to facility (27).
Constant pressure perfusion techniques have been used to estimate outflow
facility (28-30). A phenomenon described as a “washing-out” effect is com-
monly observed with the use of this method; the perfusion results in the
clearing of macromolecules (30) usually present at the trabecular meshwork
that partially occlude these outflow channels (10). Inaccuracy in flow esti-
mates can result since time dependent changes in facility are observed (29).
An invasive approach used by Miichi and Nagataki (31) to estimate aqueous
humor formation involves the assessment of the time course of “‘dilution” of
a nondiffusable compound or dye, which is perfused at a constant rate into
aqueous humor. Perturbation of the rate of dilution of the dye can be
estimated via a change in the time course of the dye following administra-
tion of the pharmacological agent. The time-course data are approximated
mathematically employing nonlinear least-squares regression analysis in
order to obtain aqueous humor flow parameters perturbed by drugs that
affect inflow. This method offers some attractive features in the quantitation
of the physiological effect. However, the technical procedures are quite
involved, with numerous intrusions simultaneously to the same eye (31-36).

B. Principles of Microdialysis: Probe Design and
Recovery

Microdialysis offers a novel means for obtaining samples of biological fluids
while providing a relatively clean matrix, which may require little or no
sample preparation prior to analysis. However, microdialysis, in general,
does not provide meaningful information concerning endogenous or exo-
genous compounds implicitly. Microdialysis is a means of collecting the
sample for further analysis. The dialysate must be analyzed by other con-
ventional analysis techniques. Such analytical techniques used in conjunc-
tion with microdialysis include high-performance liquid chromatography
(HPLC) (37,38), capillary electrophoresis (39,40), UV-visible spectrophoto-
metry (41), and liquid scintillation spectroscopy (42).
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1. Principles of Dialysis

Dialysis involves the separation of two compartments containing differing
concentrations of a solute in solution by a semi-permeable membrane. This
membrane allows passage of solutes of sufficiently small size from one com-
partment to the other along a concentration gradient. Theoretically, the
solute concentration in both compartments will establish equilibrium such
that there is no net flux of solute; the concentration of solute not bound to
nonpermeable macromolecules then will be equal in both compartments.
The solute diffusion rate, as described by Fick’s law, is a function of mem-
brane surface area, thickness, concentration gradient, compartment volume,
and ligand diffusion coefficient (43).

Tissue and plasma proteins often bind drugs and other low molecular
weight compounds. Hypothesis regarding mechanisms of binding include
the generally held view that a reaction occurs between two oppositely
charged ions (essentially salt formation). Negatively charged drugs bind to
the positively charged amino acid groups, such as histidine or lysine, of
plasma proteins. Additional contributions to binding phenomena include
hydrophobic interactions (44). Nonpolar functional groups of drug and
protein or tissue interact via van der Waals forces.

Pharmacodynamic effects of drugs are considered to be a function of
the unbound concentration in plasma (45). For this reason, it is important
to determine the unbound (i.e., therapeutically relevant) concentration of
pharmacological agents. Dialysis techniques are well suited to make these
determinations. In the anterior chamber, low concentrations of proteins are
encountered (4). However, under conditions of compromised blood-aqu-
eous barrier, an increased influx of proteins from plasma may result in
elevated aqueous protein concentrations (46). Under these conditions, the
assessment of unbound concentrations in aqueous humor may become more
important in the establishment of the pharmacodynamics arising from
intraocular exposures to the substrate in question.

Microdialysis is a dynamic process. Perfusion medium is perfused
through the probe. Analyte concentrations in perfusate and in the surround-
ing medium are not in equilibrium (41). This introduces a number of tech-
nical problems that must be overcome in creative ways. Microdialysis is a
relatively sophisticated tool. There are a number of challenges to appropri-
ate use of this technique. Although nonspecific binding to the microdialysis
membrane is minimized as compared to other dialysis methods, plastic
tubing is used to deliver perfusate to the probe and to deliver the dialysate
from the probe to the collection vessel. Nonspecific binding to the tubing is
possible (47). This situation can be exacerbated when coupling microdialysis
directly to other instrumentation since longer tubing usually is required. In
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experiments examining plasma protein binding of drug in vivo, microdialy-
sis requires sufficient time to achieve stable concentrations. This process
requires more time (than ultrafiltration, for example), and recovery of sub-
strate across the membrane can be time- and temperature-dependent.

