Molecular and Integrative Toxicology

Series Editor
Rodney R. Dietert

For further volumes:
http://www.springer.com/series/8792






Andrea B. Weir ¢ Margaret Collins
Editors

Assessing Ocular Toxicology
in Laboratory Animals

My,

>« Humana Press



Editors

Andrea B. Weir Margaret Collins

Charles River Laboratories Charles River Laboratories
Preclinical Services Preclinical Services

Reno, NV, USA Reno, NV, USA

Series Editor:

Rodney R. Dietert

Department of Microbiology
and Immunology

College of Veterinary Medicine

Cornell University

Ithaca, New York, USA

ISBN 978-1-62703-163-9 ISBN 978-1-62703-164-6 (eBook)
DOI 10.1007/978-1-62703-164-6
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2012951925

© Springer Science+Business Media, LLC 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered and
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s
location, in its current version, and permission for use must always be obtained from Springer. Permissions
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to
prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Humana Press is a brand of Springer
Springer is part of Springer Science+Business Media (www.springer.com)



This book is dedicated to all toxicologists,
ophthalmologists and other scientists who
have furthered knowledge in the field of
ocular toxicology.






Preface

The goal of this text is to provide a concise reference addressing ocular anatomy and
physiology across species, approaches for assessing ocular toxicity and regulatory
expectations regarding ocular toxicology. The text is intended for toxicologists and
other scientists involved in conducting toxicology studies for regulatory purposes
and/or reviewing data from such studies.

Ocular toxicity is known to occur following intended or unintended exposure of
ocular tissues to xenobiotics. It can occur following local exposure of the eye to an
agent or after exposure via oral or other routes of administration. In order to define
the risks that pharmaceuticals, pesticides and other toxic substances pose to the eye,
an assessment of ocular toxicity is routinely included in general toxicology studies
conducted for regulatory purposes. Because anatomical and physiological differ-
ences between species can impact the nature of the ocular effects observed, under-
standing species differences is important. Although it is possible to detect some
ocular effects, such as conjunctivitis, with the naked eye, more sensitive techniques
are routinely used to assess ocular toxicity. Slit lamp biomicroscopy and indirect
ophthalmoscopy are routinely utilized to more closely evaluate the anterior and
posterior segments of the eye, respectively, during the course of toxicology studies.
In some cases, more advanced diagnostic procedures that are not routinely performed
in standard studies are needed. At the time of necropsy, ocular tissues are collected
and processed for histopathological evaluation. More specialized endpoints, such as
electroretinography, can be incorporated, as needed. The United States Food and
Drug Administration (FDA) ensures the safety of medicinal products for human and
animal use, food additives, cosmetics and other products. Similarly, the Environ-
mental Protection Agency (EPA) ensures the safety of pesticides and other products.
Toxicology studies are conducted to support the safety of FDA- and EPA-regulated
products. The design of those studies includes an assessment of ocular toxicity, with
the nature of the assessment dependent upon the regulatory authority, nature of the
product and other factors.

We began this text with a discussion of ocular anatomy across various species
of laboratory animals used in toxicology studies being conducted for regulatory
purposes, which lays the groundwork for subsequent chapters. The next three chapters

vii



viii Preface

address ocular diagnostic techniques, with Chap. 2 focusing on techniques that are
routinely included in toxicology studies and Chaps. 3 and 4 on advanced diagnostics,
including electrophysiology and imaging, which are used as scientifically warranted.
Chapters 5 and 6 address ocular pathology and include a detailed description of
appropriate techniques used to process ocular tissues as well as lesions that can be
encountered in laboratory animals. Finally, Chaps. 7 and 8 focus on the regulatory
expectations from FDA, EPA and other agencies for assessing ocular toxicity.
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Chapter 1
Comparative Ocular Anatomy
in Commonly Used Laboratory Animals

Mark Vézina

Abstract Interspecies differences in ocular anatomy can alter the way a drug interacts
locally within the eye, whether administered directly to the eye or systemically. It is
therefore important to understand these differences and how they can influence
the outcome and interpretation of safety or efficacy data for ocular therapeutics.
The eye is a complex system of tissues integrated into a functional sense organ.
Oriented toward the toxicologist or ocular researcher, this chapter will discuss the
individual ocular tissues in commonly used laboratory animals in comparison with
humans and will provide a basic understanding of ocular anatomy including quan-
titative comparisons when possible in these species. It will also act as a reference to
the terminology that will be encountered in subsequent chapters.

1.1 Introduction

The eye is a complex organ system consisting of many specialized tissues that work
in conjunction to make vision as we know it possible. Indeed, the malfunction of just
one of these tissues can impair vision. In the clinical field, the eye’s complexity has
resulted in the development of specialists for individual tissues such as the cornea and
retina. Since vision is arguably the most important of our senses, conducting ocular
toxicology and tissue distribution studies in laboratory animals is essential to ensure
the safety of therapeutics applied directly to or injected into the eye to treat ocular
disease before they are administered to humans. Ocular toxicology is also assessed for
drugs administered via non-ocular routes, such as oral and intravenous, to treat ocular
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2 M. Vézina

and other diseases. As well, an understanding of the pharmacodynamics or efficacy of
an ocular therapeutic can be determined with the use of laboratory animals. Therefore,
knowing the ocular anatomy of the species of laboratory animals commonly used
for nonclinical studies (i.e., pharmacology, pharmacokinetics, and toxicology studies
conducted in laboratory animals), such as those conducted to support drug develop-
ment, is important because the anatomy can influence how the eye will react to a drug
or foreign substance, whether administered systemically or directly onto or into the
eye. Though many of the basic elements of the eye are conserved among species,
significant anatomical diversity exists and has the potential to influence study results.
However, there has been a lack of comprehensive information readily available to
toxicologists or researchers to aid in the decision-making process when choosing a
suitable species for ocular toxicology testing, or when evaluating the relevance of
animal data to the human clinical situation. Therefore, this chapter is oriented toward
the toxicologist, and the goal is to assemble the diverse anatomical characteristics of
the eyes of mice, rats, rabbits, dogs, cats, minipigs, and nonhuman primates (NHP)
in relation to humans to aid in study design and interpretation of results. In this chapter,
references to mice, rats, cats, and rabbits pertain to normal, non-transgenic stock, dogs
typically beagles or similar sized dogs, minipigs, Gottingen or Yucatan (occasionally
a domestic strain or other minipig of similar size) and nonhuman primates (NHP),
cynomolgus or rhesus. Anatomic terminology used in subsequent chapters of this
book will also be covered. When relevant, quantitative anatomical comparisons
have been included for certain tissues. However, when anatomical comparisons take
on a quantitative nature, a range of measurements for the same tissue can often be
found in the literature for the same species, primarily due to inter-laboratory differences
in methodology. As technologies for making quantitative assessments advance, meth-
ods become more precise (although not always more accurate!) and these ranges may
change, altering the “conventional wisdom.”

As an introduction, a gross view of the eye is presented in Fig. 1.1, illustrating
the common structures possessed by all of the species that will be covered.

1.2 Eyelids

The eyelids are often ignored in ocular studies being considered “in the way” of the
true region of interest, the eye itself. However, the eyelids do play a key role in ocular
maintenance in the form of the blink. The true mechanism of blink control is not fully
understood. It is likely a combination of a central nervous system mediated “blink
center” that receives sensory input from the ocular surface as well as reflex from visual
and mental sources. In humans, blinking can occur automatically (but not at truly
fixed intervals), as a reflex to a visual or sound stimulus and at will. Most mammals
can do the same. Blinking cleans the surface of the eye, results in the application of
the lubricating tear film to the ocular surface, and prevents complete photobleaching
of the photoreceptors by providing brief instances of darkness. In humans, the duration
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Fig. 1.1 Gross ocular anatomy. Human and nonhuman primate eyes are similar, with the NHP eye
at approximately half the scale of the human eye. Other species presented for comparison demon-
strate the more obvious differences such as lens size, vitreous and aqueous chamber size, and
corneal thickness

of a blink is approximately 250—400 ms [43], which translates into an additional
5-7 min of “darkness” each day during normal waking hours for humans. Although
blinking speed has not been well studied in laboratory animals, it has been observed
in dogs and nonhuman primates to be in the range of approximately 100-300 ms [11],
which is not dissimilar to humans. In addition to applying the tear film, the eyelids
are also involved in draining excess tear film, or topical drops for that matter, from
the ocular surface. All mammals have two functional eyelids; however, they are not
all created equally. Of interest to the toxicologist is the drainage system since it will
impact on the duration of the presence of a liquid eye drop on the surface of the eye
and by inference the amount of systemic exposure that might occur. Normal tear
film is drained from the eye by small openings in the eyelids called puncta. The
puncta are connected to nasolacrimal ducts which drain into the sinus onto the nasal
mucosa. Their location on the eyelid can vary somewhat, but in general they are
located in the medial canthal area, near the edge of the eyelid where the conjunctiva
and skin meet. Most laboratory species as well as humans have one punctum on
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Fig. 1.2 Relative eyelid configuration and eyeball exposure. (a) Cynomolgus monkey, (b) dog, (¢)
New Zealand White rabbit, (d) Gottingen minipig, (e) Brown Norway rat, (f) albino mouse

each upper and lower eyelid. Minipigs (pigs in general) only have puncta on the
upper eyelid and rabbits only on the lower eyelid. In humans, approximately 75-80%
of tear volume is drained with each blink. It has been estimated that up to 80% of a
topical drop can be absorbed systemically [32, 51], with some absorption through
the conjunctival vasculature and most of the fluid arriving directly on the highly
absorbent nasal mucosa via the nasolacrimal duct system. Mechanically, the drainage
occurs by the suction force created when the upper and lower eyelids part, when fluid
is drawn into the nasolacrimal drainage system. The size and shape of the eyelids also
plays a role in systemic absorption. A species with looser eyelids and larger conjuncti-
val sac such as a rabbit may have more “drop” available for absorption on a subsequent
blink than a nonhuman primate which has eyelids more tightly pressed to the eye,
where runoff onto the surrounding skin and/or fur from the initial blink is likely to be
higher (refer to Fig. 1.2). Similar systemic absorption after topical ocular instillation
has been observed in dogs and rabbits [11]. The concern with the systemic absorption
is the potential for unwanted systemic side effects. In adult humans, the unintended
systemic dosage is usually relatively low on a body weight basis, and consequently, the
risk of side effects in the general population is also low, with exceptions for certain
susceptible populations. However, when the dose/body weight ratio becomes higher
such as in children, the side effects can be more serious [23]. Scale that effect to a 2-kg
rabbit or nonhuman primate and the potential for systemic toxicity increases further.
Because blinking can influence the residence time of a topically applied test
substance in the eye as well as the tear film, the blink rate may provide some insight
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Table 1.1 Average blink rates by species

Human Every 5 s (task dependent) [60]

Nonhuman primate Every 6 s [31]

Pig Every 20-30 s [11]

Dog Partial blink: Every 4 s [10]
Complete blink: Every 10-20 s [10]

Cat Every 18 s [9]

Rabbit Every 6 min [59]

Rat Every 5 min [58]

Mouse Similar to rats

Table 1.2 Species with nictitating membranes

Human Nonhuman primate Minipig Dog Cat Rabbit Rat Mouse
No No Yes Yes Yes Yes Yes® Yes*

*The nictitating membrane in rodents is effectively nonfunctional

into interspecies local or systemic reaction to treatment. A faster blink rate can
result in decreased residence time on the eye as well as alter the systemic absorp-
tion characteristics of a topically applied product compared to a slower blink rate.
Blink rates for the various species are presented in Table 1.1.

The nictitating membrane, or 3rd eyelid, is a translucent to opaque structure that
supplies additional lubrication and cleaning of the corneal surface. It is not easily
visible in most laboratory species, and though it has some sympathetic innervation
with minor musculature in some species (like cats), its motion is mostly passive
occurring with slight retraction of the eyeball and/or the action of blinking. It is also
thought to be a protective structure in the animals’ natural environment. The presence
of this structure in laboratory species needs to be considered when conducting certain
ocular evaluations such as scoring of local irritation or when comparing tear film or
corneal changes between species. For example, a protruding or inflamed nictitating
membrane may be confused for severe conjunctival hyperemia or may physically
mask other ocular changes, and the absence or presence of the third eyelid could be
the difference in why one species exhibits symptoms of ocular dryness or erosion
and another does not after receiving the same topical drug (Table 1.2).

1.3 Conjunctiva

The conjunctivae are the transparent membranes that line the underside of the eye-
lids and cover the sclera. There are three primary classifications: (1) the palpebral,
covering the underside of the eyelids, is thick and can be reddish in appearance; (2) the
bulbar, covering the sclera, is thinner, vascularized, and transparent but may contain
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some pigment in more heavily pigmented animals, such as nonhuman primates;
and (3) the fornix, forming the junction where the palpebral turns to meet the bulbar.
The conjunctival sac or cul-de-sac is the space formed by this arrangement.

The conjunctivae serve several purposes. They provide lubrification, help to hold
the eye in place, and allow it to move smoothly within the eye socket.

The amount of conjunctiva visible when observing an eye varies by species
(as seen in Fig. 1.2), with a larger amount visible in rabbits compared to nonhuman
primates. The differences in the amount of visible conjunctiva can make it more or
less difficult to evaluate surface irritation (conjunctivitis) after administration of a
test substance.

1.4 Pre-corneal Tear Film and Ocular Glands

The pre-corneal tear film is composed of aqueous and lipid layers and is secreted by
several glands mostly located around the eye. The tear film is spread over the cornea
during blinking, and its composition is related to the blink rate of the various species.
A more aqueous tear film is subject to more evaporation and requires more frequent
reapplication than a more lipid-based tear film. The glands involved in the secretion
of the tear film include the lacrimal gland (located in the orbit), the Harderian gland
(located on or near the nictitating membrane and therefore not found in the primates),
accessory lacrimal glands, Meibomian glands (located on the eyelid margin), and
goblet cells (located in the conjunctiva (palpebral and fornix). In general, the tear
film has three layers. A mucin layer secreted by the goblet cells is the innermost
layer. The middle layer is more aqueous and is secreted by the lacrimal glands with
contributions from the Harderian gland in some species such as dogs and cats (where
the Harderian gland is more similar to a lacrimal gland). The outermost layer is a
lipid layer secreted by Meibomian glands and Harderian glands. In rodents, the
Harderian glands also secrete porphyrins, which when over-secreted can cause a
reddish deposit around the eye [16]. The reason for the presence of porphyrins in
the Harderian gland of rodents is unknown, but it suggests a sensitivity to light and
a possible relationship to the pineal gland [8].

1.5 Cornea

The cornea is a transparent multilayered structure at the front of the eye that is
responsible for allowing light to enter the eye as well as for approximately 2/3 of
light refraction (focusing). It joins the sclera in a zone called the limbus. The cornea
is avascular, but it has the highest concentration of nerve endings in the body.

The layers of the cornea from outer to inner generally consist of:

Epithelium: The corneal epithelium is several cell layers thick and is continuous
with the bulbar conjunctiva. It desquamates at the surface and rapidly regenerates.
The epithelium is the primary barrier within the cornea to drugs and bacteria. It is
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Table 1.3 Average central corneal thickness (mm)

Mouse Rat Rabbit Dog Cat Pig NHP Human
0.089-0.123  0.16-2 0.36 [52] 0.5-0.66 0.57[55] 0.8 0.42[39] 0.54
[36, 52] [11,52] [24, 37] [54] [17]

damaged easily and, therefore, alterations to the corneal epithelium may alter drug
penetration into the anterior section of the eye. It does not present a uniform surface,
and the mucin layer of the pre-corneal tear film fills in the gaps to provide the
required optical quality.

Bowman’s membrane: This layer underlies the epithelial layer and acts as a barrier
protecting the stroma. Not all species have this structure, including rabbits, dogs,
cats, and rodents [30, 56].

Stroma: This is the thickest layer. It is composed of parallel collagen fibrils and is
responsible for the refractive power of the cornea.

Descemet’s membrane: This layer underlies and supports the stroma. It is collage-
nous and elastic and acts as the basement membrane of the corneal endothelium.

Endothelium: The corneal endothelium is a single layer of cells that maintains the
proper relative water content of the stroma. Additionally, it transports nutrients to the
stromal cells from the aqueous humor and removes waste. It is effectively non-regen-
erative. In the event of damage to this layer, some cells will enlarge to fill in gaps left
by dead cells. A healthy endothelial layer is critical for corneal function. An unhealthy
endothelial layer will eventually result in corneal edema (thickening due to increased
water content) which will interfere with vision.

The cornea, being avascular, obtains its nourishment from sources such as the
tear film, aqueous humor, and a ring of perilimbal vessels located approximately
1-3 mm from the edge of the corneoscleral junction (limbus).

Corneal thickness varies by regions within the cornea, with the time of day, with
age, with external influences (e.g., contact lenses), damage, disease, and species.
Because of this variability, average central corneal thickness is usually the parame-
ter that is measured and quoted for comparison purposes. Some measurements for
laboratory species are presented in Table 1.3.

1.6 Sclera

The sclera is the protective white fibrous sheath around the eye. It is continuous with
the cornea and is composed of the same type of collagen fibrils as the stroma.
However, as opposed to being aligned in a parallel fashion, the fibrils are in a cross-
matrix pattern, which results in the white reflective appearance. Other scleral com-
ponents include proteoglycans and mucopolysaccharides.

Scleral thickness varies over the ocular surface as well as among species.
However, direct comparison of quantitative data is difficult due to the inconsistent
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methods used to determine thickness. Methods used include measuring thickness
on excised fresh tissue with calipers, measuring fixed tissue with calipers or micro-
scopically, as well as in vivo with various imaging techniques. In many species,
including NHPs, dogs, and cats, the sclera is thickest at the limbus and thinnest at
the equator and somewhere in between near the optic nerve. In humans, it is thickest
near the optic nerve, thinnest at the equator, and thicker again near the limbus. In pigs,
however, the thickest region is approximately 5—6 mm from the limbus [45], being
otherwise comparable to human. In rabbits, measurements are about half as thick as
human over most of the sclera surface, thickening only at the limbus [44, 48].
Rodents tend to have thinner scleras than the larger-eyed species.

Much has been said about the relative sclera thickness of various species com-
pared to human and its relationship to penetration of externally applied drugs into
the eye. However, though the sclera does play a role in this respect, hydrophilic
molecules pass through the sclera fairly easily. An additional significant barrier to
ocular penetration appears to be Bruch’s membrane and the vascular choroidal layer
which can easily carry away a drug in the circulation.

1.7 Aqueous Humor (Part I)

The aqueous humor is a clear, watery fluid that contains ions, proteins, and other nutri-
ents. It provides nutrients to avascular structures such as the cornea, lens, and trabecular
meshwork and removes waste products. It plays a significant role in ocular pressure
and maintaining the shape of the globe and therefore the optical quality of the eye.

Aqueous humor is in a constant state of relatively rapid flow and is subject to
diurnal fluctuations. The flow rate is an important consideration when evaluating the
relative kinetics of a drug in the anterior portion of the eye. A higher flow rate may
contribute to increased clearance. Complete turnover can take as little as an hour.
Average aqueous humor flow rates are presented in Table 1.4 and estimated aqueous
volumes are presented in Table 1.5.

1.8 Iris, Ciliary Body, Trabecular Meshwork,
and Aqueous Humor (Part II)

The iris is the muscular diaphragm that controls the amount of light entering the eye
by enlarging or narrowing the pupil. It is circular in shape except for cats where it is
in the form of a vertical slit-shaped oval. The iris separates two chambers in the
anterior segment of the eye. The anterior chamber represents the space between
the cornea and the iris and the posterior chamber the space between the lens and the
iris. The iris joins the cornea at the irido-corneal angle.