2. Microdialysis Probe Design Issues

The unique and dynamic environment of the anterior chamber provides
features amenable to microdialysis sampling. Continuous flow of aqueous
humor about the probe tip prevents the creation of microenvironments near
the probe membrane. This is an important advantage for microdialysis use
in this organ as opposed to placement in other extracellular spaces. Special
problems that develop for specific placement into the anterior chamber
include fibrin formation (17), which must be circumvented in order to pre-
vent reduced recovery of substrate in probe effluent. Additionally, due to
possible disruption of the blood-aqueous barrier, protein influx may alter
the drug disposition of highly protein-bound substrates (17).

Specific advantages to microdialysis use for anterior chamber sam-
pling are:

1. There is no extraction of internal aqueous humor fluids; IOP is
not adjusted artificially since aqueous humor volume is not
altered by influx of fluids.

2. Microdialysis sampling of both pharmacological agent and endo-
genous substrate is performed simultaneously.

3. Although this method involves some intrusion via surgical place-
ment of the microdialysis probe into the anterior chamber, a
more quantitative approach to the estimation of aqueous
humor formation rates and pharmacokinetic experimentation is
possible than with many conventional noninvasive approaches.

Fukada et al. (48-50) used a linear probe design that involved both entry
and exit ports through the anterior chamber, a similar approach to that
taken by Macha and Mitra (51,52). For their work in conscious animals,
Rittenhouse et al. (19,53,54) modified a concentric microdialysis probe
design according to the scheme presented in Figure 1, incorporating a 90°
bend in the probe shaft for each of anchoring the probe to the sclera of the
rabbit eye. In Figure 2, a photograph of an intact rabbit eye with a micro-
dialysis probe in the anterior chamber is presented.

3. Microdialysis Probe Recovery

A major concern in using microdialysis as a tool for the determination of
unbound drug concentrations in the in vivo as well as in vitro settings is the
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Figure 1 Custom-designed microdialysis probe for posterior or anterior chamber
placement into the rabbit eye.

assessment of recovery. Recovery may be defined as the proportion of solute
extracted from the medium surrounding the probe (55). Recovery is depen-
dent on the following parameters: dialysis membrane length, perfusion flow
rate, diffusion rate of the solute through the compartment (the usual rate-
limiting step in the process), and membrane properties (47). Recovery can

Figure 2 Rabbit eye with a microdialysis probe in the anterior chamber (magnifi-
cation ~ 4x).
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also be time- and temperature-dependent. Typical recovery values observed
in the literature range from a low of ~ 10 up to 100%. By maximizing the
dialysis membrane length, significant increases in recovery can be realized.
Decreases in perfusion flow rate also increase the relative recovery (although
they also decrease the available sample volume). The recovery of solute can
be difficult to ascertain. Ideally, probe perfusate composition should closely
match the environment of the medium in which it is placed. The probe also
can create a microenvironment near the probe surface, which may be dif-
ferent than the medium more distant from the membrane (47). Several
different types of recoveries are evaluated in microdialysis studies; these
include relative recovery (or concentration recovery) and absolute recovery
(mass recovery). Relative recovery is the fraction of solute obtained in the
dialysate relative to the actual concentration in the medium in which the
probe is placed. Absolute recovery is the total amount of solute collected
over a specified time period. A number of approaches are used to estimate
the recovery of a solute by the microdialysis probe, including water recov-
ery, no-net-flux (or difference method), perfusion rate, and relative loss
(55,56).

The water-recovery method is of limited use for in vivo settings
because drug diffusion characteristics are usually different in artificial aqu-
eous physiological buffers or solutions than in the dynamic in vivo environ-
ment. Where a solid in vitro—to—in vivo correlation is established, the water-
recovery method has utility. For this method, the microdialysis probe is
placed in a reservoir (usually stirred) containing a known concentration of
solute. The perfusion medium, an aqueous solution of similar composition
to the medium in which it is placed but without solute, is delivered through
the probe at a constant rate. Dialysate is collected and the amount of solute
determined via appropriate analytical methods. The ratio of the dialysate
concentration of the known concentration of the medium in which the probe
is placed is the relative recovery. This method is known to underestimate the
concentration in the medium sampled (55).

The point of no-net-flux or difference method is used for in vitro and
in vivo studies. By varying the concentration of solute in the perfusion
medium and fixing the solute concentration in the surrounding medium,
the dialysate solute concentration is assessed. The direction of the concen-
tration gradient of solute depends on whether the concentration in the
perfusion medium is higher or lower than the concentration in the surround-
ing medium (55). A plot of the perfusate solute concentration versus the
difference in concentration between perfusate and dialysate is constructed;
the x-intercept identifies the concentration at which no net flux of solute
occurs (55). In theory, this value will be the concentration of the surround-
ing medium. This method is very time-consuming.
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The perfusion rate method is based on the principle that recovery is
dependent on the rate of perfusate transit through the probe. With an
increase in perfusate transit, there is a corresponding decrease in relative
recovery. Conversely, the lower the perfusion rate, the higher the relative
recovery. For the perfusion rate method, the initial surrounding medium
contains no solute and the probe is perfused with a fixed concentration of
solute (55). This method is the most exhaustive in that several different
surrounding media concentrations must be assessed separately, each at dif-
ferent perfusion rates (in vitro). A typical experiment might evaluate four
different concentrations for the medium at three different perfusion rates
each over an extended period. Frequently regression models are employed
to provide the best estimates of probe performance. Typically for in vivo
determinations, the lowest possible perfusion rate (e.g., 0.1 pL/min) is
selected. This maximizes the relative recovery to nearly 100% in some
cases. At such low flow rates, longer collection times are required to obtain
sufficient sample for further analysis.

The relative loss method is similar to the water-recovery method, but is
operated in reverse. Rather than placing a known concentration of solute in
the medium surrounding the probe, the solute concentration of the perfusate
is fixed. The surrounding medium, which in most situations contains small
quantities of solute (i.e., sink conditions), then provides a negative concen-
tration gradient of the solute. The net loss of solute reflects the relative loss
of solute to medium. This method, which is based on the premise that
recovery is the same in both directions across the membrane (47), is by
far the simplest to use in the in vivo setting and provides a reliable estimate
of recovery. Relative loss is the ratio of the difference in perfusate to dialy-
sate solute concentrations to the perfusate concentration (56). This method
is often referred to as retrodialysis recovery. Under nonsink conditions of
the surrounding medium, an internal standard is sometimes employed.

C. Anterior Versus Posterior Chamber Sampling

Anterior chamber aqueous microdialysis sampling approaches have been
explored by a number of researchers (16,17,48-54). Challenges that were
managed using this approach include sensitivity of the eye to immunopro-
tective cascades following manipulation (17) and the requirement of the
protection of visual function, also a major concern for any procedures
proposed for observation of ocular pathophysiology or ocular pharmacoki-
netic/pharmacodynamic experimentation.

In published reports as early as the 1940s, researchers attempted to
obtain information regarding aqueous endogenous substrate concentrations
in the posterior versus the anterior chambers. Becker (57) and Kinsey and
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Palmer (58,59) examined posterior chamber versus anterior chamber aqu-
eous humor ascorbate concentrations. Rittenhouse et al. (53) used a micro-
dialysis approach to estimate posterior versus anterior chamber ascorbate
aqueous concentrations; the probe tip was introduced into the anterior
chamber and directed through the pupil towards the posterior chamber.
The posterior chamber is a much smaller region (~ 55 pL. Vs ~ 250 pL
for the anterior chamber) and provides additional challenges due to size
constraints.