The ciliary body lies in the posterior chamber and is responsible for production
of aqueous humor, lens accommodation, and uveoscleral outflow. It consists primarily
of ciliary muscle but has extended villus-like components called ciliary processes
that are responsible for the production of the aqueous humor. The ciliary processes
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Table 1.4 Average aqueous humor flow (uL/min)
Mouse Rat Rabbit Dog Cat Pig NHP Human

0.18[1] 035[41] 2.7[19] 4.5][62] 5.5-8.5[13,33] * 1.95 [47] 2.8 [46]

“Undetermined in vivo

Table 1.5 Average aqueous humor volume (uL)®
Mouse Rat Rabbit Dog Cat Pig NHP Human

5.91(1] 13.6 [27] 287 [12] 770 [22] 853 [38] 2 123 [7] 310 [57]

2Undetermined in vivo
®Volumes derived from direct aspiration or anterior/posterior chamber measurements

are also connected to the lens via proteinaceous filaments called zonules. The zonules
hold the lens in place and allow the ciliary muscle to exert force on the lens for
accommodation.

The plasma-derived aqueous humor is secreted from the epithelial cells of the
ciliary processes into the posterior chamber. It flows through the pupil into the ante-
rior chamber where most of it flows out of the eye at the irido-corneal angle via the
trabecular meshwork.

The trabecular meshwork, located in the irido-corneal angle in the anterior chamber,
consists of a net of cross-linked collagen fibers with some endothelial-like cells.
It filters the aqueous humor into Schlemm’s canal (not specifically present in all
species), scleral collector channels, the episcleral veins, and finally into the general
venous circulation. This constitutes the conventional outflow pathway and accounts
for most of the aqueous humor drainage. Damage to the trabecular meshwork or
narrowing of the irido-corneal angle can result in reduced outflow and subsequent
increased intraocular pressure.

The unconventional pathway, also known as uveoscleral drainage, consists of drain-
age of aqueous humor through the supraciliary spaces in the ciliary body through to the
sclera and choroid. It is difficult to measure, and therefore, there are a wide range of
values associated with the amount of aqueous it actually drains. Some estimates place
it as a major contributor. For example, in humans, estimated uveoscleral drainage can
account for as little as 4% and as much as 60% of total outflow [64]. In rabbits, 3—-8%
has been reported [6] and in nonhuman primates, up to 60% has been reported [5].
Currently, it is considered to be a secondary outflow pathway in laboratory species.

1.9 Lens

The lens provides the final fine tuning for focus of incoming light and is comprised
of three major components:

The capsule: The lens capsule is a collagenous membrane that surrounds the lens
and provides support by elastic tension.

The lens epithelium: This structure is located in a layer beneath the anterior capsule.
The cells of this structure provide homeostatic support and are regenerative.
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As they age, they migrate to the lens equator, compress into an elongated form, lose
their nucleus, and become new lens fibers.

The lens fibers: The lens fibers are elongated transparent cells that contain the crys-
tallins, which are essential for the refractive properties of the lens. The lens fibers
have no light-scattering internal organelles such as a nucleus, endoplasmic reticu-
lum, and mitochondria. They rely on the aqueous humor for nutrients and waste
removal. The lens fibers are divided into cortex and nucleus. Crystallins are a com-
plex group of structural water-soluble proteins that are organized within the lens
fibers in such a way as to increase the refractive index of the lens while maintaining
transparency. The lens fibers are classified as cortical and nuclear based on their age
and location. The cortical fibers are the newer, softer lens fibers in the outer regions
of the lens. As they age and become more compressed by the development of new
cortical fibers, they locate more centrally and become part of the lens nucleus which
itself becomes larger and harder with age as more cells are incorporated in this
region.

The size and shape of the lens varies with species, as demonstrated in Table 1.6
(to scale). In rodents, the lens occupies approximately 70% of the entire volume of
the eye.

When discussing general regions of the lens, terminology is similar to that used
to describe the Earth. The anterior pole refers to the center of the anterior surface
and the posterior pole the center of the posterior surface. The lens is divided into
two hemispheres at the equator which is the circumference between the two poles.

1.10 Vitreous Humor

With the exception of mice and rats, the vitreous humor occupies the majority of the
volume of the eye. Its clear, gel-like consistency is composed primarily of water
with some hyaluronic acid, a small amount of salts, and a few cells. It also has
an ultrastructure composed of collagen and some proteins that give it the gel-like
consistency. As the vitreous ages, it becomes less gel-like and more aqueous. It is
generally non-regenerative. Vitreous that has been removed will be replaced eventu-
ally with aqueous humor. Vitreous flow has been reported, but there is controversy
over whether a front-to-back convection-related flow exists or whether the flow is
the result of the shear-related forces associated with saccadic eye movements [15, 20].
In any case, the vitreous humor is not completely stagnant.

Average vitreous volumes are presented in Table 1.7. For humans, the reported
range is approximately 3.5-5.4 mL [3]; however, the currently accepted average is
4 mL as presented in the table. Knowledge of the vitreous volume (and hence general
shape of the vitreous chamber) is important for determining scaling comparisons of
animals to humans, as well as in the consideration of the diffusion of a material
within the vitreous and its inevitable contact with the sensory retina in pharmacology
and toxicology studies using intravitreal injection.
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Table 1.7 Average vitreous volumes by species (mL)

Mouse  Rat Rabbit Dog Cat Minipig NHP Human
0.0053  0.013-0.054 1.5-1.8 32,111 24-27 3-321[2,11] 1.8-2.0 4
[50] [18,27] [2,11] [11,63] 2-2.7[53] (29]

1.11 Fundus, Retina, and Choroid

The term “fundus” represents all of the structures that can be seen at the back of
the eye when looking directly through the pupil with an adequate light source. This
includes the optic nerve head (ONH), retinal vessels, sensory retina, underlying
pigmented layer, reflective tapetal layer (for those species that have one), and chor-
oidal vessels (when not obscured by overlying pigment). Examples of the diversity
of the view of the fundus are demonstrated in Fig. 1.3.

Clearly, there are some major differences between species that could be impor-
tant for both species selection and interpretation of drug-related ocular changes.
The human fundus most closely resembles that of the nonhuman primate species
commonly used in the laboratory, including specialized structures not present in the
other laboratory species such as the macula and fovea.

The optic nerve head, also known as optic disc or the blind spot (as there is no
sensory retina in the region), is the point of entry into the eye for the optic nerve as
well as the major retinal veins and arteries. Its myelination (in most cases) gives it a
white appearance, and its location in the eye can vary somewhat, usually out of the
way of central vision (see Fig. 1.3). In rabbits, the myelination extends into the
nerve fibers in a horizontal plane on either side of the optic nerve head. The optic
nerve head is also cup shaped, with rabbits having one of the deeper cups of all the
species used in the laboratory. Alterations in the shape and orientation of the ONH
can be affected by chronic elevations in intraocular pressure, a hallmark of glaucoma.

The retinal vessels provide nourishment to the inner retinal components such as
the interstitial and ganglion cells. As well, the retinal vascular system provides
structural support to the retina and helps dissipate the heat associated with the light
energy entering the eye. Most of the laboratory species as well as humans have a
well-developed retinal vasculature throughout the inner retina termed holangiotic.
Rabbits are the exception with a limited retinal vasculature known as merangiotic,
where the retinal vasculature is limited to axial vessels in a horizontal plane radiat-
ing from the optic nerve over top of the myelinated nerve fibers (Fig. 1.4).

The sensory retina itself consists of several layers (Fig. 1.5). In the outermost
layer are the photoreceptors, the rods and cones that contain the pigment rhodopsin,
which reacts with light and makes vision possible. In very general terms, cones are
responsible for daytime color vision (the wavelengths determined by the subtype of
rhodopsin within the cone outer segment) and higher visual acuity. They require
substantial light to function. The rods are designed for low-light function, have less
visual acuity, and are not sensitive to color. Rods outnumber cones in most vertebrate
species. Subsequent layers include the outer nuclear layer, comprised of the nuclei
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Fig. 1.3 (a) Nonhuman primate showing macula and fovea. The vascular pattern cradles this
region and is similar to human fundus. (b) Dog fundus showing reflective tapetal layer. Cat is
similar. (¢) Minipig fundus with pigment variation and choroidal vessels visible in a nonpigmented
region superior to the optic nerve head (ONH). (d) Albino rabbit with myelinated nerve fibers and
merangiotic vasculature with clearly visible choroidal vessels inferior and superior to the ONH.
(e) Albino rat with radial vasculature extending from optic nerve head. Mouse is similar

of the photoreceptors, followed by the outer plexiform layer, the synapses between
the photoreceptors and the bipolar cells. The bipolar, amacrine, horizontal, and
Miiller cells are located in the inner nuclear layer. These cells are involved in chap-
eroning and secondary signal processing. The synapses between these cells and the
ganglion cell layer are the inner plexiform layer. The ganglion cell layer contains
the bodies of the ganglion cells that further process the signal before it is transmitted
to the visual cortex in the brain. The innermost layer, the nerve fiber layer, is comprised
of the axons of the ganglion cells which run toward and become the optic nerve.
Covering the nerve fiber layer is a protective membrane called the inner limiting
membrane. This membrane can be a barrier to intravitreally injected therapeutics,
such as certain adeno-associated viral (AAV) vectors [14], preventing exposure to
the underlying cellular structures. The thickness or number of cells within these
retinal layers varies by location, from central (generally a higher concentration of
cells for more acute vision) to peripheral (generally fewer signal processing cells/
photoreceptor). The constituency of these layers can also vary significantly by species.
Figure 1.5 compares a microscopic view of a cynomolgus monkey retina and a
Sprague Dawley rat retina. The monkey is primarily a visually oriented animal and
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Fig. 1.4 Fluorescein angiogram of rabbit fundus demonstrating the merangiotic vascular arrange-
ment. Retinal vessels are limited to a small region of the sensory retina (upper left corner). Color
inset and arrow indicate general region of vessels in the angiogram

the nocturnal rat has rather poor vision (it does not need good vision in a dark envi-
ronment), which is evident in the relative difference in complexity of the two eyes.

Most animals have a region in the retina with a higher concentration of cones for
increased visual acuity. It is most often, but not always, in the central region of the
retina, central vision usually being the most important for survival (rabbits being an
exception). In humans and nonhuman primates, this region is called the macula
and within the macula is a smaller (1-2 mm) region called the fovea, exclusively
containing cones, that is responsible for the majority of our high-resolution daytime
vision. The macula is easy to detect due to its yellowish pigmentation. The pigment
is protective, acting as a UV filter. The area overlying the fovea is devoid of the
usual retinal cells and retinal vessels in order to allow light to reach the photorecep-
tors with as little interruption as possible (Fig. 1.6). This results in a depression in
the retina known as the foveal pit (Fig. 1.7).

In the other species, the region of concentrated cones is most often referred to as
the area centralis or visual streak depending on its shape. Figure 1.8 shows some
examples of its shape and general location. It is difficult to detect visually because
it lacks the yellow pigment that is present in the macula.
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Fig. 1.5 Comparison of the cellular anatomy of the retina of a nonhuman primate (NHP) and
Sprague Dawley albino rat, aligned at the retinal pigment epithelium (RPE). Note the significantly
higher number of signal processing cells in the inner nuclear and ganglion cell layers of the NHP

Fig. 1.6 Fluorescein angiogram of the macular region of a cynomolgus monkey showing the
avascular foveal region in the center (approximately 1-mm diameter)



16 M. Vézina

Fig. 1.7 H&E histology section of the foveal pit of a cynomolgus monkey
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Fig. 1.8 Examples of the relative positions of the optic nerve head (ONH) and area centralis/visual
streak (dark regions). (a) Human and nonhuman primate, (b) dog [42], (¢) minipig [11, 21], and
(d) rabbit [28]; Of note, the foraging/hunting species have a more centrally located concentration
of cones while the low to the ground rabbit, a prey animal, is primarily concerned with predators
approaching from above and has the region of higher visual acuity arranged as such. S superior,
[ inferior, N nasal, T temporal
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Underlying the photoreceptors is a single layer of epithelial cells known as the
retinal pigment epithelium (RPE), even if the animal is albino. These cells are
responsible for photoreceptor maintenance and nourishment. They are only loosely
attached to the photoreceptors, and therefore, this junction is the primary location
of retinal detachments, both in vivo and artifactually during histology processing.
In non-albino animals, these cells contain varying degrees of melanin.

The tapetum lucidum is a reflective blue/green/yellow layer that among nonclini-
cal laboratory species is exclusive to dogs and cats. Its size is variable from animal to
animal, and it is located in the superior hemisphere of the fundus. It is thought that
the reflective properties of this structure amplify light in dim light situations, thus
enhancing low-light vision. However, as the light is now diffused, it does not increase
visual acuity. There are various structural differences among the species that possess
a tapetum lucidum. Dogs and cats both have a layer of lamellated cells in the choroi-
dal region underlying the RPE, and thus, it could be considered part of the choroidal
layer. The cells are elongated and polygonal in shape. They contain rod-like struc-
tures within that are generally arranged parallel to the retina. The cell depth, number
of rod-like structures with them, and their precise orientation influence the wave-
lengths (colors) that are reflected. In eyes with a reflective tapetal layer, the overlying
RPE has less pigment or no pigment at all (which would otherwise defeat the purpose
of the light amplification), allowing the color of the tapetum to show through. In
dogs, the range of thickness has been reported to be 18-20 layers of cells [35] at the
center of the eye, while in cats, it is slightly thicker with approximately a 35-cell
thickness at the center [4]. The potential contribution of this layer to the pharmacoki-
netics/tissue distribution of a drug within the eye is unknown. Bruch’s membrane has
been shown to be thinner (or nonexistent) over the tapetal area [4, 35].

The last outer layer related to the retina is the choroid. The choroid is a multiplex
pigmented vascular layer that provides the nourishment and removes waste from the
RPE and photoreceptors. At the innermost region of the choroid, underlying the
RPE is a structure called Bruch’s membrane. This structure consists of five layers
and is 2—4 pum thick. It is an important part of the blood-retinal barrier and tends to
thicken with age. The RPE must transport nutrients and waste products across
Bruch’s membrane, and it is thought the age-related thickening may contribute to
waste buildup and the formation of drusen (precursors to macular degeneration) in
humans. The outermost region of the choroid borders on the sclera. The region
between sclera and choroid, the suprachoroidal space, can accept the administration
of small amounts of fluid or suspension and has been reported as an alternative
intraocular dose route for depot drug delivery.

1.12 Additional Terminology

During the course of designing and/or conducting ocular research or toxicology
studies, the researcher may encounter anatomic terminology that may not specifically
describe a single ocular tissue or geographic region. Some of the more common
terms are presented.



18 M. Vézina
1.12.1 The Uvea

The uvea is a frequently used term that describes the vascular layer or tunic of the
eye. It is comprised of the choroid, ciliary body, and iris. Uveitis is the inflammation
of this layer, often posterior (choroidal origin) or anterior (iris/ciliary body origin).

1.12.2 Subretinal Space

The subretinal space is a theoretical space located between the retinal pigment
epithelium (RPE) and the photoreceptors. In a normal healthy eye, this space does
not exist. In a diseased eye that is undergoing some kind of exudative process, fluid
may accumulate within the subretinal space and result in a retinal detachment
(a separation of photoreceptors from RPE). It is a common space for the local delivery
of viral vector or cell-based ocular therapeutics.

1.12.3 Suprachoroidal Space

The suprachoroidal space is another theoretical volume that is located between
the choroid and sclera. As with the subretinal space, it does not exist in a healthy
eye. Fluids can be administered into the suprachoroidal space, and therefore, it can
serve as another delivery route for ocular therapeutics.

1.12.4 Tenon’s Capsule/Sub-Tenon’s Space

Tenon’s capsule, also known as the fascia bulbi, is a thin membrane that encom-
passes the outside of the eyeball from optic nerve to limbus. Beneath it lies the
periscleral lymph space, which in turn overlies the sclera. This region may also be
known as the sub-Tenon’s space, and it can accept the administration of ocular
therapeutics or anesthetics. The periscleral lymph space is continuous with the
subdural and subarachnoid spaces.

1.13 Summary

The eye is composed of many individual tissues that work together to focus reflected
light, capture an image, and process and transmit that image to the brain via the optic
nerve. The anatomical descriptions and quantitative information presented in this chapter
represent a small amount of the information available for each of these substructures,
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and the reader engaged in ocular research or toxicology is encouraged to explore the
references as well as the subsequent chapters in this book to gain further insight into
the nature of the individual substructures as well as how they interact as a whole.
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Chapter 2
Assessment of Ocular Toxicity Potential:
Basic Theory and Techniques

Robert J. Munger and Margaret Collins

Abstract The toxicity assessment of drugs includes an assessment of ocular toxicity,
with the extent of the ocular examination depending upon a number of factors.
The eyes are unique in that it is possible to conduct a detailed assessment during the
in-life portion of a study. This chapter will focus on routinely used approaches for
assessing ocular toxicity in toxicology studies. Systemic and ocular toxicology
studies include an assessment of systemic toxicity using techniques such as clinical
observations, body weight measurement, clinical pathology and histopathology, and
an assessment of ocular toxicity, with the ocular toxicology study having a more
detailed ocular assessment. At a minimum, ocular assessment includes examination
of the eyes, and this chapter discusses various forms of ocular examination as well
as grading scales for qualification of findings. Additional assessments, such as
intraocular pressure measurement, fundus photography, and other specialized tech-
niques, are discussed. When establishing a protocol for a toxicology study, careful
consideration must be given to planning which examinations are required to best
accomplish the study objectives and the timing of those examinations relative to
other study procedures.
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2.1 Introduction

The evaluation of the toxic potential of drugs and other chemicals is a complex
process involving multiple disciplines, such as pharmacology, toxicology, pathology,
and ophthalmology. Drugs intended for the diagnosis, prevention, and treatment of
diseases in humans are administered via a variety of routes, including oral, intrave-
nous, subcutaneous, and more specialized routes, such as dermal, inhalation, and
ocular. Regardless of the route of administration and intended indication, the toxicity
assessment of drugs includes an assessment of ocular toxicity, with the extent of the
ocular examination depending upon a number of factors. For example, drugs that
are applied directly to or injected into the eye typically undergo a more extensive
ophthalmological evaluation than drugs administered via other routes. During the
course of toxicology studies, effects of a drug or other chemical can be assessed
during the course of a study (i.e., in-life or prior to sacrifice of the animals) or
following sacrifice. The eyes are unique in that it is possible to conduct a detailed
assessment during the in-life portion of a study.

Toxicology studies conducted for regulatory purposes need to be conducted in
compliance with Good Laboratory Practice (GLP), which is addressed in more
detail in Chap. 7 of this text. According to GLPs, a protocol defining techniques to
be used for toxicity assessment, including ocular toxicity, is needed for toxicology
studies conducted for regulatory purposes. This chapter will focus on routinely used
approaches for assessing ocular toxicity in toxicology studies. Chapters 3 and 4 will
focus on emerging technologies for the in-life assessment of ocular toxicity.

For the purpose of this chapter, it can be stated that there are two types of toxicology
studies, systemic (i.e., using oral, iv, and/or subcutaneous routes of administration)
and ocular (i.e., test article applied to or injected into eyes). Both types of studies include
an assessment of systemic toxicity using techniques such as clinical observations,
body weight measurement, clinical pathology, and histopathology. Similarly, both
types of studies include an assessment of ocular toxicity, with the ocular toxicology
study having a more detailed ocular assessment.

2.2 Examination Techniques

In toxicology studies, it is important to note the location of lesions noted on the various
examinations so that they may be correlated with histopathological findings and
other diagnostic measures. Correlation between dose groups is also important when
evaluating the incidence and severity in lesions so that any association with the test
article administration can be assessed.

Examination of the eye should be pursued systematically using the examination
techniques defined in the study protocol. Slit-lamp biomicroscopy and indirect oph-
thalmoscopy comprise the mainstay of most evaluations for ophthalmic toxicity.
Additional examinations, including but not limited to tonometry, pachymetry, specular
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endothelial microscopy, electroretinography, fluorescein angiography, ultrasonography,
and optical coherence tomography (OCT), may be included as determined by the
goals of the study and the nature and known effects of the test article. With slit-lamp
biomicroscopy and indirect ophthalmoscopy, dilation of the pupil with a mydriatic
such as tropicamide is required to allow complete evaluation of the lens and the
ocular fundus. However, with few exceptions, such dilation should be postponed
until after the anterior segment of the eye has been examined and the pupillary light
response evaluated. Also, any tests such as tonometry for the evaluation of intra-
ocular pressure should generally be performed prior to dilation of the pupil. When
multiple testing procedures are performed that will require contact of the instrument
with the cornea (pachymetry, tonometry, etc.) and/or sedation is required that may
result in decreased blinking, such procedures may disturb the pre-corneal tear film
or cause corneal haze to a degree that will blur the view of intraocular structures and
cause artifactual corneal haze at the sites of contact, drying, and/or exposure.
Therefore, examinations must take such variables into account. Additionally, the
order of evaluation must be given careful consideration. Electroretinography is an
important safety assessment but should not be conducted immediately after ophthalmic
examinations due to effects of the light on the retina. Tonometry may be included if
the drug is expected to cause alterations in intraocular pressure (IOP) or to assess
the effects of inflammation; however, measurements should be done at approxi-
mately the same time of day for each time point in order to account for diurnal
fluctuations. Additionally, if the drug is being introduced directly into the eye (e.g.,
intravitreal injection), there will be a transient increase in IOP immediately following
the injection. Pachymetry is appropriate for assessing changes in corneal thickness,
but may not be needed for all topical drugs or those that are introduced into the eye.
Fluorescein angiography, ultrasonography, and OCT may be used in addition to
histologic assessment of the eye, but would typically not replace histology.

When establishing a study protocol, careful consideration must be given to plan-
ning which examinations are required to best accomplish the study objectives and
the timing of those examinations relative to other study procedures. As mentioned
above, intravitreal injections will cause a transient rise in IOP. For topically applied
drugs, consideration should be given to timing relative to dose administration.
Administration of topical agents required for ophthalmic examinations may interfere
with drug absorption if given too soon after dose administration. In some species,
sedation is required for ophthalmic examinations, but this may have an effect on
other study parameters depending on timing (e.g., clinical observations, food
consumption, or clinical pathology assessment following sedation procedures).
A balance must be struck between scheduling multiple procedures on a single day
versus repeated days of sedation for ocular and other study procedures.

The examination techniques described in this chapter can generally be applied to
or performed on most species although limitations or study requirements may make
some modifications of techniques or scoring necessary. For example, while biomi-
croscopy is easily performed on rodents, that species is not well suited for topical
ocular studies and scoring of parameters for ocular irritation.
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Fig. 2.1 A table-mounted slit-lamp biomicroscope offers excellent optics with multiple options
for magnification and greater numbers of options for varying slit-beam width, height, and light
color, and cameras may be added to the configuration to provide greater potential for stability and
photographic documentation of lesions than camera options on handheld portable slit lamps

2.2.1 Slit-Lamp Biomicroscopy

As the name of this examination technique implies, biomicroscopy is the examination
of the living eye by means of a microscope combined with a slit lamp that provides
a bright light that may be modified in intensity, shape (diffuse or finely focused
beam of varying widths and lengths), and color (white, cobalt blue, or red-free).
Magnification can also be varied depending on the type of biomicroscope. The slit
lamp is mounted on the binocular microscope on a pivot that allows the light to be
directed toward the eye from multiple directions and orientations. Thus, slit-lamp
biomicroscopy allows the direct evaluation of the eyelids, tear film, conjunctiva,
cornea, anterior chamber and aqueous humor, iris, lens, and the anterior vitreous. This
examination technique and ophthalmoscopic examination of the ocular fundus form
the mainstay of ocular examinations for the in-life portion of toxicology studies.
Both table-mounted (Fig. 2.1) and portable (Fig. 2.2) models of slit-lamp biomi-
croscopes are available. Portable models are less expensive and more versatile for
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Fig. 2.2 The Kowa handheld slit lamp offers good optics and portability for the examination of
eye in animals that are not sedated or that cannot be easily presented for examination by a table-
mounted slit-lamp biomicroscope

exams of animals in a variety of situations than the table-mounted models. For small
animals that are not sedated, this portability may facilitate a more complete exam
while table-mounted slit lamps offer a wider range of magnifications with superior
optics, greater variability of slit-beam width and orientation, and better potential for
photography. When combined with specialized lenses (e.g., gonioscopy lenses or spe-
cialized indirect ophthalmoscopy lenses), the iridocorneal angle, ciliary cleft, pars
plana, and even the ocular fundus may be examined with the table-mounted slit lamp.

With a very narrow (slit) beam, a highly magnified optical section of the eye is
obtained, and the direction may be varied so that the structures may be viewed either
directly (with direct illumination) or by illumination from the reflection of light
from more posterior segments of the eye (retroillumination). Lesions may thus be
evaluated for where they are in the eye with respect to other structures, and their
nature can be evaluated by shadows cast by illumination cast from different direc-
tions. With broad beams of light, pupillary responses, as well as the characteristics
of the surfaces of the ocul ar structures, can be evaluated. Protein in the aqueous can
be detected as evidence of inflammation because of the Tyndall effect by which the
beam of light can be seen passing through the aqueous humor. Similarly, cells
(pigmented and nonpigmented) can be detected in narrow beam as the light passes
through the anterior chamber or the anterior vitreous. Nonpigmented cells typically
indicate an inflammatory response, while pigmented cells arising from the uvea or
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Fig. 2.3 External ocular photograph of the normal eye of a Dutch belted rabbit

retinal pigment epithelial cells may arise from an inflamed uvea (iris, ciliary body, or
choroid) or from trauma to uvea or retinal pigment epithelium. It is not uncommon
to see some pigmented cells in the anterior vitreous following intravitreal injections
due to the passage of the needle through or near the pars plana during the injection.

It is customary for the eyes to be examined prior to dilation for best examination
of the iris and pupillary light responses. Thereafter, the pupils are dilated by the
application of a mydriatic such as 1% tropicamide so that the lens and anterior vitre-
ous may be examined and that direct or indirect ophthalmoscopy can be performed.

Interpretation of the findings on slit-lamp biomicroscopy requires extensive
knowledge of normal findings as well as background lesions that occur as incidental
findings in the species and breed examined. These include, but are not limited to,
embryonic remnants (e.g., persistent pupillary membranes, persistent or absorbing
hyaloid arteries), corneal opacities (e.g., corneal scars, corneal degeneration/dystrophy
in Sprague-Dawley rats, epithelial dystrophy in Dutch belted rabbits), cataracts, and
lesions that may be associated with incidental trauma or inflammation (e.g., syne-
chiae, traumatic cataracts, corneal scars).[1, 2, 10, 16—-19] Examples of normal and
abnormal slit-lamp findings are noted in Figs. 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, and 2.9.
Whenever possible, animals with such background lesions noted at pre-study exam-
inations should not be placed on study. However, in some animals such as the
Sprague-Dawley rat, the incidental lesions may be so pervasive that use of affected
animals cannot be avoided and randomization will usually ensure the lesions are
seen with equal representation across all groups. It is then important to ensure the
test article administration does not result in worsening of the lesions. Testing in
more than one species is the norm for topical ocular studies and provides additional
confirmation of safety.
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Fig. 2.4 Corneal epithelial dystrophy in a Dutch belted rabbit. Slit-lamp photo in diffuse light.
Compare the multiple faint irregular corneal opacities to the clear cornea of a Dutch belted rabbit
in Fig. 2.3. Such corneal opacities may develop later in a study after initial pre-screening examina-
tions especially following anesthesia or manipulations of the eye. When that occurs, it is necessary
to differentiate whether the opacities arise de novo or as a test article-related effect occurring in
greater incidence in treated eyes versus untreated controls

Fig. 2.5 Incidental circular superficial corneal scar (arrowhead) with denser outer ring in broad
beam of slit lamp. Such corneal scars are seen sporadically in primates as incidental lesions.
In Fig. 2.6, the narrow slit-lamp beam (optical section) reveals the superficial nature of the lesion
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Fig. 2.6 An optical section of the cornea is created as the very narrow slit-lamp beam passes from
left to right through the cornea, thus demonstrating the superficial nature of the corneal scar from
Fig. 2.5. The scar is noted as a denser white curvilinear area in the superficial cornea (small solid
arrows). The corneal endothelial layer is adjacent to the open arrow, and the anterior surface of the
lens is visible and slightly out of focus further posterior in the light beam (open arrowhead).
A small persistent pupillary membrane (embryonic remnant) is visible in the anterior chamber
(closed arrowhead)

When slit-lamp examinations are used in systemic toxicology studies, it may be
sufficient to simply record abnormal findings, but in topical ocular studies, it is
customary to quantify findings and modifications of scoring systems such as the
Hackett-McDonald scoring system (Table 2.1) [8, 11] and others such as outlined in
the Standardization of Uveitis Nomenclature or SUN system [15]. Such scoring
systems are designed to detect very subtle microscopic ocular changes, and they
may be commonly employed in both preclinical and clinical studies. When evalua-
ting the lens, the examination should include the notation of whether the lens is
normal or abnormal and should be accompanied by a comment describing the extent
and location of the lens abnormalities as determined by direct and indirect (i.e.,
retroillumination) illumination. Cataracts may be noted as mild (or incipient invol-
ving less than 10% of the lens), moderate (immature), or severe (involving the entire
lens), and the location of the opacities may be described or defined by where they
are localized in the lens (noted by the positions of the opacities in the slit beam as
the light passes through the lens). Localization may thus be defined as anterior
capsular, anterior subcapsular, anterior cortical, nuclear, posterior cortical, posterior
subcapsular, posterior capsular, or equatorial with combinations of the preceding



Fig. 2.7 Photograph of an optical section taken with a photo slit lamp. The beam from the slit
lamp is directed from right to left with the anterior section of the beam highlighting the cornea
(a) which is out of focus. The beam is focused on the lens which is thus in cross section with the
anterior lens capsule on the right of the beam (b) and the posterior lens capsule on the left (¢).
The aqueous in the anterior chamber (between a and b) and the anterior vitreous immediately
posterior to the lens (and to the left of ¢) are clear (i.e., there is no Tyndall effect and no cells are
present). The pupil margin (open arrow) and most of the iris are illuminated indirectly from behind
(retroilluminated) as are the equatorial edge of the lens and the adjacent ciliary processes visible
through the nonpigmented iris in this New Zealand white rabbit. Note the congenital deformity of
the lens (d) visible between the solid arrowheads

Fig. 2.8 Axial, posterior, cortical cataract in a cynomolgus macaque viewed in a diffuse beam.
Such cataracts are occasionally observed as incidental lesions in otherwise normal macaques
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Fig. 2.9 A wide slit beam clearly reveals the posterior location of the axial cortical cataract noted
in Fig. 2.8. The slit beam is evident and slightly out of focus on the anterior lens capsule (solid
arrowheads). A flash artifact is visible in the beam between the arrowheads. The slit beam passed
left to right through the clear normal portion of the lens and directly illuminates the posterior corti-
cal (subcapsular) cataract in a curved or concave beam (open arrows). A portion of the cataract is
retroilluminated to the right of the beam (solid arrow)

used if there is more than one opacity. In some instances, drawing of the lens with
frontal and cross-sectional views may be used to further document the opacities.
With such data recorded, it is thus possible to determine if a cataract is progressing
during the study.

In addition to evaluating the solid structures of the eye, the aqueous and anterior
vitreous can also be evaluated as the slit beam passes through the anterior chamber
and the anterior vitreous just posterior to the lens. Uveitis can result in an increase in
protein and cells in the aqueous and vitreous in association with breakdown of the
blood-ocular barrier. Increase in protein in the aqueous humor results in a Tyndall
effect, referred to as aqueous flare, such that the light of the slit beam can be seen as it
passes through the aqueous. As noted in Table 2.1, the flare may be scored from O to
+3 where 0 equals the normal absence of a visible light beam as it passes through the
aqueous, +1 equals a visible light beam that is less intense than the beam as it passes
through the normal lens (this includes a barely visible beam which may be further
described as trace flare), +2 equals a visible light beam equal in intensity to the beam
as it passes through the normal lens, and +3 equals a visible light beam that is greater
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Table 2.2 SUN?® grading scheme for aqueous flare

Grade Description

0 None

1+ Faint

2+ Moderate (iris and lens details clear)
3+ Marked (iris and lens details hazy)
4+ Intense (fibrin or plasmoid aqueous)

4SUN Standardization of Uveitis Nomenclature

Table 2.3 Alternate scoring scheme for anterior chamber fibrin

Grade Description (based upon degree of anterior chamber filled)
0 None

1+ Faint (<25% of anterior chamber)

2+ Mild (25-50% of anterior chamber)

3+ Moderate (51-75% of anterior chamber)

4+ Marked (>75% of anterior chamber)

Table 2.4 SUN-® grading scheme for cells

Grade Cells in field®
0 <1

0.5+ 1-5

1+ 6-15

2+ 16-25

3+ 26-50

4+ >50

aSUN Standardization of Uveitis Nomenclature
"Field size is a | mm by 1-mm slit beam

in intensity than the beam as it passes through the normal lens. As noted in the SUN
system (Table 2.2), some systems adapt a slightly different mode for scoring aqueous
flare to accommodate noting the presence or absence of fibrin in the aqueous. However,
there can be varying amounts of fibrin formation, and some prefer to score fibrin
formation in a class by itself (Table 2.3). Since the presence of fibrin in the anterior
chamber generally indicates a greater degree of breakdown of the blood-aqueous
barrier and hence greater inflammation, this latter practice allows better quantification
if fibrin formation is encountered with any frequency in studies.

The presence of cells in the aqueous and anterior vitreous can be observed with
slit-lamp biomicroscopy, and the SUN system developed a reasonable method
for scoring the quantity of cells observed in the aqueous in a 1 X 1 mm beam
(Table 2.4). The observer should concentrate on counting the cells at the same
point (usually in the central anterior chamber) without moving the beam since
cells are heavier than the surrounding aqueous and will settle inferiorly. In addi-



38 R.J. Munger and M. Collins

tion to noting the number of cells in the aqueous, it is important to note the types
of cells as they may be pigmented arising from the uvea or retinal pigment epithelium
(due to injury to or shedding from those structures), nonpigmented (white blood
cells arising from an inflammatory response), or red blood cells (arising from
damaged vasculature) as may occur with surgical or other invasive procedures
(intraocular injections, aqueous or vitresous aspirations, lens extraction, placement
of intraocular implants, subretinal injections, etc.). When nonpigmented cells are
present in such numbers that frank hypopyon (pus in the anterior chamber) occurs,
that should be noted as a comment in addition to the scoring [9, 15]. Likewise, when
frank hemorrhage is noted (hyphema with or without clots), that too is worthy of
separate comment and clarification.

The evaluation of cells in the vitreous is problematic in that no consensus has
been reached with respect to exact scoring and significance of the degree of
inflammation [15]. While it is certainly possible to see cells in the anterior vitreous
and even determine if they are pigmented, nonpigmented, or red blood cells, such
cells may not be uniformly distributed throughout the vitreous, and the vitreous
does not circulate like the aqueous so turnover or clearing of cells does not occur as
rapidly as in the aqueous. In addition, aspiration of vitreous to perform cell counts
adds to the ocular trauma and has the very real potential for causing the release of
more cells due to the aspiration procedure alone. Further, the number of cells in the
vitreous may not be uniformly distributed so the aspirated vitreous may not provide
an accurate assessment of the total cell count in the vitreous. In recognition of these
limitations, it must fall to the personnel conducting the examinations to agree at the
outset of the study on a method of empirically quantifying the number and types of
cells. Possibilities include applying the technique for assessing aqueous cells and
counting cells in the slit beam at a certain point (e.g., immediately posterior to the
axial lens) or assigning general degrees of cellularity as mild, moderate, or severe.
When this is done concurrently with other examinations such as indirect ophthal-
moscopy, a meaningful assessment can result (see assessment of vitreal clarity
under indirect ophthalmoscopy). One other complicating factor worthy of mention
is that when evaluating intravitreal injection studies, it may be difficult to differenti-
ate nonpigmented cells from individual particles of an injected suspension.

Because some references to the Draize scoring system occasionally arise in the
planning stages of topical ocular toxicology studies, a brief discussion of this
system is warranted. The Draize system, first described by Draize and Woodard in
1944 [5], is outmoded and has received a very negative reputation among animal
welfare proponents. It is a system for grading ocular irritancy of liquids, solutions,
or ointments after the one time instillation of 0.1 ml of the agent into the inferior
conjunctival sac of albino rabbits. Scoring by this system is based upon the gross
evaluation of damage to the cornea, conjunctiva, and iris at 1, 24, 48, and 96 h
(if there are findings at 48 h) [3]. It was primarily used for evaluating cosmetics and
other manufactured agents such as shampoos and not for the evaluation of ophthalmic
products intended for use in the eye. The system was not designed for microscopic
evaluation after repeated dosing and is not an acceptable alternative to the systems
commonly employed today in ophthalmic toxicology studies.
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Fig. 2.10 The indirect ophthalmoscope with lenses of varying dioptric powers allows great
flexibility for examining the ocular fundus with varying magnification. It is superior to the direct
ophthalmoscope for evaluation of the fundus with respect to evaluating the greatest area of the
fundus and assessing the overall appearance of the retina, choroid and optic disc

2.2.2 Direct and Indirect Ophthalmoscopy

Ophthalmoscopy is the examination of the ocular fundus performed most commonly
with either a direct or indirect ophthalmoscope after dilation of the pupil with a
short-acting mydriatic (usually 0.5-1% tropicamide, a short-acting parasympatho-
lytic agent, either alone or in combination with a sympathomimetic agent such as
2.5% phenylephrine). By this examination, changes in vitreous, retina, vessels of
the retina and choroid, and the optic disc may be evaluated. The direct ophthalmo-
scope provides a highly magnified but monocular view of the real (neither inverted
nor reversed) image of the fundus, while the indirect ophthalmoscope provides a
binocular view of an inverted and reversed aerial image obtained by the positioning
of a condensing or converging lens between the eye and the examiner.

Direct ophthalmoscopy provides a highly magnified image, but it has the disadvan-
tage of a small field of view (approximately 2 optic disc diameters) so that the exam
can be very time-consuming, and lesions may be missed. In addition, it requires the
examiner’s face be very close to the animal’s face and mouth with greater risk to
the examiner, it is harder to examine the peripheral fundus, and there is greater distor-
tion of the view of the fundus when any opacities are present in the visual axis whether
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Fig. 2.11 (a) The direct ophthalmoscope allows a highly magnified view of a lesion of the ocular
fundus but has the disadvantage that the area examined is small (generally a few disc diameters in
diameter). As a result, the time for examination of the entire fundus is greatly increased, and
lesions may be inadvertently missed, especially in an animal that is awake and moving. (b) Note
that direct ophthalmic examination requires very close proximity of the examiner’s face to the
animal, thus increasing risk of exposure of the examiner to diseases carried by primates and inad-
vertent injury to the examiner from bites or scratches

in the cornea, aqueous humor, lens, or vitreous. Such opacities may so degrade the
visibility that the fundus may only be visible with indirect ophthalmoscopy if at all.

Binocular indirect ophthalmoscopy provides a wider, stereoscopic view of the
fundus (albeit with less magnification) than with direct ophthalmoscopy, and it is
easier to restrain the animal while more easily and quickly examining the entire
fundus. As mentioned above, it produces an image that is both inverted and reversed
that can confuse novice examiners during the examination and recording of findings.
An easy method to facilitate orientation during the examination is to remember to
move toward the observed image during the examination. This results in directing
the light entering the eye opposite the direction the examiner moves, thus illuminat-
ing the lesion. By using different lenses, the magnification of the fundus may be
increased with a consequent decrease in the field of view.

As mentioned above, the advantage of the indirect ophthalmoscope is that the
fundus is more easily visible with indirect ophthalmoscopy than with direct ophthal-
moscopy even when the view of the fundus is partially obscured because a wider
view of the fundus can be achieved, thus allowing the examiner to better look around
or through opacities in the ocular media. One scoring system of posterior uveitis
devised by Nussenblatt et al. utilizes the degradation of the visualization of the fundus
during indirect ophthalmoscopy using a 20-diopter condensing lens as a measure of
the severity of the uveitis [13]. This scoring, summarized in Table 2.5, can be used
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Table 2.5 Nussenblatt vitreous haze scoring for posterior uveitis

Grade Description

0 Optic nerve and retinal vessels visible in detail with no impairment

Trace Slight blurring of optic disc margins. Normal striations and reflex of the nerve fiber
layer not visible

1+ Optic nerve and retinal vessel details easily discernible

2+ Optic disc margins blurred; retinal vessels well visualized

3+ Optic disc borders and retinal vessels markedly blurred

4+ Optic disc and retinal vessels obscured

to advantage in ophthalmic toxicology for evaluating the severity of vitreal haze that
may occur with adverse reactions.