V. CASE STUDIES OF MICRODIALYSIS USE IN THE
ANTERIOR SEGMENT

A. Ocular Pharmacokinetics

Recently, drug disposition in the anterior segment has been explored using
microdialysis. Fukuda et al. (48-50) were the first to examine the utility of
microdialysis sampling of anterior chamber aqueous humor. In their studies,
linear probes inserted into the temporal cornea through the anterior cham-
ber and exteriorized out of the nasal cornea were used to examine intrao-
cular disposition of fluoroquinolones following oral or topical
administration of ofloxacin, norfloxacin, or lomefloxacin in the anesthetized
rabbit (48,49). Fukada et al. (48) characterized the ocular pharmacokinetics
(Cmax> Timax» T12) of ofloxacin. Sato et al. [of the same laboratory as Fukada
(49)] were able to conclude that lomefloxacin penetrated into aqueous
sooner and was eliminated faster than norfloxacin. In later experiments,
Ohtori et al. [of the same laboratory as above (50)] examined the ocular
pharmacokinetics of timolol and carteolol in rabbits shortly after recovery
from anesthesia. A 5 mm cellulose membrane (50 kDa) linear probe of fused
silica (0.2 mm o.d., 23 g tubing) was used. In vitro recoveries of 16-20% for
norfloxacin/lomefloxacin and ~ 17-22% for timolol and carteolol were
reported. Pigmented rabbits (1.5-3.0 kg) were studied. The surgery involved
stitching the nictitating membrane in order to immobilize the eye followed
by the insertion of a 23 gauge needle attached to one end of the probe in the
temporal cornea and passing the needle through anterior chamber and out
of nasal side. The exteriorized tubing was glued at the puncture sites with
epoxy resin. The polyethylene tubing was taped to the face of the rabbit.
Rittenhouse et al. (16) developed an animal model for the evaluation
of microdialysis sampling of aqueous humor to assess the ocular absorption
and disposition of beta-adrenergic antagonist drugs. For this study using
anesthetized dogs (n = 3) and rabbits (7 = 3), microdialysis probes (10 mm
CMA/20) were implanted in the anterior chamber. Immediately following
probe implantation (~ 30 min), a single dose of [*H]pL-propranolol was
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administered topically or intracamerally in order to estimate intraocular
bioavailability of [PH]pL-propranolol. [PH]pL-Propranolol collected from
probe effluent was assayed by liquid scintillation spectroscopy. The results
of this study indicated a 10-fold higher intraocular exposure to propranolol
in the rabbit relative to the dog (Fay ~ 0.55 vs. ~ 0.056). Time to peak was
longer in the dog relative to the rabbit (~ 87 vs. ~ 54 min), and the terminal
rate constant for the dog was ~ twofold higher than the rabbit (~ 0.0189 vs.
~ (0.00983). Propranol recoveries of ~ 32—45% were reported. The results
obtained in this initial examination of propranolol disposition in aqueous
humor using microdialysis were highly variable. In general, aqueous humor
protein concentrations would have minimal influence on ocular exposure (3)
due to the low concentrations present. However, since propranolol is a
highly protein-bound substrate (45), Rittenhouse et al. (17) examined the
possibility that time-dependent protein binding might have been a contri-
buting factor to variability in parameter estimates, due to surgical insult
from probe implantation and subsequent increased influx of proteins into
aqueous humor. In addition, anesthesia is a known contributor to altera-
tions in the pharmacokinetics and pharmacodynamics of drugs (60). Thus,
development of relevant experimental techniques for use in conscious ani-
mals was imperative.

Following redesign of the microdialysis probes for anterior or poster-
ior chamber placement (4 mm, CMA/20 with 90° bend) (Fig. 1) in the
conscious rabbit, studies were conducted with propranolol (17) to estimate
the intraocular exposure (AUC,p), time to peak (7...), and aqueous
humor peak concentrations (C,,,) following a >5-day recovery. This
minimum recovery period was established by following the time course
of ocular wound healing and anterior segment resorption of fibrin, a
phenomenon that could result in reduced substrate recovery via microdia-
lysis aqueous humor sampling. Briefly, the surgical probe implantation
procedure for New Zealand white rabbits (2.3-50 kg) proceeded as fol-
lows: A limbal-based conjunctival flap was created superior nasally or
temporally ~ 3 mm from the limbus. A 10-12 mm conjunctival pocket
was prepared, and the probe inlet/outlets were exteriorized to the top of
head. A 20 gauge necedle was inserted ~ 2—3 mm from limbus into the
anterior chamber and removed. The microdialysis probe was then placed
into the opening and the anchor of probe sutured to the sclera and
covered with conjunctiva. Propranolol ocular pharmacokinetic parameter
estimates obtained from a previous study (16) were compared to those
obtained in the present study (17). It was observed that reduced dose-
normalized AUC,y and C,,,, were obtained in the previous study relative
to the present study (~ 1.9-fold relative to anesthetized results with >5-day
recovery period). It was hypothesized that time-dependent aqueous humor
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protein concentrations may have been present immediately postsurgery,
but that protein concentrations returned to basal levels given a sufficient
recovery period. Increased aqueous humor protein concentrations have
been reported in vivo shortly after cannulation of the eye (46). In order
to examine this possible explanation for the apparent decrease in dose-
normalized AUC 4y observed in the previous study (16), the time course of
aqueous humor protein concentrations after microdialysis probe implanta-
tion in the anterior chamber was examined in 16 rabbits (17). Immediately
following probe implantation, aqueous humor protein concentrations were
comparable to control. At 30 minutes postimplantation, aqueous humor
protein concentrations were maximal (~ 30 mg/mL) and were maintained
for up to 90 minutes. Aqueous humor protein concentrations were half-
maximal at 150 minutes. A simulation approach was used to examine
the hypothesis that altered protein concentrations were responsible for
differences in propranolol exposure between the two experiments.
Results of the simulations indicated that time-dependent binding of
propranolol in aqueous humor was probably the major contributor to
the reduced aqueous humor intraocular exposure to propranolol observed
in rabbits with a minimal recovery period postimplantation (2.4-fold for
simulation results vs. ~ 1.9-fold difference observed in vivo). Another
salient observation in this study was the appreciable difference between
the ocular pharmacokinetics of propranolol in the conscious versus the
anesthetized rabbit. Dose-normalized AUC,y was ~cight-fold lower in
conscious rabbits as compared to anesthetized rabbits. Propranolol dose-
normalized C,,,, values for the conscious rabbits were appreciably lower
than those reported in the literature for conscious animal experimentation
(20,21). A careful examination of this question resulted in the hypothesis
that traditional sampling procedures (euthanasia of conscious rabbits
following topical administration of drug, with paracentesis sampling of
aqueous humor as the last step) may result in artifactually higher intra-
ocular exposures to topically administered xenobiotics. This work
provided a framework for examination of ocular pharmacokinetics in a
more physiologically relevant model.