As with slit-lamp biomicroscopy, the examiners must have a thorough knowledge
of normal findings as well as background lesions that occur as incidental findings in
the species and breed examined, and whenever possible, animals with lesions noted
at pre-study examinations should be excluded from the study. Documentation of
lesions by photography should be performed whenever animals with findings are
included in the study and whenever new lesions develop during a study (Figs. 2.12,
2.13,2.14,2.15,2.16,2.17, 2.18, 2.19, 2.20, and 2.21). Photographic documentation
of vitreous haze can also be utilized [4].

Ophthalmoscopy thus has the advantages of allowing a real-time examination
of the ocular tissues that is noninvasive, is documentable through photography or
videography, and, to a certain extent, is to some degree a three-dimensional view.
Ophthalmoscopy is time sensitive in that lesions may be followed over time, but it
is thus problematic in that the histopathological characterization of a lesion is not
possible at all time points since the ocular tissues cannot be harmlessly obtained.
In some cases, concurrent advanced studies such as optical coherence tomography
(OCT) and ultrasonography can be employed to better characterize the nature and
location of a lesion (see Chap. 3). Ultimately, at specified intervals when animals
are sacrificed and the eyes are submitted for histopathological evaluation, it is
imperative to ensure that the type and location of lesions in the eyes are conveyed to
the pathologists examining the tissues, and every effort should be made to ensure
the lesions are present in sections of the ocular tissues in order to characterize the
nature of the lesion at the cellular level.

2.2.3 Photography

As noted in the following images, ocular photography can be a useful method of docu-
menting ocular findings. Photographs taken at different time points in the study can
be used to document the progression or lack thereof of lesions. However, photograph-
ing a large number of animals is very time-consuming (and thus expensive), and it
subjects the animals to another level of stress. Since in most large studies the inci-
dence of adverse findings associated with the administration of the test article is low
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Fig. 2.12 Normal rabbit fundus (a—c), glaucomatous cupping of optic disc (d). (a) Normal New
Zealand red (NZR) rabbit. The rabbit fundus is merangiotic with the retinal vessels confined to a
horizontal zone on either side of the horizontally ovoid optic disc in the medullary rays. Open
arrows show the nasal and temporal margins of the optic disc. Long arrow shows individual myeli-
nated nerve fibers. The myelinated fibers are more densely packed immediately nasal and temporal
to the optic disc. The choroidal vessels are not visible in pigmented fundus. (b) Normal New Zealand
white (NZW) rabbit. The typical numerous choroidal vessels are visible in this nonpigmented rabbit.
(¢) The details of the optic disc are more visible in this photograph of a normal NZW rabbit. The
open arrows delineate the prominent physiologic cup in the optic disc. (d) Glaucomatous cupping
of the optic disc in a NZR rabbit. Note the myelinated nerve fibers are less prominent

(in many cases, pilot studies will have eliminated test articles or drugs that will
cause problems or produce unacceptable findings), addition of photography in most
instances will not add to the study and will be cost ineffective. Therefore, photog-
raphy is most often built into a protocol as an option to be employed to document
unexpected findings or as part of a smaller research study to better characterize the
cause and occurrence of an effect of a test article on ocular tissues.



Fig. 2.13 Normal albino rat fundus. The choroidal vessels are indistinct and the reddish border of
the optic disc is poorly differentiated from the surrounding field. The retinal arterioles and venules
radiate from the central optic disc

Fig. 2.14 Normal canine fundus. While there are numerous breed-related variations in the appear-
ance of the normal canine fundus, the fundus of the beagle has fewer variations. The optic disc may
be pink to white, and its shape varies from round to triangular and is occasionally multilobed with
varying degrees of myelination. A small physiologic cup is usually visible in the center of the disc
as a small pit. The optic disc may be entirely within the tapetal zone, at the junction of the tapetal
and non-tapetal fundus or entirely in the non-tapetal fundus. Three to four major venules and up to
20 smaller arterioles radiate from the optic disc. The color of the tapetum may vary and in some
cases may be entirely absent
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50° Left #4

Fig. 2.15 Normal primate fundus (cynomolgus macaque) with uniform pigmentation. The verti-
cally ovoid optic disc is present at the left with the normal macula (short arrow) located temporally
(in the center of the photograph). The fovea (long arrow) is present in the center of the macula.
Note that individual nerve fibers (open arrowhead) are visible between the optic disc and macula
(in the papillomacular bundle)

50° Left #1

Fig. 2.16 Normal primate fundus (cynomolgus macaque) with irregular pigmentation of the retinal
pigment epithelium (RPE) and choroid. The darker retinal vessels (open arrows) are visible as
usual, and the paler choroidal vessels (small arrows) are visible due to the lesser pigmentation of
the RPE and choroid
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Fig. 2.17 Excessive peripapillary myelination, a normal variant in a cynomolgus macaque.
The excessively myelinated nerve fibers are visible involving and inferior to the optic disc

35" Left 21605

Fig. 2.18 Glial (neuroepithelial) choristoma in a cynomolgus macaque. Such glial choristomas or
proliferations are occasionally seen as incidental background findings. (a) Color fundus of the left
eye with the glial proliferation at the 12:00 margin of the optic disc. (b) Fluorescein angiography
revealing blocked fluorescence by the glial proliferation (open arrow) [12]

When photography is employed, it is important as much as possible to standardize
the exposure of illuminating flashes since even small variations in either the direction
of gaze (angle of incident light) or the exposure can alter the appearance of a lesion.
It is relatively easy to document a lesion with photography but much more difficult
to demonstrate subtle progressions or regressions. Histopathology and other exami-
nation techniques such as optical coherence tomography, confocal microscopy, and
ultrasonography can be utilized to characterize the lesions photographed and establish
a more meaningful assessment of the nature and origin of such lesions.
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Fig. 2.19 Example of scoring of vitreous haze. (a) Normal primate (cynomolgus macaque) fundus.
The details of the retinal, its vessels, and the optic disc are visible in crisp detail. (b) Vitreous haze
has significantly blurred the details of the optic disc margins, and to some degree the view of
the retinal vessels, while discernible, is indistinct. This would warrant a score of 2-3+ using the
Nussenblatt scoring system [13]

Fig. 2.20 Bilateral optic atrophy (BOA) in a Cambodian-origin cynomolgus macaque. Compare
photos with normal cynomolgus macaque optic disc (Figs. 2.14, 2.15, 2.16a, and 2.22a). (a) Minimal
or slight manifestation of BOA. (b) Mild/moderate manifestation of BOA. (¢) Marked or severe
manifestation of BOA. Grading was based upon findings on histopathological evaluations. BOA has
been described as a subtle bilateral background finding in rhesus and cynomolgus macaques that is
characterized histologically by decreased ganglion cells in the inner macula with a corresponding
decrease in axons in the nerve fiber layer and temporal optic nerve (See Fig. 2.20) [6, 7]
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Fig. 2.21 Histologic section through the optic nerve and temporal retina. Note the decrease in
axons in the temporal optic nerve (arrow)

Fig. 2.22 (a) The TonoVet® is a rebound tonometer that measures intraocular pressure by induction-
impaction through a technique that measures the rebound action of a magnetic probe as it contacts
the cornea and bounces back. (b), The TonoPen XL® measures intraocular pressure by applanation
of the cornea. Both of the above instruments are calibrated internally

2.2.4 Tonometry

Tonometry as applied to ophthalmic toxicology is an indirect measurement of the
intraocular pressure (IOP) either by applanation of the cornea (TonoPen XL®, pneu-
motonograph — Figs. 2.22b and 2.23) or by induction-impaction through a technique
that measures the rebound action of a magnetic probe as it contacts the cornea and
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Fig. 2.23 The pneumotonograph is a tonometer that measures intraocular pressure by applanation
of the cornea. Calibration is accomplished by placing the probe against a membrane in a manometer
on the right, where the pressure is determined by the water level in the manometer. The intraocular
pressure is recorded on the recording paper at the left side of the machine

bounces back (TonoVet® — Fig. 2.22a). In most animals, the accepted normal
intraocular pressure is between 15 and 25 mmHg, but intraocular pressure can be
highly variable and the difference between fellow eyes can range as high as § mmHg
[14]. Variables that can affect intraocular pressure include effects of circadian
rhythm, degrees of stress, location and environmental conditions, physical restraint,
eye position, systemic blood pressure, water consumption, and sedation or anesthesia.
Animals may even react differently to different personnel performing intraocular
pressures. Such variables must be considered in construction of study protocols with
proper controls established.

In general toxicology studies where baseline conditioning is not usually per-
formed, the variables can be limited by the proper use of controls, measuring the
intraocular pressures for all animals in all groups at the same time each day and
using the same personnel when measuring the pressures. In such studies, evaluating
mean intraocular pressure for each group and comparing it both to the initial mean
intraocular pressure as well as the control group can further decrease variability
between groups.

In studies that are intended to evaluate the effects of a particular test article of
compound on intraocular pressure, it is imperative to acclimatize the animals over a
2-3-week period with repeated measurement of IOP under identical conditions.
Whenever possible, the animals should be conditioned to allow measurement with-
out sedation by the same personnel at the same time each day. Also the animals
should be housed and their intraocular pressures checked in rooms that stringently
limit “climate” variations and environmental noise from other areas of the facility.
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2.2.5 Electroretinography

Simply put, electroretinography is the measurement of electrical potentials generated
by the retina in response to light stimuli on the retina. As such, electroretinography
may be used in selected studies for detection or documentation of adverse effects of
a test article or procedure on retinal function. Because the procedures involved are
complex and time-consuming, such testing is most commonly used in systemic
toxicology studies or in studies involving test article or device delivery inside the
eye. In most studies, a full-field flash electroretinography is utilized, but more spe-
cialized studies may be indicated in certain studies. Electroretinography and its
various applications are discussed in detail in Chap. 4.

2.2.6 Specialized Studies

Pachymetry and specular endothelial microscopy are primarily used as adjunct
examinations in topical ocular and intraocular drug studies as well as surgical stud-
ies (including evaluation of surgical implantations of devices such as intraocular
lenses or drug delivery implants as well as intraocular injections). Pachymetry is
simply the measurement of corneal thickness and is most often performed by con-
tact ultrasound, high-resolution ultrasound, or optical coherence tomography (OCT).
Pachymetry will allow examiners to evaluate changes in corneal thickness in
advance of notable corneal edema. When such studies are conducted, the protocol
should provide for standardization such that in all groups and all eyes, the same area
or areas of the cornea are evaluated at each time point.

Specular endothelial microscopy is similarly standardized and usually a specified
area of the central corneal is evaluated for cell area, cell density, polymegathism, and
percentage of cellular pleomorphism. Both contact and noncontact instruments are
available, and in recent years, automation has greatly aided in the ease of conducting
both types of studies. However, the examinations can be time-consuming, and sedation
is usually required for laboratory animal species. Corneal opacities, haze, and edema
can make specular endothelial microscopy impossible.

Corneal wound healing studies are generally reserved for small studies designed
to evaluate the effects of topical drugs and preservatives on wound healing and
involve creating a standardized wound on the cornea, applying the test article and a
known control, and evaluating wound area stained by fluorescein at successive time
points until the corneas are healed. Because such corneal wounding involves pain,
such studies should be limited and carefully evaluated by animal care and use com-
mittees to determine their necessity.

Corneal perfusion studies are performed on corneal buttons harvested from the
cornea and perfused or irrigated with intraocular irrigating solutions with constitu-
ents added to evaluate the effects of such agents on the corneal endothelium by
examining the corneal endothelium by microscopy.
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2.2.7 Fluorescein Angiography

Fluorescein angiography (FA) is a specialized photographic technique for evaluating
the vessels of the eye, usually in the retina and choroid but sometimes in the iris, for
defects by means of sequential timed photographs after the intravenous injection of
fluorescein. It is a demanding procedure that requires specialized equipment and
handling, and sedation of animals is required. Potential reactions are rare but include
tissue irritation in the event of leakage at the injection site, vomiting after administra-
tion of the intravenous bolus, and anaphylaxis. Equipment requirements for the test
include a fundus camera capable of taking digital, multiple time-sequenced photo-
graphs that is equipped with an exciter filter (blue light at 490 nm) plus a barrier filter
to record the yellow-green fluorescein light (520-530 nm) as the fluorescein courses
through the ocular vessels. A baseline color photograph of the fundus (or the iris) is
recorded before the injection, and sequential black and white images are then recorded
every second for 20 seconds; then less often to record the phases of vascular filling.

The phases of FA in order are prearteriolar (choroidal flush), retinal arteriolar,
capillary transition stage, early venous (also known as lamellar or arterial-venous),
late venous, and late recirculation phases as shown in Fig. 2.24a-g.

Abnormalities noted in FA include hyperfluorescence and hypofluorescence.
Hyperfluorescence will be noted in areas of neovascularization, aneurysm, capillary
leakage, pooling defects, staining of surrounding tissues from leakage of the
fluorescein from vessels, and abnormal vessels. Hypofluorescence will be noted
with filling defects in the vessels themselves or with lesions that block the visualiza-
tion of the vessels such as blood clots, fibrin, or other masses anterior to the retina.
Fluorescein angiography is most commonly used in evaluating efficacy of test arti-
cles on reduction of experimentally induced choroidal neovascularization induced
prior to conduction of ocular toxicology studies.

2.2.8 Ocular Ultrasonography

Ocular ultrasonography is a noninvasive technique by which acoustic waves are used
to image (echo) ocular structures or implants, and to perform biometric measurements
of ocular structures. This may involve the use of A-scan, B-scan, or ultrasound bio-
microscopy. It is uncommonly used in ocular toxicity studies, and its most common
use in studies with large numbers of animals may be to demonstrate the position and
size of implants in the vitreous.

2.2.9 Optical Coherence Tomography

Optical coherence tomography (OCT) is a noninvasive high-resolution imaging
technique that allows real-time evaluation of ocular structures, most commonly the
retina and optic nerve head, and can provide cross-sectional images with an axial
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Fig. 2.24 Fluorescein angiography stages. (a) Baseline color photograph. (b) Prearteriolar (chor-
oidal flush). (¢) Arteriolar phase. (d) Capillary transition stage. (e) Early venous (arteriolar-venous)
phase. (f) Late venous phase. (g) Late recirculation phase
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resolution of 8—10 um. Such images allow analysis of the ocular structures without
sacrifice of the eye. OCT requires specialized equipment and precise positioning so
it can be time-consuming, and there are some lesions in the peripheral fundus that
cannot be imaged. It is an uncommon examination technique in routine ocular tox-
icity studies but may be beneficial in evaluating the eyes in smaller targeted studies
as will be discussed in Chap. 3.
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Chapter 3
Emerging Imaging Technologies for Assessing
Ocular Toxicity in Laboratory Animals

T. Michael Nork, Carol A. Rasmussen, Brian J. Christian,
Mary Ann Croft, and Christopher J. Murphy

Abstract Recent decades have seen a dramatic increase in ocular imaging
technologies—both for the anterior and posterior segments. This has been largely
the result of increased computer processing power as applied to hardware control
and data analysis. For example, the theoretical basis for ocular coherence tomography
(OCT) was developed by Michelson in the nineteenth century, but only recently,
thanks to computers, lasers, and electronic control circuitry, has it become a practical
tool in the clinical and for toxicological studies.

In the aggregate, the use of advanced imaging may be expected to improve the
drug development process by providing high-quality and clinically relevant data,
which enable earlier and more informed decision making at the preclinical stage of
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drug development. This accompanied with gains in efficient use of resources can
reduce the overall time and cost required to bring a new drug to market.

In this chapter, we review the capabilities and limitations of advanced ocular imag-
ing and diagnostic tools that are commercially available and appropriate for inclusion
in the design and execution of preclinical programs in ocular drug development.

3.1 Introduction

Advanced ocular imaging and other analytic techniques are being used more
frequently in preclinical safety studies. This trend is largely driven by rapid techno-
logical advances which have enabled increased application of these techniques
during starting in the experimental stages of drug discovery and continuing through
the clinical management of ocular disease in patients. This provides advantages to
and synergies with conventional safety endpoints:

* Imaging and other advanced analytical techniques such as electroretinography
provide symmetry between efficacy data obtained from animal models of dis-
ease, pharmacodynamic endpoints in safety studies, as well as clinical program
outcomes.

* Nonconsumptive endpoints provide the opportunity for serial data collection over
time in a single animal. This longitudinal evaluation provides a more robust data set
for statistical analysis and hence the ability to more clearly discerns effects of drug
treatment. Obtaining multiple evaluations from an individual animal also mitigates
the need for separate satellite groups of animals for terminal procedures, thereby
reducing the overall number of research animals necessary to conduct a study.

* Imaging data including optical coherence tomography (OCT) complement those of
conventional safety endpoints, such as light microscopic histomorphological evalua-
tion by providing a more complete characterization of effects. For example, the
specific location and size of a lesion may be documented in three dimensions using
OCT and thus alleviate the need for expensive and time-consuming histological sec-
tioning and microscopic evaluation procedures. These techniques may also enhance
conventional methods by removing some subjectivity from the evaluation by utiliz-
ing software that provides, for example, objective measurements of lesion size.

* Novel modalities with continuing technological advances such as increasing spa-
tial resolution for imaging techniques combined with functional endpoints such
as electroretinography have the potential to identify more sensitive biomarkers of
adverse drug effects. The development of biomarkers that reliably predict the
human experience is recognized by the Food and Drug Administration as a critical
factor in improving the drug development process.

Advanced ocular imaging and electrodiagnostic techniques (see the following
chapter) are specialized fields of expertise in their own right, and implementing them
in preclinical studies requires expert knowledge of the instrumentation with respect
to testing strategy, data capture, and evaluation. Differences in the anatomical and
physiological aspects of vision between laboratory animal species in conjunction
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with the specific mode of action of the test material should be considered when
designing the most applicable testing protocol. For example, the relative distribution
of rod and cone photoreceptor cells between nonhuman primates and rabbits should
be considered when designing specific electroretinography (ERG) testing protocols
that are capable of assessing responses of different retinal cell types.

While there is ongoing development of instrumentation specifically designed to
evaluate laboratory animals, much of the available technology is designed for use in
humans. Similar to the intraocular anatomy, the external anatomy of the laboratory
animal species commonly used for ocular research varies widely. Physical attributes
such as animal size which may range from mice to mini pigs, position of the eyes
within the skull such as forward vs. lateral placement, the presence of extraocular
tissue such as nictitating membranes, and physiological differences including blink
rate and ocular muscle movement must be understood and accounted for to obtain
optimal data. Consequently, it may be necessary to modify the instrument or design
specific equipment to aid in positioning the animal in front of the instrument. High-
quality evaluation requires that eye movement be kept to a minimum and as a result,
most procedures are performed in anesthetized animals. Since anesthesia may also
affect the ability to capture data such as anesthetic-induced eye movement or to affect
the quality of the data when measuring ERG response, it is critical to develop and
validate reliable anesthesia protocols specific to each species tested. There are also
specific requirements for optimal data capture that may be unique to specific evalu-
ation techniques, and are discussed in the sections to follow.

3.1.1 Future Directions

In 2009, the National Eye Institute sponsored a symposium entitled “Advances in
Optical Imaging and Biomedical Science” [1] during which a number of technical
challenges for developing the next generation of ophthalmic imaging devices were
discussed. The key points are listed below:

* Improving the speed of image acquisition. The development of spectral-domain
optical coherence tomography (SD-OCT) has greatly increased image acquisi-
tion speed; however, it still limits the scientific and clinical value of new imaging
technologies.

* Removing the artifacts of eye motion from retinal images. Active tracking and
stabilization during image acquisition or post-processing techniques following
image acquisition are needed to correct for eye movement.