Although a number of researchers have examined the blood-to-aqu-
eous transport of ascorbate in ciliary body tissue and cell culture in vitro
(61-68), the transport kinetics information derived from these studies, in
most instances, does not correlate to in vivo determinations. In vivo inves-
tigations have been limited due to difficulties inherent in studies of ascorbate
transport kinetics; K,, the blood concentration of ascorbate at half-max-
imal transport, is reputed to be at or below physiological blood concentra-
tions (58,63). Rittenhouse et al. (53), following the development of an
analytical procedure for assay of ascorbate in blood and aqueous humor,
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examined the transport kinetics of ascorbate using the recently developed
conscious animal model with microdialysis sampling of aqueous humor.
Microdialysis probes were placed in the anterior chamber of one eye
and the posterior chamber of the fellow eye (53). Basal blood—to—aqueous
transport of '*C-ascorbate was established by the examination of aqueous
humor ascorbate corrected for specific activity. Following a 30-day recov-
ery period, the rabbits (n = 4) were placed in restraining devices, the mar-
ginal ear veins of respective ears were cannulated, and ascorbate was
administered via an i.v. bolus loading dose followed by maintenance incre-
mental infusions in order to characterize the linear-to-nonlinear kinetic
profile in blood to aqueous humor transport. Blood and probe effluent
were analyzed via UV spectrophotometry at 265 nm. A nonlinear least-
squares regression analysis assessment of the transport kinetics of ascor-
bate was performed. Contrary to previous reports (58,63), ascorbate blood
concentrations, which were increased in a stepwise fashion (an overall
~twofold increase), did not result in saturable ascorbate uptake into aqu-
eous (blood concentrations from ~ 14 to ~ 21 to ~ 30 mg/L). Nonlinear
least-squares regression analysis of a model that incorporated nonsaturable
uptake into aqueous with first-order translocation from the posterior to
the anterior chamber and first-order efflux from the anterior chamber, with
an incorporated lag time of ~ 1 hour, appeared to describe the data best.
The model fits to the serum, anterior, and posterior aqueous ascorbate
concentration-time data are presented in Figure 3. Physiologically relevant
parameter estimates were obtained with this approach. The analysis pro-
vided indications that reduced aqueous humor turnover occurred in this
group of rabbits (translocation rate constants were ~ 0.005 min~' as com-
pared to 0.01 min~' in intact animals). The parameter estimates were also
in agreement with the model independent ascorbate ocular clearance deter-
minations (~ 39 pL/min or ~ 0.003 min~', when divided by the estimated
aqueous humor volume of 200 pL) (53). It is possible that the apparent
transport of ascorbate was perturbed by surgery. Surgical trauma can
result in increased peroxide generation as a result of the inflammatory
cascade (69). There are no reports of studies evaluating basal ascorbate
transport as a function of the degree of intraocular inflammation. It also is
possible that time-dependent changes to ascorbate blood to aqueous trans-
port were observed. In order to examine this possibility, the relationship
between aqueous humor ascorbate concentrations and time post—probe
implantation was examined (Fig. 4) (17,53,54). At 0 minutes, physiologi-
cally relevant ascorbate aqueous humor concentrations are observed (~ 1.4
mM). An appreciable decrease (~ 50%) was observed from day 1 to day
12. Hence, recovery periods were lengthened for subsequent experiments in
order to examine ascorbate transport kinetics (> 30 days). However, from
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Figure 3 Four-compartment model and associated ascorbate disposition in serum
(A) and aqueous humor (B). Lines represent fit of the kinetic model to the data.
(Adapted from Ref. 53.)