* Developing better and faster software for processing ocular images. The time
currently required to process large amounts of digital imaging data is hampering
eye research. Automated software is needed that provides eye motion correction
and visualization and improved algorithms for identifying specific retinal layers
of interest. Longitudinal studies of disease progression and efficacy of therapy
could be facilitated by software enabling researchers to repeatedly return to the
same retinal location.
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e Understanding the safety limits of light intensity. Evidence suggests current light
safety standards do not adequately protect the eye under some conditions and
estimates of safe light levels need to be refined.

* Integrating multiple imaging modalities. Using adaptive optics—optical coherence
tomography as an example, existing technologies can be combined to form new
devices with new and specialized ocular imaging capabilities.

* New noninvasive measures of functional activity are needed which can be used
in conjunction with structural imaging techniques.

3.1.2 Summary

In the aggregate, the use of advance imaging and electrodiagnostic techniques may
be expected to improve the drug development process by providing high-quality and
clinically relevant data, which enable earlier and more informed decision making at
the preclinical stage of drug development. This accompanied with gains in efficient
use of resources can reduce the overall time and cost required to bring a new drug
to market.

In this chapter, we review the capabilities and limitations of advanced ocular imag-
ing and diagnostic tools that are commercially available and appropriate for inclusion
in the design and execution of preclinical programs in ocular drug development.

3.2 Traditional Ophthalmic Fundus Imaging
in Ocular Research

We live in an exciting era that is being transformed by computer processing power
and many other technological advances. The other sections of this chapter will con-
centrate on some, but by no means all of the recent advances in ocular imaging as
well as ocular functional analysis; however, it is important to recognize the role of
traditional ophthalmic imaging in the clinic, research, and ocular toxicologic stud-
ies. This section reviews some of the advantages of standard ocular imaging and
why it has not become obsolete.

A well-designed preclinical ocular drug study in which retinal toxicity is to be
evaluated should include photographic ocular imaging and interpretation of those
images by an individual who is both qualified and financially disinterested in the
outcome of the trial. Ideally, this person should also be blinded to the treatment
groups until the image interpretations are completed. As we enter a new era of fun-
dus imaging with such modalities as spectral-domain optical coherence tomography
(SD-OCT), confocal scanning laser ophthalmoscopy, scanning laser polarimetry,
and in the near future, adaptive optics imaging, it is important to understand the
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continued indispensable role that subjective analysis of standard fundus images
including color fundus photos, fluorescein angiograms, and fundus autofluorescence
plays in this era of advanced imaging. Although clinical exams are also indispens-
able, photography and its skilled interpretation provide important advantages.

3.2.1 Baseline Images

Biological variability is a fact of life. Unusual morphological features such as
pigmentary irregularities of the retinal pigment epithelium or odd vascular patterns are
important to document photographically prior to drug dosing. We have encountered
instances where subtle findings were noted on the ocular clinical exam following
dosing. Fortunately, baseline fundus images were available to confirm that the con-
dition was preexisting and not due to a toxic effect of the drug.

3.2.2 High-Resolution Images

The images obtained by modern digital fundus cameras have much higher resolu-
tion than what is available to the clinician using an indirect ophthalmoscope with a
20 diopter lens. Although it is theoretically possible to obtain better resolution with
a table-mounted slit lamp and a corneal contact lens such as a Goldmann lens, this
would be excessively time-consuming and, even if done, would provide no perma-
nent image record. We have documented specific examples of subtle signs of toxicity
that were missed on the clinical exam.

3.2.3 Stereopsis

Fundus images including standard color photographs and fluorescein angiograms are
taken and reviewed in stereo. Thickening of the retina or optic nerve are thus apparent
that would not be on clinical examination with the indirect ophthalmoscope. Although
optic nerve and retinal thickening can sometimes be documented with the SD-OCT,
the advantage of photographic imaging is that it provides a wide-field view of the
ocular fundus. Areas that might be missed by the 2-dimensional SD-OCT scan are
evident on the wide-field camera images which typically include 50° of arc.

3.2.4 Second Opinions

The fundus images are stored permanently. When digital images are obtained, an
exact copy can be given to the client for review. If desired, the images can be sent to
another ocular specialist to obtain an independent review.
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3.2.5 Retrospective Analysis

When did the suspected changes first occur and are they progressive? Or are there
signs of reversal on discontinuing the test material? The use of photographic imag-
ing enabled us to address these questions in a recent ocular toxicity study.

3.2.6 Dose-Response Changes

Although a number of endpoints are often used in ocular toxicity studies such as
histopathology, color photography and fluorescein angiography can provide addi-
tional dose-response information.

3.2.7 Recovery

If lesions are observed on fundus imaging, very often the next question is, to what
extent, if any, they resolve with discontinuation of drug dosing? Also, the absorp-
tion and settling of opaque test materials injected into the vitreous over time can be
documented photographically — especially with the ultrawide-field Staurenghi™
150° contact lens (Heidelberg Engineering).

3.2.8 Rapid, Subjective Interpretation by a Retinal Specialist

Much emphasis is placed on quantitation, but subjective interpretation remains
important for at least a couple of reasons. First, it is rapid, and therefore large num-
ber of animals and test points can be screened relatively inexpensively. Second,
subjective interpretation is sometimes superior to quantitation. That is how patholo-
gists diagnose cancer, for example. Facial recognition is another example of highly
effective subjective assessment.

3.2.9 Limitation of Cross-Sectional Analysis

The SD-OCT and histopathology only look at cross sections of the ocular fundus.
They can and do sometimes miss focal lesion that would be evident photographi-
cally. Fundus photography can be used to direct optical or histopathological
sectioning.
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3.2.10 Fluorescein Angiography

The small molecular size of the fluorescein molecule can provide information
about the integrity of the blood-retinal barrier in the living eye which is not obtain-
able by other diagnostic means. The blood-retinal barrier in the eye is located in
two places: the endothelial cell tight junctions in the retinal vessels and the zonula
adherens of the retinal pigment epithelial cells. This barrier often breaks down dur-
ing ocular inflammation and can be observed as fluorescein leakage. The optic
nerve can also leak when inflamed and even when it is not swollen and would thus
not be apparent on the color images alone.

The eye absorbs most of the light incident upon it and any white material in the
vitreous reflects back the intense light used during examination such as that from a
photographic flash or ophthalmoscope light in a way that may dazzle the viewer.
A better way to determine possible symptoms for the subject is to look a light ema-
nating from the eye. This is effectively what happens in fluorescein angiography,
where the intense incident blue light is filtered out by the barrier filter in the camera
and only the green fluorescent light that originates in the fundus contributes to the
image. An example is shown in the accompanying figure. This human patient has
asteroid hyalosis or calcium deposits in the vitreous that is so dense it is nearly
impossible to make out the retinal details; however, these features are readily apparent
on the fluorescein angiogram (Fig. 3.1). From the color picture alone, one might guess
that the asteroid hyalosis would be symptomatically devastating. Yet, these patients
are virtually symptom free! The fluorescein is therefore a better predictor of how
well a similar white drug material would be tolerated by humans.

3.2.11 Correlation with SD-OCT and Functional
(Electrophysiologic) Findings

Using a combination of testing modalities can help the investigators detect and local-
ize potential drug-related toxic effects early on in preclinical studies. An example of
this from clinical medicine is looking for convergence of various testing modalities.
In other words, if physicians have a human patient with a puzzling retinal condition,
they often employ a combination of anatomic and functional measures which hope-
fully point to a single diagnosis. Some of these are recently developed and often
expensive tests, but fundus photography is nearly always included. A case in point is
hydroxychloroquine (Plaquenil®) toxicity. Hydroxychloroquine is used to treat rheu-
matologic conditions such as rheumatoid arthritis and systemic lupus erythematosus.
In patients who are on the drug for many years, retinal (macular) toxicity can develop,
which is unfortunately irreversible. Therefore, it is critical to make the diagnosis of
toxicity as early as possible. In addition to visual field testing, electrophysiology, and
SD-OCT, we also rely on fundus photography to monitor for subtle changes in
macular pigmentation.
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Fig. 3.1 Two images from the same eye of a patient with asteroid hyalosis. The highly reflective
calcium deposits in the vitreous obscure retinal details (left frame). However, with fluorescein
angiography (right frame), the light source (i.e., fluorescing green light) is the retina itself. So,
reflections are avoided and more retinal details are apparent

3.3 Corneal Confocal Microscopy

3.3.1 Basic Principles

Unlike conventional light microscopes, the confocal microscope overcomes the
problem of defocused light by using the confocal principle [2]. Light from a pinhole
light source is focused by an objective lens onto a tissue specimen. The reflected
light is collected by a parallel objective lens and focused onto a second pinhole
aperture where it is collected by a detector. Light reflected by the specimen focal
point is “co-focused” with the detection aperture and said to be confocal, meaning
that the illumination and detection paths share the same focal plane. Light reflected
from tissue slightly in front of or behind the specimen focal point is “defocused”
and undetected (Fig. 3.2). The confocal design provides high-resolution and supe-
rior image contrast (Fig. 3.3). See Guthoff et al. [3], for a review of human clinical
applications [3].

3.3.2 Performance Parameters

Corneal confocal microscopy is a useful tool for studying the anatomy of the eye
and particularly the cornea [4-9] such as measuring corneal thickness in vivo
[10, 11] and corneal edema [12].

Based on the morphologic appearance of keratic precipitates, in vivo corneal
confocal microscopy may aid in the diagnosis of extramammary Paget’s disease
[13] and uveitic syndromes including Behget’s disease [14], and it can be used as an
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Fig. 3.2 Schematic principle of the confocal arrangement implemented in the HRT-II+ RCM sys-
tem for in vivo confocal microscopy of the cornea. HRT, Heidelberg Retina Tomograph; RCM,
Rostock Cornea Module (Guthoff et al. [3]; used with permission)

Fig. 3.3 In vivo confocal images of the normal cornea. (a) Superficial cells. (b) Upper wing cells.
(c) Low wing cells. (d) Basal cells. (e) Subbasal nerve plexus. (f) Bowman’s membrane. (g)
Anterior stroma. (h) Posterior stroma. (i) Endothelium. (j) Oblique section through corneal epithe-
lium and anterior stroma — all layers are present. (k) Three-dimensional (3D) reconstruction of the
whole cornea (Guthoff et al. [3]; used with permission)



62 T.M. Nork et al.

aid in differentiating infectious from noninfectious uveitis [15]. It has been used to
describe the corneal changes associated with mesodermal dysmorphodystrophy
(Weill-Marchesani Syndrome) [16] and dry eyes [17]. In vivo corneal confocal
microscopy can provide high-quality imaging that can be used to identify the patho-
logical characteristics of traumatic ocular events, such as recurrent corneal erosion
[18], and describe age-related corneal changes [19] and the appearance of disorders
affecting the cornea such as iridocorneal endothelial syndrome [20] and polymor-
phous dystrophy [21].

Corneal confocal microscopy is increasingly being used for assessing the subbasal
corneal nerve plexus in a variety of different pathological conditions including the
effects of long-term contact lens wear, keratoconus [22], dry eye syndrome, neu-
rotrophic keratopathy and infectious keratitis, corneal refractive surgery, corneal trans-
plantation [23, 24], and systemic illnesses, such as diabetes mellitus [25, 26], Fuchs
heterochromic cyclitis [27], rheumatoid arthritis [28] and nephropathic cystinosis [29].
Laser-scanning corneal confocal microscopy has also been used ex vivo to examine
postmortem changes of the central and peripheral human corneal nerves [30].

The transplantation of amniotic membrane to the surface of the eye has been
used to promote epithelialization in patients with ocular injuries such as chemical
burns and corneal ulcers. Corneal confocal microscopy enables visualization of the
corneal epithelium despite the presence of the amniotic membrane [31].

3.3.3 Use in Animal Toxicology and Other Ocular Research

As is the case with most medical instruments, corneal confocal microscopy was
primarily developed for and has its most common use in the diagnosis and monitor-
ing of human disease. However, just like the other imaging and analytic techniques
discussed in this chapter, corneal confocal microscopy has proven to be useful in
animal toxicologic as well as basic research studies. For example, it has been used
in several veterinary and toxicologic applications including corneal examination of
horses, dogs, cats, and birds [32—-35]. A murine model of endotoxin-induced uveitis
has been used to study the changes in corneal endothelium to better understand the
mechanism of keratic precipitate formation [36]. In vivo corneal confocal microscopy
was performed after lipopolysaccharide injection in rats. Corneal confocal microscopy
images were compared with ex vivo corneal endothelium immunostaining and
showed numerous round hyperreflective dots on the corneal endothelium, anterior
chamber, and anterior stroma. Based on this animal study, in vivo corneal confocal
may be useful clinically for analyzing keratic precipitates and other corneal changes
in patients with uveitis.

The rabbit cornea is well suited to toxicologic, surgical, and device (e.g., contact
lens) studies because its size is close to that of the human cornea [37, 38]. Some of
the many toxicologic studies using corneal confocal microscopy in rabbit are listed
in the reference section [39—45]. Good correlation has been found in rabbit between
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in vivo imaging with the corneal confocal microscope and in vitro histologic findings
[46]. Wound healing [47, 48] and device [49] studies in rabbit have also made use
of the corneal confocal microscope.

Other animal models have also been employed. A study of corneal cosmetic
pigmentation in chickens (with potential applications for blind, unsightly human
eyes, such as occurs after severe trauma) used corneal confocal microscopy to local-
ize the pigment and assess the surrounding cornea for signs of degeneration and
inflammation [50]. In a nonhuman primate study, the safety and efficacy of a topical
antibiotic (levofloxacin) following penetrating keratoplasty was monitored with the
corneal confocal microscope, and it was determined that the keratocyte structure
and stromal organization remained intact [51].

3.3.4 Human Clinical Applications

In the clinic, one of the most important applications for corneal confocal micros-
copy is to help in the diagnosis of certain infectious processes. Bacteria are too
small to be readily identified by in vivo microscopy. Fortunately, most bacteria that
affect human ocular health can be quickly and inexpensively identified by standard
culture methods. More problematic are amoebic and fungal keratitis, both of which
are chronic conditions that can masquerade as other pathologies. Furthermore,
amoebae and fungi are difficult to culture, often requiring weeks before a definitive
diagnosis can be made. Culturing the cornea is an invasive procedure, and the results
can vary depending on the skill of the surgeon; however, characteristic morphologic
features of amoebae (Fig. 3.4) [52-54] as well as fungal hyphae [55, 56] can be
quickly identified with corneal confocal microscopy. The results are immediate, and
the sensitivity and specificity profiles are comparable to those of traditional micro-
biologic culturing [57].

Corneal confocal microscopy was used to determine if patients with dry eye
experience changes in corneal nerves and corneal sensation [58]. The epithelium,
stroma, and subbasal corneal nerves were evaluated with a corneal confocal micro-
scope. Mechanical, chemical, and thermal sensations were evaluated using a non-
contact esthesiometer. A significant decrease in the number and density of subbasal
nerves and the density of superficial epithelial cells was observed in patients with
dry eyes. The number and density of subbasal nerves was higher in younger patients.
A significant decrease was found with respect to mechanical, chemical, and thermal
sensitivity which was strongly correlated with the density of subbasal nerves.

Corneal confocal microscopy was also used to investigate the ocular toxicity of
an oral antineoplastic drug containing a S-fluorouracil prodrug by evaluating treated
patients using laser-scanning corneal confocal microscopy [59]. Slit-lamp examina-
tion revealed epithelial invasion toward the center of the cornea in all examined
eyes. In vivo corneal confocal microscopy revealed changes the corneal epithelium
structure with abnormal epithelial cells and inflammation. Cytologic diagnosis
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Fig. 3.4 Corneal confocal
microscopic image taken
with the HRT Rostock
Cornea Module (Heidelberg
Engineering) of a human
corneal ulcer caused by
Acanthamoeba. Double-
walled trophozoites are
apparent (upper arrows)

as is a highly reflective cyst
(lower arrow). The cysts can
be up to 20 um in diameter
(Courtesy of Sarah M. Nehls,
MD, University of Wisconsin
School of Medicine and
Public Health)

showed moderate dysplasia in one specimen. Hematoxylin and eosin staining
revealed that abnormal corneal epithelial sheets lacked the stratified structure of
normal epithelium. It was concluded that the oral antineoplastic drug can induce
ocular mucositis with dysplasia of the corneal epithelium.

In vivo corneal confocal microscopy has been used to describe the clinical effects
of human herpes simplex virus keratitis [60]. Endothelial alterations characteristic
of endotheliitis were observed including pseudoguttata, enlarged intercellular gaps,
infiltration of inflammatory cells into the endothelial layer, loss of defined cell
boundaries, spotlike holes, and endothelial denudation. Although endotheliitis-
specific alterations appear to resolve, the corneal endothelium remained irreversibly
damaged in some patients.

In patients with nephropathic cystinosis, corneal confocal microscopy has been
used to describe the presence of randomly oriented spindle, needle-shaped, and
fusiform hyperreflective crystals in all corneal layers except the endothelium with
the greatest density observed in the anterior stroma [29]. When used to assess the
conjunctival epithelial characteristics in untreated ocular hypertension and in topi-
cally treated primary open-angle glaucoma, corneal confocal microscopy revealed
the presence of conjunctival microcysts in all hypertensive and glaucomatous eyes
[61]. The conjunctiva may therefore be useful for noninvasive assessments of glau-
coma pathology.

In one study, in vivo corneal confocal microscopy was used to correlate corneal
microstructure and recovery of the subbasal nerve plexus following cornea trans-
plantation [62]. Corneas from 42 patients undergoing penetrating keratoplasty were



3 Emerging Imaging Technologies for Assessing Ocular Toxicity... 65

assessed with laser scanning in vivo corneal confocal microscopy and compared
with 30 normal controls. After an average of 85 months, significant observations
included reductions in epithelial, keratocyte, and endothelial cell densities. There
were also significant reductions in sub-basal nerve fiber density and nerve branching.
Endothelial cell density decreased with increasing time after surgery, while nerve
fiber density increased. Corneal transplantation for keratoconus was associated with
higher sub-basal nerve fiber densities than other indications. Neither nerve fiber nor
cell density was correlated with improved visual acuity. In vivo corneal confocal
microscopy revealed substantial reductions in cell density at every level of the trans-
planted cornea.

3.3.5 Commercially Available Devices

Available units:

HRT Rostock Cornea Module (Heidelberg Engineering, Heidelberg, Germany)
(http://www.heidelbergengineering.com/us/products/hrt-glaucoma-module/
cornea-module/)

Confoscan 4 (Nidek Technologies, Padova, Italy)
(http://www.nidektechnologies.it/ProductsCS4TechnicalReview.htm)

3.3.6 Considerations for Ocular Toxicology Studies

As a noninvasive way of determining corneal architecture at the cellular level, cor-
neal confocal microscopy is ideally suited to long-term toxicologic studies. Being
able to assess corneal health in vivo rather than having to rely only on postmortem
histopathology can greatly reduce the total number of animals needed since numer-
ous time points can be monitored in each animal.

The Rostock Cornea Module is an add-on to the Heidelberg Retinal Tomograph
(HRT). As such, it may be more economical to consider the combination as opposed
to separate confocal and scanning laser units.

3.3.7 Limitations and Caveats

Even though it is possible to image corneal endothelial cells with the corneal confo-
cal microscope, a dedicated specular microscope with associated image analysis
software will image and analyze a wider field with greater numbers of cells [63].


http://www.heidelbergengineering.com/us/products/hrt-glaucoma-module/cornea-module/
http://www.heidelbergengineering.com/us/products/hrt-glaucoma-module/cornea-module/
http://www.nidektechnologies.it/ProductsCS4TechnicalReview.htm

66 T.M. Nork et al.

3.4 Specular Photomicroscopy

3.4.1 Basic Principles

Clinical specular microscopes provide a high magnification view of specular
reflected light from the corneal endothelium. The specular reflex occurs at the inter-
face of two materials with sufficiently different refractive indices. For example,
endothelial cells can be imaged because their refractive index is greater than the
adjacent aqueous humor, resulting in reflected light (Fig. 3.5). For a comprehensive
review, see McCarey et al. [64].