the data presented in Figure 5, it appeared that as early as ~ 21 days,
ascorbate aqueous humor concentrations returned to physiologically rele-
vant concentrations (~ 1.3 mM). The relationship between basal blood to
aqueous transport and time postsurgery is presented in Figure 5. Basal
transport rates comparable to the expected value (~ 27 pg/hr) were
observed for rabbits following a minimum of 21 days of recovery. These
data were examined retrospectively (53,54).

Macha and Mitra (51,52) explored an innovative approach in ocular
microdialysis experimentation. A dual microdialysis probe experimental
design provided the unique opportunity to examine intraocular drug dis-
position in both vitreous and aqueous humors simultaneously. Using this
approach, the pharmacokinetics of systemically versus intravitreously
administered fluorescein (51) was examined in the anesthetized rabbit.
Concentric probes (CMA/20 with 0.5 x 10 mm, polycarbonate membrane
and 14 mm shaft) were used for vitreous sampling. Linear probes (MD-
2000, 0.32 x 10 mm, polyacrylonitrile membrane and 0.22 mm tubing)
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Figure 4 Relationship between aqueous humor ascorbate concentrations and
recovery period in rabbits with intraocular microdialysis probes placed into the
anterior or posterior chamber of the eye. Area between dashed lines represents
reported steady-state aqueous humor ascorbate concentrations.

were used for aqueous sampling. For the implantation of the probe in the
vitreous, a 22 gauge needle was inserted into the eye about 3 mm below
the corneal-scleral limbus through the pars plana. The needle was then
removed and the probe adjusted such that the membrane was in the mid-
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Figure 5 Relationship between basal ascorbate blood aqueous transport versus
recovery period in rabbits with intraocular microdialysis probes in the anterior
and posterior chambers. Dashed line represents theoretical basal transport. (Bars
represent + SD).
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vitreous region as ascertained by microscopic examination. The linear
probe was implanted in the aqueous humor using a 25 gauge needle.
The needle was inserted across the cornea just above the corneal scleral
limbus so that it traversed through the center of the anterior chamber to
the other end of the cornea. The sample-collecting end of the linear probe
was inserted into the bevel edge end of the needle. The needle was then
retracted, leaving the probe with the membrane in the middle of the ante-
rior chamber. The outlets of both probes were then fixed. The rabbits were
maintained under general anesthesia throughout the experiment. A perme-
ability index was calculated by taking the ratio of the area under the
aqueous or vitreous fluorescein concentration curve relative to plasma
following intravenous administration. This assessment provided experi-
mental documentation of the pathway for fluorescein entry into the eye
primarily via the ciliary body; the aqueous permeability index was
~fivefold higher than vitreous. The plasma, aqueous, and vitreous disposi-
tion of fluorescein is presented in Figure 6.
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Figure 6 Concentration-time profiles of plasma, anterior chamber, and vitreous
fluorescein after systemic administration (10 mg/kg): (O) plasma concentrations;
(/\) aqueous concentration; (<) vitreous concentration. The line drawn represents
the nonlinear least-squares regression fit of the model to the concentration-time data.
(Ref. 52.)
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B. Ocular Pharmacology and Pharmacodynamic
Experimentation