This imaging technique has been shown to produce highly consistent results
[65, 66]. Imaging of the endothelial cells with subsequent analysis of their density
and morphology is considered an important endpoint in studies involving therapeutic
agents or devices applied to the ocular surface that could impact endothelial func-
tion and survival as well as safety assessment of devices implanted into the anterior
segment of the eye. Specular imaging is complimentary with the performance of
corneal pachymetry (measurement of corneal thickness) that provides an indication
of overall corneal endothelial cell health as reflected by their ability to maintain the
relatively dehydrated state of the corneal stroma through their pumping action.

3.4.2 Performance Parameters

Specular microscopy is used for in vivo imaging and assessing the morphology of
the corneal endothelium [67, 68] and central corneal thickness in patients with glau-
coma [69] and keratoconus [70] and also following endothelial keratoplasty
[71, 72]. Other applications include detecting corneal ectasia following laser in situ
keratomileusis [73—75], determining central corneal endothelial cell density [76, 77]
and endothelial vacuole formation in donor corneas [78].

3.4.3 Use in Animal Toxicology and Other Ocular Research

A sustained increase in intraocular pressure is known to result in the loss of corneal
endothelial cells and cause increased corneal thickness. These effects have been
documented in monkeys which are commonly used as a model of human glaucoma
[79]. One study examined male rhesus monkeys with chronic argon laser-induced
ocular hypertension in one eye. Using a noncontact specular microscope, mean cen-
tral corneal thickness in the hypertensive and normal eyes were similar. A significant
loss of endothelial cells was observed in the center of the cornea of laser-treated
eyes. Endothelial cell density was inversely related to the duration of intraocular
pressure elevation.
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Fig. 3.5 There are four techniques to analyze endothelial cell images: (a) Compare relative cell
size to standards, (b) count cells within a predetermined fixed frame with the frame size significantly
affecting accuracy, (¢) an algorithm using inputted cell corners, and (d) an algorithm using input-
ted cell centers (McCarey et al. [64]; used with permission)

Other studies using specular microscopy have established the similarity of the
normal canine corneal endothelium and that of humans [80, 81]. In one study, spec-
tral microscopy was used to determine the density and morphology of endothelial
cells in cynomolgus monkey, dog, and rabbit [82]. All three species in this study
had similar endothelial cell morphologies and densities (Figs. 3.6 and 3.7). Furthermore,
the endothelial cell densities, as determined by a noncontact spectral microscope,
were in statistical agreement with a contact spectral microscope in the rabbit.
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Fig. 3.6 Representative noncontact specular microscopic images of cynomolgus monkey endothe-
lium without (a) and with (b) a plano contact lens on the cornea. Note the use of a plano contact
lens on the cynomolgus monkey cornea provides a full-screen image (Miller et al. [82]; used with
permission)

Fig. 3.7 Representative noncontact spectral microscopic images of monkey (with plano contact
lens) (a), rabbit (b), and dog (c¢) endothelium. The morphology and density of the endothelial cells
are similar amongst the three species (Miller et al. [82]; used with permission)
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The endothelial cell densities in rabbit were also similar to that found by ex vivo
analysis of the corneas stained with alizarin red.

3.4.4 Human Clinical Applications

Specular microscopy is a noninvasive means for clinically measuring changes in the
corneal endothelial cell layer caused by aging, ocular surgical procedures such as
LASIK [75, 83] and following the application of pharmacological agents [64].

3.4.5 Commercially Available Devices

3.4.5.1 Contact Specular Microscopes

Available units:

Tomey EM-3000™, Tomey USA, Phoenix, AZ
(http://www.tomeyusa.com/products_EM3000.html)

HAI CL-1000xyz ™, HAI Labs, Lexington, AZ
(http://www.hailabs.com/products/specular/clinical/#cl-1000xyz)

3.4.5.2 Noncontact Specular Microscopes

Available units:

CellCheck XL™, Konan Medical USA, Inc., Irvine, CA
(http://www.konan-usa.com)

HAI CL-1000nc™, HAI Labs, Lexington, AZ
(http://www.hailabs.com/products/specular/clinical/#cl-1000nc)

3.4.6 Considerations for Ocular Toxicology Studies

Contact as well as noncontact specular microscopes are available. The contact
instruments require topical anesthetic in conscious human patients and are more
uncomfortable than noncontact testing. They have the advantage that they flatten the
cornea somewhat, which permits a greater field of view that is possible with the
noncontact instruments. In the hands of an unskilled operator, corneal abrasion
caused by the contact lens is a possibility.

Consistent data can be generated with either contact or noncontact devices; how-
ever, there is poor agreement between the two. Thus, the instruments cannot be used
interchangeably [84].
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Operator experience is critical in obtaining reliable data. Well-defined criteria
need to be established for training purposes in acquiring and analyzing images
[64].

3.4.7 Limitations and Caveats

Both specular and corneal confocal microscopy are capable of measuring corneal
thickness as well as endothelial cell morphology and density; however, each instru-
ment has its own advantages and limitations. The corneal confocal microscope can
look at all layers of the cornea and is especially good for certain types of infectious
and toxicologic pathologies (see Sect. 3.3); however, specular microscopy has the
advantage that it looks at a larger number of endothelial cells. Salvetat et al. [63]
found that the confocal microscope (HRT Rostock Cornea Module™, Heidelberg
Engineering) significantly underestimated the endothelial cell density in eyes with
reduced cell density and overestimated the endothelial cell density in eyes with high
cell density compared to the Tomey EM-3000™ (Tomey, USA).

3.5 Scheimpflug Imaging
3.5.1 Basic Principles

Scheimpflug imaging is based on the Scheimpflug principle which describes the
orientation of a camera focus plane when the plane of the lens and the plane of the
image are not parallel. Using a slit illumination system, a thin layer of the eye is
illuminated. This sectional image is photographed from the side view by a rotating
Scheimpflug camera. By repeating the process, a series of radially oriented images
of the anterior eye chamber can be generated. Analysis of the sectional images can
detect tissue boundaries and layers such as anterior and posterior corneal surfaces,
iris, and crystalline lens. The stored sectional images can be used to create a
3-dimensional model of the entire anterior eye chamber (Figs. 3.8 and 3.9). For
reviews, see Wegener et al. (2009), and Rosales et al. (2009) [85, 86].

3.5.2 Performance Parameters

The Scheimpflug imaging system can be used to measure the shape of the cornea
[87] and for objectively assessing lens and cataract changes when used together
with lens densitometry [88]. Following cataract surgery, Scheimpflug tomograms
are used to measure intraocular lens tilt and decentration [89] and quantify posterior
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Fig. 3.8 The Scheimpflug principle: (a) geometric conditions of the principle, and (b) optical
design of the first Scheimpflug camera (Wegener et al. [86]; used with permission) [85]
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Fig. 3.9 Schematic illustration of the sequential ray tracing through the nodal point of the camera
lens performed to correct the optical distortion caused by the ocular components (posterior cornea
by the anterior cornea, anterior lens by the anterior and posterior cornea, and posterior lens by
anterior and posterior cornea and anterior lens) (Rosales et al. [85]; used with permission) [86]
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Fig. 3.10 Series of
Scheimpflug images from a
rat lens documenting the
development of a diabetic
cataract. The densitograms on
the right show growth of the
lens peak (second from the
right) over time (Wegener

et al. [86]; used with
permission)

capsule [90]. Scheimpflug imaging can also measure intraocular lens central optic
thickness to determine intraocular lens power [91].

Measuring posterior corneal elevation using the Scheimpflug system is an effec-
tive means for distinguishing keratoconus from normal corneas but is less effective
for identifying subclinical keratoconus [92]. Scheimpflug imaging has been used to
diagnose anterior lenticonus [93], a rare congenital condition which causes part of
the crystalline lens capsule and underlying cortex to bulge anteriorly resulting in
severe myopia and lenticular irregular astigmatism.

Scheimpflug imaging is also a means for precise localization of retained intraoc-
ular foreign bodies [94]. As such, it may prove to be useful in toxicity and efficacy
animal studies utilizing intravitreal sustained-release drug implants.

3.5.3 Use in Animal Toxicology and Other Ocular Research

Scheimpflug imaging and the associated quantitative densitometry are valuable
adjuncts for assessing the cornea and lens in toxicology studies. For example, in
animal toxicity models, lens changes including subclinical ones have been detected
and the change in density of light scattering measured (Fig. 3.10) [95-98]. Other
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ocular research includes detailed studies of the accommodative mechanisms of the
lens and ciliary muscle in rhesus monkeys in order to better understand presbyopia,
or loss of near vision with aging in humans (Fig. 3.11) [99-101] (see also Sect. 3.6).
As part of the studies on accommodation, Scheimpflug videography has also been
developed as a research tool [102].

3.5.4 Human Clinical Applications

Scheimpflug imaging can aid in the diagnosis of subclinical and clinical keratoco-
nus, a degenerative corneal disease characterized by stromal thinning and conical
ectasia [103]. Higher levels of vertical coma, primary coma, and coma-like aberra-
tions are present in keratoconic eyes compared to normal eyes [104]. Corneal col-
lagen cross-linking with riboflavin and ultraviolet-A light has been proposed as a
treatment for progressive keratoconus. Following treatment, assessment of corneal
curvature, elevation, and thickness using Scheimpflug imaging showed visual acu-
ity, and corneal measures remained unchanged, indicating that keratoconus had not
progressed [105].

The ocular symptoms of diabetes mellitus include blurred vision, and Scheimpflug
imaging has been used to examine changes in ocular refraction and geometry in
patients with diabetes [106]. During episodes of hyperglycemia, small hyperopic and
myopic shifts of equivalent refractive error were observed; however, there were no
significant changes in the shape of the cornea or lens in any patient and no correla-
tions between changes in blood glucose levels and any measured ocular parameters.
These results suggest that subjective symptoms of blurred vision during hyperglycemia
are not caused by changes in the refractive properties of the diabetic eye.

3.5.5 Commercially Available Devices

Available units:

Pentacam®, Pentacam® HR, Oculus Inc., Lynnwood, WA
(http://www.pentacam.com)

Galilei G2, Ziemer Group, Port, Switzerland
(http://www.ziemergroup.com/products/g2-main.html)

3.5.6 Considerations for Ocular Toxicology Studies

Excellent pupillary dilation is critical. Some research studies looking at the periph-
eral anterior structures have used iridectomized animals [99]. Applications for toxi-
cology include the ability to document changes in the geometry of the crystalline
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Fig. 3.11 Goniovideography images showing the nasal and temporal quadrants of a 14-year-old
rhesus monkey eye in the nonaccommodated state (a, b) and during maximal (d, e) and 0.70-mA
(g, 1) stimulation. The numbers represent the stimulus current in milliamperes (mA). The zonular
fibers appeared taut when the eye was nonaccommodated (a, b). The lens did not move downward
pronouncedly within the eye during accommodation. The circumlental space in both quadrants in
the nonaccommodated state was similar superiorly and inferiorly and remained fairly uniform dur-
ing maximum accommodation. During supramaximal stimulation, the zonular fibers in the accom-
modated state were more relaxed inferiorly than superiorly but were not oriented predominantly in
a downward direction, as in Figure 2 F (Movie 1, http://www.iovs.org/cgi/content/full/47/3/1087/
DCI1). Scheimpflug images show the anterior segment in the nonaccommodated (c) state and dur-
ing maximal (f) and 0.70-mA (h) stimulation. The inferior ciliary processes (arrow) came into
view during maximal stimulation (f) and touched the inferior lens during the 0.70-mA stimulation
(h) (Croft et al. [99]; used with permission)
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lens and anterior chamber. High-resolution images may be suitable for imaging
intracorneal pathologies lens opacities. Scheimpflug imaging may also be useful in
monitoring the position of intraocular hardware such as intraocular lenses and phar-
maceutical implants.

3.5.7 Limitations and Caveats

Studies with normal volunteers have demonstrated that Scheimpflug imaging results
of corneal curvature and anterior chamber measurements [107] and corneal thickness
[108] are highly repeatable and the application of geometrical and optical distortion
correction algorithms can improve the accuracy of the measurements [8§9]. When
applied to a range of patients, central corneal thickness measures from Scheimpflug,
ultrasound and noncontact specular microscopy methods were well-correlated; how-
ever, Scheimpflug measures indicate small but significantly greater thicknesses than
noncontact specular microscopy or ultrasound [69]. In that study, intraocular pres-
sure was significantly correlated with central corneal thickness measured with non-
contact specular microscopy and ultrasound but not the Scheimpflug system.

For measuring central corneal thickness, the results obtained with the Scheimpflug
system are similar to those obtained with optical low-coherence reflectometer and
ultrasound pachymeters [109] and show better agreement than scanning-slit topog-
raphy following photorefractive keratectomy [110]; however, central corneal thick-
ness measurements obtained using ultrasound pachymetry were significantly higher
than a Scheimpflug camera system and anterior segment optical coherence tomog-
raphy following laser keratomileusis [111].

The software available with commercial units allows for quantitative assessment
of lens opacification in animals and may prove useful for noninvasive quantification
of the progression of a cataractous process induced by a test material or implanted
device. While testing this in the laboratory, we found it to be more applicable to
non-rodent species that have larger anterior segments.

3.6 Ultrasound Biomicroscopy

3.6.1 Basic Principles

Ultrasonography is the workhorse of medical diagnostics in many fields, including
ophthalmology. It has the advantage of producing images of internal organs in a
noninvasive and nontoxic manner. High-frequency sound waves are generated by a
transducer. The reflected waves or echoes are then detected by the same transducer.
Timing of the reflected waves generally correlates with distance (an exception is
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when internal reflections or “ringing” occurs, as may be caused by a metal foreign
body). A computer is used to produce a graph of reflection time vs. intensity (known
as an “A scan”). By rapidly sweeping the probe along a plane, the computer can
produce a 2-dimensional cross-sectional image showing distances along an X and Y
axis. An additional Z axis illustrates the intensity of the reflected waves, the so-
called B scan.

Traditionally, the sound frequency in ocular applications has been limited to
10 mHz, which permits detection of structures in the posterior segment of the eye,
such as the vitreous, retinal, optic nerve, and orbit. It is particularly useful when
media opacities prevent an adequate clinical exam. Beyond simple anatomic
identification, the reflected ultrasonic waves give information about tissue density
that is often critical in discriminating between tumor types.

More recently, higher ultrasonic frequencies of 12.5-50 mHz [112] and improved
computing processing power have been employed to produce image resolutions that
rival those of the light microscope. Such imaging is referred to as ultrasound
biomicroscopy.

3.6.2 Performance Parameters

Ultrasound biomicroscopy systems are used for imaging the anatomy and pathology
of the entire anterior segment including the cornea, iridocorneal angle, anterior
chamber, iris, ciliary body, and lens. Consequently, ultrasound biomicroscopy can
be used for the diagnosis of glaucoma and diagnostic imaging of ocular cysts and
neoplasms [113] and to measure anterior segment parameters including central
corneal thickness and anterior chamber depth peripheral iridocorneal angles [114].
It can also be used for evaluating traumatic injury and foreign bodies of the eye and
ocular conditions such as siderosis bulbi caused by retained intraocular iron-con-
taining foreign bodies [115].

In addition to diagnosing primary angle-closure glaucoma, ultrasound biomi-
croscopy can also determine the presence of plateau iris which is a non-pupil block-
ing cause of glaucoma [116]. In one case report, ultrasound biomicroscopy was
used to diagnose pupillary block glaucoma secondary to device remnants remaining
in the posterior chamber following phakic intraocular lens implantation [117].

Ultrasound biomicroscopy imaging has several presurgical applications. Prior to
phakic intraocular lens implantation, ultrasound biomicroscopy can be used to mea-
sure intraocular structures [118] and corneal curvature [119] to improve the accu-
racy of intraocular lens sizing. Ultrasound biomicroscopy can provide detailed
in vivo, imaging of primary iris melanoma which may aid in total surgical removal
[120] and improved visualization and management of retinoblastoma [121] and
determine vertical rectus muscle position prior to surgery [122].

In patients with acute anterior uveitis, ultrasound biomicroscopy can be used to
observe severe inflammatory changes including large number of cells in the anterior
and posterior chambers, marked edema and exudates in and around the iris and
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ciliary body [123]. In patients with unilateral exfoliation syndrome, zonular status
in fellow eyes can be assessed prior to cataract extraction may serve as an aid in
surgical planning [124].

Ultrasound biomicroscopy has also been used to evaluate the value of cryother-
apy for preventing postoperative fibrovascular ingrowth of the anterior retina and
sclerotomy sites and recurrent vitreous hemorrhage in patients undergoing pars
plana vitrectomy for the treatment of proliferative diabetic retinopathy [125].

3.6.3 Use in Animal Toxicology and Other Ocular Research

Ultrasound biomicroscopy imaging has been used to determine the effect of mydriasis
on the anterior segment in healthy dogs following the topical application of 0.5%
tropicamide [126]. The result was an increase in the geometric iridocorneal angle and
a decrease in the opening of the ciliary cleft, without any effect on the width of the
mid-ciliary cleft, on the length of the ciliary cleft, or on the anterior chamber depth.
It was concluded that topical tropicamide-induced mydriasis results in changes in the
anterior segment which may influence the drainage of aqueous humor.

Ultrasound biomicroscopy imaging was also used to compare two rodent models
of glaucoma. One eye of each animal in one strain of rats was treated with episcleral
vein cauterization and the other strain with hypertonic saline episcleral vein sclerosis
[127]. Eyes treated with episcleral vein cauterization developed higher intraocular
pressure than hypertonic saline episcleral vein sclerosis-treated eyes. For all param-
eters, episcleral vein sclerosis-treated eyes cauterization did not differ significantly
from control eyes, while experimental eyes in the hypertonic saline episcleral vein
sclerosis group had larger anterior chamber depths and smaller ciliary body areas
than control eyes which was found to correlate well with intraocular pressure.

In humans, changes in the angle opening distance following cataract surgery may
be clinically useful for evaluating and treating eyes with angle-closure glaucoma or
occluded angles. In an animal study, ultrasound biomicroscopy was used to com-
pare the iridocorneal angle and angle opening distance in dogs with and without
cataracts [128]. Dogs with cataracts were evaluated for postoperative ocular hyper-
tension with the iridocorneal angle, angle opening distance, and postoperative ante-
rior chamber debris. Dogs with larger presurgical iridocorneal angle and angle
opening distance measurements were found to be at greater risk for postoperative
ocular hypertension.

Ultrasound biomicroscopy has been employed in rhesus monkeys for studying
accommodation, the process by which the eye focuses on near objects. The ciliary
muscle is a sphincter muscle inside the eye that suspends the lens via threadlike
structures called zonula. During accommodation, the ciliary muscle contracts and
moves forward and inward to relax tension via the zonula to the lens. The lens then
thickens allowing the eye to focus on nearby objects. With age, the ability to
accommodate is lost (presbyopia). Ultrasound biomicroscopy permits detailed and
dynamic imaging of the accommodative apparatus in the living eye (Fig. 3.12)
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Fig. 3.12 Panel A. Ultrasound biomicroscopic overview image in a live rhesus monkey shows a
prominent straight line (arrow) extending from the pars plicata region of the ciliary body to the ora
serrata region separated from the pars plana epithelium by a cleft. CP ciliary processes, CB ciliary
body (Liitjen-Drecoll et al. [129]; used with permission). Panel B. Ultrasound biomicroscopic
overview image shows the anterior segment in a live young rhesus monkey

[129, 130] as well as other intraocular structures for various scientific studies, such
as the study of presbyopia [99, 129, 131]. With new imaging techniques (i.e., high-
resolution ultrasound), these events can now be imaged in real time (http://www.
iovs.org/cgi/content/full/51/3/1554/DC1) [129]. Measurements of the various
accommodative structures can be obtained to characterize age-related changes in
the eye (Fig. 3.13). In addition, various surgical procedures to disrupt the accom-
modative apparatus are being employed to further elucidate the mechanisms
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Fig. 3.13 Ultrasound biomicroscopy images of two normal monkey eyes, aged 6 years (A, C) and
23 years (B, D), in the unaccommodated and accommodated states. The change in angle between
the anterior aspect of the ciliary body and the inner aspect of the cornea during supramaximal
central stimulation was used as a surrogate indicator of forward ciliary body movement (Panels B
and D adapted from Croft et al. [99]; used with permission) (Panels A and C adapted from Croft
et al. [130]; used with permission)

involved. Ultrasound biomicroscopy plays a key role in this effort (http://www.
iovs.org/cgi/content/full/49/12/5495/DC1) [131].

3.6.4 Human Clinical Applications

Ultrasound biomicroscopy has been used in clinical trials which compared the
effectiveness of different surgical procedures, such as the use of ab interno and ab
externo scleral fixation of posterior chamber intraocular lenses [132].

Changes in anterior segment structures during accommodative stimuli follow-
ing monofocal intraocular lens implantation were measured using ultrasound
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biomicroscopy [133]. Measured parameters included anterior chamber depth,
iris/zonule distance, anterior chamber angle, scleral/ciliary process angle, and
iris/ciliary process angle. All parameters except the horizontal iris/ciliary pro-
cess distance and vertical anterior chamber angle and horizontal anterior cham-
ber angle showed significant change during accommodation. An anterior shift of
the intraocular lens/capsular bag ciliary processes/sulcus/zonular iris complex
was observed. A simultaneous centripetal shift of ciliary bodies and processes
was also observed as indicated by a sulcus and capsular bag diameter reduction.

Pigmentary glaucoma is a secondary type of open-angle glaucoma caused by
pigment accumulation in the in the trabecular meshwork. Pigment dispersion syn-
drome is similar but with no evidence of glaucoma. Ultrasound biomicroscopy mea-
sured and compared different iridocorneal parameters in eyes affected by pigment
dispersion syndrome or pigmentary glaucoma with matched controls [134]. The
following parameters were assessed in relaxed and stimulated accommodative state:
iris—lens contact, iridocorneal angle, and iris concavity. All ultrasound biomicro-
scopic parameters showed significant intergroup differences. Iridocorneal angle was
the best-performing parameter followed by iris concavity, both in near vision.
Receiver operating characteristic (ROC) analysis showed iridocorneal angle and
iris—lens contact in near vision to be the most discriminatory parameters. These
findings established that iris movement is important in inducing the clinical features
of pigment dispersion syndrome and pigmentary glaucoma.

3.6.5 Commercially Available Devices

Available units:

Reflex Ultrasound Bio-Microscope. Reichert Technologies, Depew, NY
(http://www.reichert.com/product_details.cfm?skuld=3006&skuTk=1042101943)
Eye Cubed, Ellex Medical Pty. Ltd., Adelaide, Australia
(http://www.ellex.com/corp/products/diagnostic-ultrasound/eye-cubed)

3.6.6 Considerations for Ocular Toxicology Studies

As with any sophisticated measurement instrument, proper operation and consistent
data collection require a skilled and experienced operator. Low-frequency devices
are available and used routinely in the clinic for relatively straightforward, subjec-
tive diagnosis of posterior segment problems such as retinal detachment and ocular
tumors; however, the demands of research and ocular toxicologic studies require an
understanding of the challenges involved.
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Software that is provided by the manufacturer for clinical applications may not
be suitable for research. Often greater flexibility is needed to permit off-loading of
raw data for recording and image analysis.

3.6.7 Limitations and Caveats

Ultrasonic frequency needs to be chosen to meet the needs of a given study. Higher
frequencies result in higher anatomic resolution but also require more time to set up
since they must be used with a water bath. Depth of penetration of the sound has an
inverse relation to its frequency and thus its resolution. Consequently, detailed ultra-
sound biomicroscopic images of the retina are not possible in the eyes of large ani-
mals or humans.

Preparing an animal for ultrasound biomicroscopy can also be a challenge.
A water bath is essential, but the standard eyecup used for humans is inadequate for
animals since in most species, the eye is too small and/or the available exposed
sclera is limited. The animal needs to be anesthetized and the head position stabi-
lized by an appropriate and often custom-made head holder. The eye is pointed
upward and draped with a clear adhesive (Steri-Drape™; 3M Corporation, St. Paul, MN).
To create a watertight seal around an animal eye, the fur may need to be trimmed
and an additional adhesive such as collodion or benzoin is applied to the skin. A ring
stand is a useful means of supporting the Steri-Drape to create a small pool of saline
or other appropriate acoustic coupling solution.

A distinct advantage of ultrasound biomicroscopy is the power of the technique
not just to see structures but to visualize and quantify their movements in real time
for a better understanding of normal physiology, pathophysiology of disease, and
device performance.

3.7 Laser Flare-Cell Meter

3.7.1 Basic Principles

The laser flare-cell meter is a noninvasive method for the in vivo measurement of
aqueous flare (and/or cells) using the principle of laser light scattering detection.
The instrument uses a diode laser beam that is projected inside the anterior chamber
of the eye. Light scattering occurs as aqueous protein components of inflammation
(commonly referred to as “flare”) pass through the focal point of the laser. The
intensity of the scattered light is directly proportional to the amount of protein
particles present which is detected by a photomultiplier tube, generating an elec-
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Fig. 3.14 Kowa FM-600 is based on the measurement principle of laser light scattering detection.
The instrument uses a diode laser beam to scan a measuring window that is projected inside the
anterior chamber of the eye. As an aqueous protein (component of inflammation) passes through
the focal point of the laser, light scattering occurs. The intensity of the scattered light (directly
proportional to the amount of protein particles, i.e., flare) is detected by a photomultiplier tube
(PMT), which generates an electrical signal. These signals are immediately digitized to eliminate
outside noise interference and are processed by a computer that displays for user analysis. The unit
of measurement employed by the FM-600 is photon counts per millisecond (Kowa FM-600 techni-
cal manual; used with permission)

trical signal. The digitized signals are processed by a computer which eliminates
outside noise interference and displays the results expressed as photons per mil-
lisecond for user analysis (Fig. 3.14). For review and opinion, see Ladas et al.
[135], and Herbort et al. [136].

3.7.2 Performance Parameters

Clinical applications of the laser flare meter include assessing uveitis [137],
observing the effects of drugs on aqueous humor dynamics, and postoperative
inflammation following extracapsular cataract extraction and intraocular lens
implantation [138].
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3.7.3 Use in Animal Toxicology and Other Ocular Research

The laser flare-cell meter has been shown to objectively quantify inflammation of
the anterior chamber of the rabbit eye [137]. Following endotoxin-induced ocular
inflammation, a linear relationship between the flare measurements and previously
published measures of inflammation; however, false-positive results may occur in
cases of severe uveitis. It has also been used to determine the efficacy and time to
onset of effect of anti-inflammatory drugs [139—142], topical mydriatics and vaso-
constrictors [143], and medicinal herbs [144] on prostaglandin-induced aqueous
flare elevation in rabbits. It has also been used to assess the effects of topical carpro-
fen on pilocarpine-induced irritation in dogs [145].

Using a rabbit model, the laser flare-cell meter has been used to evaluate the
potential toxicity of intravitreal injections of bevacizumab [146], compare the
effects of topical isopropyl unoprostone and latanoprost on prostaglandin-induced
aqueous flare [147], and assess the ocular effect of microwaves [148].

3.7.4 Human Clinical Applications

Clinically, the laser flare-cell meter has been used to compare the long-term bio-
compatibility of intraocular lenses made from different materials in patients with
uveitis of various origins [149, 150] and specifically patients with diabetes [151, 152].
Another major application of the laser flare-cell meter includes assessing the safety
and efficacy of anti-inflammatory drug therapies before [153] and following cataract
extraction [154—157]. It has also been used to assess the effects of postoperative
atropine on central and peripheral anterior chamber depth and anterior chamber
inflammation following primary trabeculectomy [158].

3.7.5 Commercially Available Device

Available unit:

Kowa FM-600 (Kowa Co. Ltd, Tokyo, Japan)
(http://www.kowa-europe.com/medicals/en/fm_600.php)
3.7.6 Considerations for Ocular Toxicology Studies

Unlike clinical observation, the laser flare meter produces quantitative data that, if
collected correctly, is highly repeatable. Furthermore, the sensitivity of the instrument
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is superior to that of the human observer such that it can detect subclinical alterations
in the anterior chamber protein concentration [159], an important consideration for
drug toxicity studies.

3.7.7 Limitations and Caveats

Early models of laser flare meters incorporated the ability to count cells as well as
flare; however, subsequent studies indicated that automated cell counting was unre-
liable except under highly controlled conditions [137]. This problem may result in
part from the machine counting cellular debris as cells, an error that is less likely to
occur with a human observer. High cellular concentrations are also prone to mis-
counting since the individual reflected peaks may be too close for the machine to
recognize as distinct, resulting in undercounting. With low cellular density, the
problem becomes one of obtaining an adequate sample size, whereas a human
observer can quickly scan a large portion of the anterior chamber.

In humans, a number of factors may affect the laser flare meter readings, such as
aging; medications such as acetazolamide, beta blockers, and pilocarpine; corneal
opacity; pupil size; cataract; a shallow anterior chamber; and the presence of an
intraocular lens. With the possible exception of pupil size, these would likely not
apply to preclinical toxicologic studies. Nevertheless, the laser flare meter results
should always be compared to clinical slit-lamp observation [135, 160].

In humans with uveitis, the laser flare meter seems to produce more repeatable
results for anterior uveitis than it does for intermediate or posterior uveitis. Therefore,
it has been suggested that at least 15 photons in the anterior chamber is the necessary
threshold to produce reliable results in intermediate and posterior uveitis [160].

As with any sophisticated measurement device, operator skill and experience are
relevant. Inter-operator variability could be an issue for toxicologic studies. Thus,
appropriate training procedures and limiting the number of operators could improve
consistency.

3.8 Fluorophotometry

3.8.1 Basic Principles

By measuringlightemitted by the fluorescenttracer dye fluorescein, fluorophotometry
can assess the integrity of various ocular barriers including blood—aqueous and
blood-retinal barriers. It is also used for measuring aqueous flow and corneal
endothelial permeability. The fluorophotometer projects a vertical slit of blue light
into the eye, while a detector which measures fluoresced light is focused on the
same point (Fig. 3.15). Only the fluorescence measured at the intersection of the
two light paths is recorded. Fluorophotometry was originally designed to measure
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Fig. 3.15 The instrument works by projecting a beam of blue light in the form of a vertical slit into

the eye. At the same time, a detector filtered to allow only fluoresced light is focused on the same
point in the eye (http://www.ocumetrics.com)

the leakage of fluorescein dye from the retina into the vitreous, but it has evolved to
meet the needs of various areas of eye research. By accurately measuring fluorescence
at discrete points in the eye, researchers can study several aspects ocular physiology
(Fig. 3.16).

3.8.2 Performance Parameters

Fluorophotometry can detect increased permeability of the blood-retinal barrier,
an early indication of ocular damage in patients with diabetes. Some structures in
the eye such as the crystalline lens naturally fluoresce and as people age, glucose
reacts with lens proteins to produce new fluorescent compounds. Since patients
with diabetes have higher levels of blood glucose, these fluorescent compounds
accumulate more quickly and measuring increased lens fluorescence can be used to
screen people for diabetes. Similarly, the natural fluorescence of the cornea
increases significantly in patients with diabetes and may represent another method
for monitoring eye disease in these patients.

Clinically, a fluorophotometer was used to measure corneal fluorescein penetra-
tion for diagnosing dry eye disease. Following the topical application of fluorescein,
patients with dry eye disease demonstrate increased corneal tissue fluorescence
compared with normal subjects [161]. Other uses include measuring the permeability
of the blood—retinal and blood—aqueous barriers (Fig. 3.17), vitreous diffusion, lens
autofluorescence, aqueous and tear turnover, and cornea endothelial and epithelial
permeability.
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Fig. 3.16 Principles of measurement of aqueous flow by ocular fluorophotometry. a Optical axis
of eye is scanned for background fluorescence with a scanning ocular fluorophotometer. b Topical
application of drops of fluorophore (2 % fluorescein) is applied to cornea. ¢ After a suitable delay
(approximately 15 h), to allow fluorescein to diffuse from the corneal depot to the aqueous humor,
the eye is scanned once again. d Repeated scans at 30-min to 1-h intervals over a 3—-6-h period
facilitate monitoring of decline in fluorescence of aqueous humor with time. This can be related
mathematically to aqueous flow rate (a calculation often performed by computer) after subtraction
of background fluorescence and derivation of anterior chamber volume from keratometry and
pachymetry determinations. The graphs to the right of the diagrams indicate typical fluorescence
patterns obtained along the optical axis at each stage in the procedure. C cornea, AC anterior cham-
ber, L lens, V vitreous (Gabelt et al. [283]; used with permission)

3.8.3 Use in Animal Toxicology and Other Ocular Research

The properties of fluorophotometry make it a valuable research tool for studying a
number of illnesses and conditions in animals including diabetes, uveitis, glaucoma,
dry eye, and corneal surgery. Fluorophotometry has been used to evaluate the potential
pharmacokinetic parameters of drug delivery following various periocular injec-
tions [162, 163] and to measure bioavailability of conventional eyedrops [164, 165].
Inflammation caused by bacterial infection or surgery can also increase the permeability
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Fig. 3.17 The barrier between the blood system and the anterior segment of the eye is not as tight,
so some fluorescein can penetrate it even under normal conditions. However, since the Fluorotron
can make a precise measurement of the amount of fluorescein that gets in, it can easily differentiate
a normal amount from an abnormally high amount. Inflammation can markedly increase the per-
meability of the blood—aqueous barrier. Inflammation can be caused by bacterial infection, surgery,
and other diseases such as diabetes. A number of drug companies have used Fluorotron to run
clinical trials on their anti-inflammatory drugs. These drugs decrease inflammation after surgery
and thus also decrease permeability of the blood—aqueous barrier (http://www.ocumetrics.com)

of the blood—aqueous barrier, and pharmaceutical companies may use a fluorophoto-
meter to study potential anti-inflammatory drugs.

Measuring the rate of disappearance of fluorescein instilled in the eye is also a
useful measure of tear turnover and is of interest to contact lens companies. For
example, tear flow estimates under soft lenses are very low compared to rigid lenses.
This type of information is useful for studying contact lenses designed for overnight
wear. By increasing tear flow under soft lenses, contact lens designers may be able
to reduce complications of contact lens wear [166, 167].

Measuring aqueous humor formation via fluorophotometry is an important
aspect of determining mechanism of action of compounds aimed at lowering
intraocular pressure (IOP). Determining what portion of IOP lowering is due to
increased outflow vs. decreased aqueous humor formation is a critical piece of
information in glaucoma therapeutics. Most patients will need several medications
of varying and complementary classes to control their IOP in what is a lifelong
disease [168—-170].
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3.8.4 Human Clinical Applications

In humans, the accumulation of fluorescent substances (autofluorescence) is associated
with the progression of eye aging and cataract formation. A prospective cohort
study using fluorophotometry demonstrated a loss of lens transparency occurs in
patients following trabeculectomy for the treatment of in primary open-angle glau-
coma [171]. Compared to baseline assessments, this change was significant after
12 months and was not observed in other patients with open-angle glaucoma that
did not undergo the procedure.

Fluorophotometry has also been used assess the efficacy and safety of a stent for
the treatment of open-angle glaucoma by measuring changes in aqueous humor
dynamics [172]. Using fluorophotometry, aqueous flow and trabecular outflow
facility were measured before and after implanting a stent connecting the anterior
chamber with Schlemm’s canal. Patients treated with stent implants and cataract
surgery displayed significantly increased trabecular outflow facility, reduced
intraocular pressure, and reduced need for medications compared with patients
treated with cataract surgery alone.

Hyaluronic acid has been proposed as a topical agent for the treatment of dry eye
disease. To describe the behavior of hyaluronic acid on the ocular surface, hyaluronic
acid conjugated with fluorescein was topically applied to the eyes of health human
volunteers and measured fluorophotometrically [173]. Compared to saline, hyaluronic
acid had a longer retention time, possibly by adhering to the surface of the eye.

3.8.5 Commercially Available Devices

Available units:

F-7000 Fluorescence Spectrophotometer
(http://www.hitachi-hitec.com/global/science/fl/f7000.html)

F-2500 Fluorescence
(http://www.sios.net.au/spectrophotometers/hitachi/f-2500-fluorescence)
Fluorotron™ Master Ocular Fluorophotometers
(http://www.ocumetrics.com)

3.8.6 Considerations for Ocular Toxicology Studies

Fluorophotometry can provide objective, quantitative measures of the physiological
and pathological state of the retinal vasculature, the pigmented epithelium, the choroid,
and the ciliary processes. It is a valuable tool for detecting physiological changes such
as inflammation and monitoring treatment progress in preclinical and clinical drug
development. A laboratory animal-specific system is commercially available (Fig. 3.18).
It has adjustments for the optics of a variety of species, increasing its utility in preclinical
work. The performance specifications are the same as for human systems.


http://www.hitachi-hitec.com/global/science/fl/f7000.html
http://www.sios.net.au/spectrophotometers/hitachi/f-2500-fluorescence
http://www.ocumetrics.com
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Fig. 3.18 Fluorophotometry is the established method for quantitating the permeability of the
blood-retinal barriers and the blood—aqueous barrier. By measuring the concentration profile of
the tracer fluorescein within the ocular cavity, the dynamics of intraocular diffusion and elimina-
tion can be accurately monitored. The resulting determinations provide indications of the physio-
logical and pathological state of the retinal vasculature, the pigment epithelium, the choroid, and
the ciliary processes. The objective and quantitative capabilities of fluorophotometry permit the
detection of physiological changes very early in the course of certain diseases and the monitoring
of progress in treatment (http://www.ocumetrics.com)

3.8.7 Limitations and Caveats

Species selection and anesthesia are both important variables in study design. Data
are not necessarily comparable across species. Anesthetics can have differential
effects depending on the species and level of anesthesia needed to obtain high-
quality scans. While the procedure is relatively simple, it takes operator skill to be
able to accurately obtain the scans and evaluate the results.

3.9 Scanning Laser Ophthalmoscope (SLO)

3.9.1 Basic Principles

Scanning laser ophthalmoscopy is a method of examining the eye using the tech-
nique of confocal laser-scanning microscopy. A confocal scanning imager synchro-
nously moves a spot of illumination and a detector over the image. SLO employs
mirrors to horizontally and vertically scan a specific region of the retina and create
images viewable on a computer monitor. It can provide crisp and complete retinal
images without pupil dilation [174] although good dilation may be preferable, espe-
cially when obtaining stereoscopic images.
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Fig. 3.19 Scanning laser ophthalmoscopic images of rat retinas. IR infrared, RF red free, AF
autofluorescence. FA early, early phase fluorescein angiogram. FA late, late phase fluorescein
angiogram (Courtesy Heidelberg Engineering. Images provided to Heidelberg by Sinisa D.
Grozdanic, College of Veterinary Medicine, lowa State University)

3.9.2 Performance Parameters

SLO provides imaging of the retina or cornea of the human eye with a high degree
of spatial sensitivity that makes it a very useful aid in the diagnosis management of
glaucoma, diabetic retinopathy, macular degeneration, and other retinal disorders.
SLO systems have been adapted for use in studying both the anterior and posterior
segments of the eye (see Sect. 3.3). For example, Heidelberg Engineering has an
anterior segment module (ASM) for their Spectralis™ system that can perform optical
coherence tomography on the cornea, iris, and lens.

3.9.3 Use in Animal Toxicology and Other Ocular Research

SLO has been useful in for studying toxicity and for research in animals with large
as well as small eyes (Fig. 3.19). Using laboratory small-eyed rodents such as ham-
sters and gerbils, confocal SLO together with other visualization techniques has
been used for the study of human diseases, such as age-related macular degenera-
tion and diabetic macular edema [175]. Confocal SLO has been developed into a
technique for assessing corneal surfactant irritation in rabbits and mice [176], the
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response of acute anterior chamber inflammation to various treatments [177] and to
measure changes in the topography of the optic nerve head following subconjuncti-
val injection of unoprostone (isopropyl unoprostone) in rabbits [178].

Using murine Miiller glial cells as potential targets for gene therapy, SLO has
been used to detect transgene expression in the mouse retina following intravitreal
injection of adeno-associated virus [179]. Confocal SLO has also been used to study
cone survival in transgenic mouse models of retinal degeneration [180]. Using a
specific strain of engineered knockout mice, SLO together with other histological
and biochemical assessments has been used to study the pathogenesis of choroider-
emia, a progressive X-linked disease characterized by the degeneration of photore-
ceptors and retinal pigment epithelium [181].