A second study using the dual-probe approach—simultaneous sampling of
aqueous and vitreous humor using microdialysis—was conducted (52) for
the examination of cephalosporin ocular pharmacokinetics and the phar-
macodynamics of inhibitory drugs on the intraocular disposition of cepha-
losporins. New Zealand albino rabbits (2-2.5 kg) were kept under
anesthesia throughout the experiment. The concentric and linear micro-
dialysis probes were implanted into the vitreous and aqueous chambers,
respectively, as described above (51). Microdialysate samples were col-
lected every 20 minutes over a period of 10 h. The animals were allowed
to stabilize for 2 hours prior to initiation of each experiment. The ocular
pharmacokinetics of cephalosporins were investigated following intravi-
treal administration of 500 pg dose of cephalexin, cephazolin, and cepha-
lothin, respectively. In vivo inhibition experiments were conducted by
coadministration of one of two dipeptides, gly-pro or gly-sar, with a 50
ug dose of cephalexin or cefazolin. The dipeptides were administered by a
bolus injection into the vitreous 30 minutes prior to administration of the
drugs, as well as by continuous perfusion through the vitreous probes to
maintain the study state dipeptide concentrations throughout the experi-
ment. The intravitreal elimination half-lives of cephalexin, cefazolin, and
cephalothin after intravitreal administration were found to be 185.38 £+ 27
.25 min, 111.40 £ 17.17 min, and 146.68 + 47.52 min, respectively. Higher
aqueous cephalexin concentrations were observed in comparison to cefa-
zolin concentrations. With respect to the pharmacokinetic parameters of
cephalexin in the presence of gly-pro, increased AUC (~3-fold), decreased
clearance (~ 3-fold), and increased terminal elimination half-life (~ 3.5-
fold) was observed. The cephalexin intravitreal concentration time course
with or without inhibitor is presented in Figure 7. For cefazolin, no
change in the pharmacokinetic parameters was observed except for an
~fourfold increase in terminal elimination half-life in the presence of
gly-pro. Gly-sar had no significant effect on the pharmacokinetics of either
drug.

An important first step toward the ultimate endpoint, the assessment
of the pharmacodynamics of beta-adrenergic antagonists, involved charac-
terization of the disposition of the proposed endogenous marker for aqu-
eous humor turnover, ascorbate, discussed in the previous section (53). The
utility of this approach was examined initially in the pioneering work of
Becker (57,70,71,72) for the pharmacodynamics of a systemically adminis-
tered carbonic anhydrase inhibitor (CAI), acetazolamide. CAls decrease
IOP via reduction in aqueous humor production (73). Ascorbate concentra-
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Figure 7 Vitreous concentration-time profile of cephalexin (50 pg) in the presence
of inhibitors after intravitreal administration. (Ref. 51.)

tions in aqueous humor were observed to increase following acetazolamide
administration (70). This observation provided the impetus for examining
ascorbate as an endogenous substrate for the assessment of aqueous humor
production inhibition.

Examination of the pharmacodynamics of aqueous humor production
by beta-adrenergic antagonists was performed with a novel approach,
microdialysis sampling of aqueous humor ascorbate. The time course for
ascorbate in aqueous humor was used in order to determine the relative
changes in aqueous humor flow as a result of beta-blocker pharmacody-
namics. The volume dilution technique (31,32) involves assessment of the
time course of an exogenously administered dye in aqueous humor follow-
ing pharmacodynamic modulation of aqueous humor production (Fig. 8A),
as described previously. Due to the intrusiveness of the procedure, studies of
this nature are possible only in anesthetized animals. Rittenhouse et al. (54)
selected an approach that would permit examination in a conscious animal
model and would minimize the number of exogenous substrates required for
this examination. By using an endogenous substrate, ascorbate, a less intru-
sive method for the examination of in vivo aqueous humor turnover, was
developed (Fig. 8B).
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Figure 8 Schematic of volume dilution method (A) and modified volume dilution

method: microdialysis probe placement (B).

Following anterior chamber placement of microdialysis probes into
each eye of six rabbits and a >14-day recovery period, each rabbit
received a tracer i.v. bolus of '*C-ascorbate (53). Basal ascorbate blood
to aqueous transport, R,, and ascorbate ocular clearance, CL,y were
estimated. After a 1-hour washout, each rabbit received a series of three
doses of *H-propranolol (750-3000 pg, 16.5 nCi/mg) every 60 minutes into
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the lower cul-de-sac of each eye. Microdialysis probe effluent was analyzed
for ascorbate with a spectrophotometric assay (53,54), and the time course
of aqueous humor ascorbate was determined (Fig. 9) (54). Nonlinear least-
squares regression analysis of the ascorbate time-course in aqueous humor
was performed in order to estimate the altered CL 4 following proprano-
lol perturbation of aqueous humor production. The relative difference in
the basal CLyy and the CL,py determined subsequent to propranolol
administration was calculated. The major assumption for this approach
was that this difference in CLap could be attributed solely to inhibition of
aqueous humor production. A ~ 47% reduction in flow was observed
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Figure 9 Ascorbate aqueous humor concentrations following three doses of topi-
cally administered propranolol: (A) AH ascorbate as % baseline (bars indicate + SE;
n = 3) versus time profile for the 1500 pg dose (@); (B) AH ascorbate as % baseline
(bars indicate 4+ SE; n = 3 versus time profiles for the 750 pg (#) and for the 3000 pg
(00) doses. Arrows represent time for administration of '*C-ascorbate i.v. dose and
the hourly propranolol topical doses. (From Ref. 57.)
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following topical administration of propranolol (1500 pg). No modulation
in the ascorbate aqueous humor time-course was observed for the 750 and
3000 pg groups. The model fit to three individual ascorbate aqueous con-
centration—time data is presented in Figure 10. Examination of iris-ciliary
body tissue concentrations of ascorbate and propranolol provided evidence
that a spectrum of intraocular responses to propranolol was observed in
this experiment. It appeared that the 750 pg dose provided aqueous humor
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Figure 10 Nonlinear least-squares regression fit of aqueous humor ascorbate con-
centration versus time profiles following three 1500 pg doses of topically adminis-
tered propranolol in three individual rabbits. (From Ref. 54.)
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propranolol concentrations below those that could inhibit aqueous humor
production. Reduction in aqueous humor production was observed for the
1500 pg group, while the simultaneous inhibition of ascorbate ciliary tissue
accumulation and aqueous humor formation resulting in no change in the
ascorbate aqueous humor time course was observed for the 3000 pg group
(54). Anterior segment microdialysis provided an excellent approach to
examine complex ocular physiology and pharmacology.

VI. FUTURE CHALLENGES, MILESTONES, AND
OPPORTUNITIES

The anterior segment microdialysis technique has provided the framework
for novel approaches to the examination of the mechanisms involved in
ophthalmic drug ocular pharmacokinetics and the pharmacodynamics of
aqueous humor formation and modulation. Anesthetized and conscious
animal models, in some cases involving the long-term placement of micro-
dialysis probes into the anterior segment (i.e., anterior and posterior cham-
bers), were established, which have provided a substantial advance in
experimental approaches to ocular pharmacokinetic/pharmacodynamic
experimentation. Reduction in the number of animals required for these
studies (n = 48 reduced to n =3 — 6) provides a clear market advantage
via reduction in costs and in animal-sparing research approaches. Animal
experimentation with probe placement in the anterior segment, pioneered
by Sato et al. (49), Fukada et al. (48), and Ohtori et al. (50), up to papers
describing conscious animal experimental with microdialysis probes in the
anterior chamber for 5 to > 30 days (17,53,54), demonstrate the rapid
development and increased utility of the microdialysis approach in the
study of ocular drug delivery and disposition. Unique applications of
the microdialysis approach in the examination of drug ocular disposition
such as a dual probe implantation technique involving simultaneous exam-
ination of aqueous and vitreous drug disposition have been performed
(51,52). The importance and broad-based applicability of the microdialysis
sampling approach for the examination of ocular pharmacokinetics and
dynamics of ophthalmics is of large impact. Reuse of animals is possible
because of the long-term tolerability of the animals to probe implantation.
A series of substrates could be examined using the same subject to assess
phenomenon such as tolerance development. Possible reduction in inter-
subject responses to ophthalmic drugs is possible via this approach. This
approach also provided the framework for a detailed examination of in
vivo basal blood to aqueous transport of ascorbate, a labile substrate of
utmost importance to intraocular health and homeostasis. Moreover, the
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pharmacodynamics of beta-adrenergic antagonist—associated modulation
of both aqueous humor formation and ascorbate ciliary accumulation
was examined in detail using anterior segment microdialysis.
Pharmacokinetic modeling was facilitated with this technique; by using
alterations in the ascorbate aqueous humor time-course as a means of
estimating aqueous humor flow, the modulatory effects of a model sub-
strate, propranolol, on aqueous humor turnover, was examined.
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