The combination of fluorescence adaptive optics with SLO results in a novel
imaging method that enables in vivo imaging of nerve fiber layer vasculature in
living macaque monkeys [182]. This technique enables researchers to examine the
possible role of the nerve fiber layer vasculature in retinal vascular disorders and
other eye diseases, such as glaucoma.

3.9.4 Human Clinical Applications

Confocal SLO provides objective and quantitative measurements that are highly
reproducible and show very good agreement with clinical estimates of optic nerve
head structure and visual function in clinical practice and also in glaucoma trials
[183]. For example, confocal SLO studies have shown that baseline Glaucoma
Probability Score can be used to predict the development of primary open-angle
glaucoma [184]. By comparing normal and glaucomatous eyes using confocal SLO,
the retinal nerve fiber layer showed a stronger structure—function association and a
higher diagnostic sensitivity for glaucoma detection than the neuroretinal rim [185].
A possible risk factor for glaucoma is central corneal thickness, possibly by
affecting the elastic properties of the eye. A study using confocal SLO revealed no
significant relationship between these two parameters in healthy eyes [186]. The cor-
relation between the retinal blood flow measured with a retinal functional imager and
central macular thickness and volume has also been assessed by a combined spectral
scanning laser ophthalmoscopy/optical coherence tomography system [187].
Adaptive optics SLO has also been used to measure disease progression and their
response to treatment, such as the use of sustained-release ciliary neurotrophic fac-
tor for inherited retinal degeneration [188] and intravitreal bevacizumab for the
treatment of radiation retinopathy [189]. The combined use of SLO with spectral-
domain optical coherence tomography revealed microstructural changes in eyes
with progressive geographic atrophy due to age-related macular degeneration [190].
SLO is an effective means for monitoring the efficacy of treatment of neurodegen-
erative diseases of the retina in clinical trials [191] and has also been used to assess
drug-induced ocular toxicity. For example, SLO has been used to quantify retinal
nerve fiber layer and macular thickness loss as markers of retinal damage in patients
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Fig. 3.20 Left column, standard white light digital fundus photographs of the retina of an 87-year-old
woman with geographic age-related macular degeneration. Right column, fundus autofluorescence
images taken with a scanning laser ophthalmoscope camera (Heidelberg HRA II). Top row, the color
and autofluorescence images both taken on the same day. Botfom row, the color and autofluorescence
images taken on the same day 3 years and 3 months after the fop row of images. Note the increase in
size of the area of atrophy. The autofluorescence images show a decrease in fluorescence compared
to normal levels (compare with retina peripheral to the lesion) in the center of the atrophic region;
however, the edge of the atrophic region is hyperautofluorescent. Hyperautofluorescence of the reti-
nal pigment epithelium may be an indicator of active degeneration

with vigabatrin-associated vision loss [192]. Examples of SLO fundus imaging for
human clinical use are shown in Figs. 3.20, 3.21, and 3.22.

3.9.5 Commercially Available Devices

Available units:

F-10 Scanning Laser Ophthalmoscope, NIDEK, Inc., Fremont, CA
(http://usa.nidek.com/products/scanning-laser-ophthalmoscope)


http://usa.nidek.com/products/scanning-laser-ophthalmoscope
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Fig. 3.21 Left, color standard digital photograph of an abnormal appearing optic nerve. Right,
autofluorescence imaged obtained with a scanning laser ophthalmoscope (Heidelberg HRA II).
Marked autofluorescence is evident in a nodular pattern consistent with a diagnosis of optic nerve
head drusen

Fig. 3.22 Wide-angle fluorescein angiographic image taken with the Heidelberg HRA II scanning
laser ophthalmoscope utilizing the Staurenghi contact lens. A mass (choroidal melanoma) is seen
in the superotemporal periphery (asterisk). The optic nerve (black arrow) shows late fluorescein
staining, and there is prominent late leakage consistent with cystoid macular edema (white arrow)
(Courtesy of Diagnostic Services, Flaum Eye Institute, University of Rochester)
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This high-definition diagnostic imaging system provides infrared scanning
images and is useful for identifying retinal and choroidal pathology.

Heidelberg Retina Tomograph; Heidelberg Engineering, Carlsbad, CA
(http://www.heidelbergengineering.com/us)

This confocal scanning laser ophthalmoscope can create a 3-dimensional topo-
graphic image of the retina using proprietary software.

3.9.6 Considerations for Ocular Toxicology Studies

In addition to providing high-resolution and repeatable images, other advantages of
SLO technology are ease of instrument use, rapid acquisition capability making it
suitable for large animal studies, and the advantages of video image capture for
angiography that allows the dynamic assessment of dye flow. As with traditional
fundus photography, SLO retinal imaging also permits the capture or static stereo
image pairs.

3.9.7 Limitations and Caveats

The total acquisition time of SLO scans can be longer than the fraction of a second
needed for standard fundus photography. Therefore, eye and head movement can be
performance issues. Software has been developed to help compensate for this in
conscious humans. Proper attention to anesthesia is required to prevent excessive eye
movement in animal studies. Other considerations for animal work include proper
positioning of the subject. A head holder can be useful in this regard. Lid speculums
can helpful for animal experiments as are plano corneal contact lens to prevent dry-
ing. As with any sophisticated photographic device used in ocular research, a skilled
operator is critical in obtaining reliable and reproducible images.

3.10 Optical Coherence Tomography (OCT)

3.10.1 Basic Principles

Optical coherence tomography (OCT) was developed from a technique called low-
coherence interferometry which was used to obtain axial eye length measurements
[193]. Low-coherence interferometry requires light to be split and sent to the sample
and a reference arm with a mirror. If the length of the path to the reference mirror and
tissue match to within the coherence length of the light source, interference occurs when
the reflected beams recombine. This can be used to obtain intensity information.
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By changing the location of the reference mirror, backscattered tissue intensity
levels can be detected from different depths in the tissue sample. Since time-encoded
signals are directly obtained, this is referred to as time-domain optical coherence
tomography (TD-OCT). Acquisition speed can be improved by detecting backscat-
tering signals in the frequency domain at a given location without moving the refer-
ence mirror. There are currently two main ways of doing this. The first to be
commonly employed in ophthalmic applications uses frequency information
obtained from a broad-bandwidth light source, charge-coupled device camera, and
a spectrometer. The signal is then analyzed by a digital signal processor using
Fourier analysis. This is referred to either as spectral-domain OCT (SD-OCT) or
Fourier-domain OCT (FD-OCT). The latter abbreviation is somewhat unclear as
it can be confused with the more general term “frequency-domain OCT,” which
encompasses both SD-OCT as well as swept source OCT (SS-OCT). Consequently,
SD-OCT is the abbreviation most often used to indicate this type of scanning.
A functional extension of SD-OCT known as polarization-sensitive optical coher-
ence tomography has been used for in vivo birefringence mapping of the human
retina [194]. Figure 3.23 illustrates the difference in resolution between TD-OCT
and SD-OCT in scans of cynomolgus monkey maculae.

SS-OCT is accomplished by sweeping a narrow-bandwidth source through a
broad range of frequencies and used a photodetector. Using this method, ultrahigh-
speed imaging of the retina and optic nerve head provides excellent visualization of
the choroid, sclera, and lamina cribrosa [195]. It also has the advantage of less fall-
off in signal strength with increasing tissue depth relative to the SD-OCT. Advantages
and disadvantages of these systems are summarized in Table 3.1.

Although the axial resolution of both SD- and SS-OCT is somewhat greater than
for TD-OCT, the real advantage of frequency domain over time domain is the much
higher rates of data acquisition, which permits higher numbers in scan lines and
even 3-dimensional imaging [196, 197] without increasing the total testing time.

3.10.2 Performance Parameters

OCT was originally used to obtain optical cross sections of the anterior segment
in vivo and to evaluate the optic disc and retinal layers such as the retinal nerve fiber
layer. It was also used for imaging retinal diseases, such as macular detachment and
macular holes, epiretinal membrane, macular edema, and idiopathic central serous
chorioretinopathy [193]. Today it is commonly used for the detection, staging, and
monitoring of glaucoma [198-203] including highly myopic eyes [204, 205]. OCT
may aid in distinguishing glaucoma-related retinal nerve fiber layer thinning from
that caused by nonglaucomatous optic neuropathies [206] and can be used to mea-
sure angle closure in the different quadrants of the anterior chamber angle [207] and
detecting signs of achromatopsia [208]. OCT may reveal ocular injuries such as
Descemet’s membrane detachment [209].
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Fig. 3.23 Comparison of time-domain Stratus® OCT (fop frame) with spectral-domain Cirrus®
OCT (bottom frame). Both images are horizontal scans of the central macula of cynomolgus mon-
keys, originally they were 6 mm scans that have been cropped here to 4 mm for illustration pur-
poses. Several features of retinal anatomy can be visualized better with the higher-resolution
SD-OCT. Lines point to the nerve fiber layer (NFL), ganglion cell layer (GCL), inner nuclear layer
(INL), outer nuclear layer (ONL), external limiting membrane (ELM), inner segment/outer seg-
ment line (1S/0S), retinal pigment epithelium (RPE), and choroid (Ch)

Table 3.1 Comparison of TD-, SD-, and SS-OCT devices

Advantages Disadvantages
TD-OCT Intensity information acquired in time Moving reference mirror required;
domain; no complex conjugate image limited acquisition rate
SD-OCT No moving reference mirror; higher Noticeable signal drop-off with
sensitivity than TD-OCT; can obtain depth
high scanning speed and axial
resolution
SS-OCT No moving reference mirror; higher Most systems operate at longer
sensitivity than TD-OCT; can obtain wavelengths (A=1-2 um) with
very high scanning speeds; minimal lower axial resolution

signal drop-off with depth
From: Gabriele et al. [193]

SD-OCT can provide 3-dimensional imaging of structural changes in the optic
nerve head lamina cribrosa in patients with optic nerve damage due to glaucoma
[210] and measure the inner/outer segment junction to predict visual recovery after
macular hole surgery [211]. In one case report, SD-OCT was used to demonstrate a
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localized juxta-foveal area of retinal atrophy involving the photoreceptor and retinal
pigment epithelium layers following cataract surgery [212].

Using a signal processing algorithm, SD-OCT can provide real-time and artifact-
free quantitative imaging of the anterior chamber including the cornea, limbus, iris,
anterior lens capsule, trabecular meshwork, and Schlemm’s canal [213]. Quantitative
surface height maps of the corneal epithelium and endothelium obtained from volu-
metric data can be used to generate corneal thickness maps.

The use of SD-OCT [214, 215] also enables rapid and sensitive imaging of
posterior segments of the human eye in vivo such as structural retinal changes in
patients with retinitis pigmentosa [216, 217]. OCT can be combined with confocal
laser-scanning ophthalmoscopy with integrated simultaneous indocyanine green
dye angiography to diagnose of a variety of macular diseases [218].

3.10.3 Use in Animal Toxicology and Other Ocular Research

OCT is suitable for performing various ocular studies in rodents. High-resolution
SD-OCT provides high-quality 2- and 3-dimensional in vivo imaging of retinal
structures in murine models of retinal disease [219, 220]. In albino rats chronically
exposed to intense light, OCT and angiographic studies show progressive retinal
degeneration and choroidal neovascularization [221] which may represent a model
for the study of age-related macular degeneration. SD-OCT has also been used to
quantify the effect of experimental optic nerve crush injury in mice by measuring
changes in retinal thickness over time [222].

In monkeys, longitudinal SD-OCT imaging has been shown to detect deep optic
nerve head changes in experimental glaucoma [223]. These changes were detect-
able at the onset of Heidelberg Retina Tomograph-defined surface topography
depression changes and suggest SD-OCT may aid in the early detection of glau-
coma progression in humans. A monkey experimental glaucoma model was also
used to investigate correlations between structural and functional measures of early
change in glaucoma [224]. Animals were followed over time with SD-OCT, full-
field light-adapted flash ERG, 103-hexagon global-flash mfERG (MFOFO), and
static perimetry. Significant correlations were found between mfERG root mean
square (RMS) amplitude of a glaucoma-sensitive frequency range and peripapillary
retinal nerve fiber layer (RNFL) thickness (standard 12° OCT circular scan).
Changes in in vivo OCT measurements of retinal nerve fiber layer thickness associ-
ated with elevated intraocular pressure have also been studied in monkeys [225].

Exposure to high intraocular pressure was found to be associated with the loss of
retinal nerve fiber layer over time and OCT measurements corresponded with histo-
morphometric measurements of the same tissues, highlighting a key feature of animal
models — the ability to collect and correlate histologic measures with structural and
functional measures. The United States Food and Drug Administration (FDA,
Dermatologic and Ophthalmic Drugs Advisory Committee) has expressed a strong
interest in objective testing paradigms/strategies such as OCT that have better
sensitivity and specificity than subjective visual field testing and are predictive of
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functional deficits that affect patient quality of life. In rhesus macaques, SD-OCT
has also been used to demonstrate that the RNFL cross-sectional area, not RNFL
thickness, provides a more accurate assessment of the retinal ganglion cell axonal
content within the eye [226].

3.10.3.1 Segmentation

In addition to its ability to provide high-resolution images of the retina — some-
thing approaching in vivo histopathology — another potentially huge advantage of
OCT is its ability to rapidly quantify various optic nerve and retinal parameters. An
example is the determination of RNFL thickness, which is important in monitoring
the progression of glaucoma and in identifying optic neuropathies, including toxic
neuropathies. Other examples in which the quantitative measurement would be
useful are determining the volume of subretinal fluid (such as in serous retinal
detachments), measuring the extent of retinal thinning due to drug toxicity or retin-
itis pigmentosa, or thickening due to edema caused by drug-related vascular leak-
age, diabetic retinopathy, vascular occlusive disease, or exudative age-related
macular degeneration.

Despite the promise of OCT quantification, segmentation (accurate identification
of retinal layers) remains challenging. In the case of RNFL thickness, the difficulty
arises because the disease toxicity changes are typically on the order of only a few
microns. Especially because of their potential application to human glaucoma, new
paradigms for RNFL thickness determination are a subject of active research. For
example, see Zhu et al. [227]; Vermeer et al. [228]; and Yazdanpanah et al. [229].

The typical macular changes seen clinically with OCT are often much more dra-
matic than the subtle RNFL thinning of glaucoma, but the problem of quantification
for macular analysis is that the retinal layers are often distorted by the disease pro-
cess [230]. As a result, most of the practical clinical diagnoses are made based on
the subjective appearance of the lesions. Nevertheless, efforts are underway to apply
quantitative methods to macular OCT scans even with disrupted architecture. For
examples, see Malamos et al. [231], and Rathke et al. [232].

Subjective assessment of SD-OCT scans is also valuable in toxicity studies.
Similar to human disease, obvious changes such as retinal or vitreous detachment,
retinal edema, and RPE scarring (as in macular degeneration) are readily apparent;
however, frequency-domain OCT scanning can provide information that goes
beyond its nominal resolution. That is because the OCT, in addition to measuring
distances, also determines reflectivity of the various layers. This fact has proven
useful clinically such as in the assessment of drug toxicity from the chronic use of
hydroxychloroquine to treat rheumatologic conditions [233]. In early hydroxychlo-
roquine toxicity, the OCT feature that corresponds to the junction between the inner
and outer photoreceptor segments, the so-called IS/OS line is decreased in intensity.
Nork et al. showed that the IS/OS line was decreased in intensity three months after
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Fig. 3.24 Spectral-domain optical coherence tomograms (SD-OCT) horizontal raster scan of cen-
tral macula. Top, control eye of Cy3 from fovea corresponding to the retinal detachment in the
fellow eye. Note the prominent red line (arrows) demarcating the photoreceptor inner segment/
outer segment (/S/0S) junction. Bottom, similar section from area of previous retinal detachment
after 3 months of reattachment. The IS/OS line is much less reflective. In both frames, the SD-OCT
scans are oriented such that the temporal retina (7) is on the left and nasal retina () is on the right
(Nork et al. [235]; used with permission)

subretinal injection of balanced salt solution in cynomolgus monkeys [234]
(Fig. 3.24). Further examination by transmission electron microscopy revealed
disruption of the normally tight packing of the outer segment discs (Fig. 3.25). They
suggested that a decrease in IS/OS line intensity could be the result of reduced
reflectivity at that level. Thus, this particular feature of the SD-OCT is actually pro-
viding information about outer segment pathology, a structure formerly accessible
only by ultrastructural analysis.
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Fig. 3.25 High magnification electron micrograph of rod outer segments. Left, control eye of Cy3
from superior retina corresponding to the retinal detachment in the fellow eye. Normal close stack-
ing of discs is evident. Right, similar section from area of previous retinal detachment after
3 months of reattachment. Discs are not as tightly packed, having markedly increased intradiscal
spaces. Bar=250 nm (Nork et al. [235]; used with permission)

3.10.4 Human Clinical Applications

High-definition SD-OCT has been used to obtain normative data for macular thick-
ness [236, 237] and retinal nerve fiber layer based on age, ethnicity, gender, optic disc
area, and axial length [238]. Other studies have used SD-OCT to measure changes
associated with age-related macular degeneration [239, 240]. Ultrahigh-resolution
SD-OCT can provide structural intensity images and movies of the human retina
in vivo [241] and has been used to evaluate changes in retinal anatomy in patients with
exudative age-related macular degeneration before and after intravitreal injections of
ranibizumab [242]. All treated eyes showed some normalization of macular contour
but fibrovascular lesion volume did not change. Using ultrahigh-resolution SD-OCT,
this study demonstrated intravitreal treatment with ranibizumab that improves overall
retinal architecture although photoreceptor damage may be irreversible.
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Table 3.2 Commercially available SD-OCT systems
Device Manufacturer Comments

3D-OCT 2000 Topcon, Tokyo, Japan SD-OCT and high-resolution fundus camera;
axial resolution, 5 um; axial-scan
acquisition rate, 27 kHz
Bioptigen SD-OCT  Bioptigen, Research Designed for clinical and research use.
Triangle Park, NC Includes a handheld probe and microscope
setup; axial resolution, 4 pm; axial-scan
acquisition rate, 20 kHz
Cirrus HD-OCT Carl Zeiss Meditec, Includes Guided Progression Analysis
Dublin, CA software for detecting glaucoma progres-
sion; axial resolution, 5 um; axial-scan
acquisition rate, 27 kHz
RTVue-100 Optovue, Fremont, CA  Multiple scanning protocols for glaucoma
detection, including ganglion cell complex
analysis; axial resolution, 5 pm; axial-scan
acquisition rate, 26 kHz
SOCT Copernicus  Optopol, Zawiercie, Includes progression analysis software that
Poland incorporates disc damage likelihood scale,
asymmetry between the discs, and RNFL
thickness; axial resolution, 6 um;
axial-scan acquisition rate, 27 kHz
Spectral OCT SLO  Opko, Miami, FL Combines SD-OCT, scanning laser ophthal-
moscopy, and microperimetry; axial
resolution, 6 um, axial-scan acquisition
rate, 27 kHz
Spectralis OCT Heidelberg Engineering, High-speed SD-OCT device with eye-tracking,
Heidelberg, Germany fluorescein angiography, ICG angiography,
and autofluorescence; axial resolution,
4 pum; axial-scan acquisition rate, 40 kHz

From: Gabriele et al. [243]

3.10.5 Commercially Available Devices

Available SD-OCT devices are provided in Table 3.2.

3.10.6 Considerations for Ocular Toxicology Studies

The commercially available SD-OCT systems are optimized for human clinical
use. As such, they may need to be modified for animal toxicologic studies. For
example, the Cirrus™ HD-OCT is designed in such a way that the chin rest is
connected directly to an integrated scanner/monitor/computer processor. We have
found it necessary to remove the chin rest and modify the electronics accordingly
to permit proper configuration for use with anesthetized animals [235]. Because
of the smaller ocular size of most research species, modification of contact lenses,
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such as the Staurenghi™ 150° contact lens (Heidelberg Engineering), may also be
required.

Keeping the cornea moist and thus clear while the animals are anesthetized can
be challenging. A hard corneal contact lens with a dry outer surface can maintain
optical clarity during prolonged imaging sessions.

As with the hardware, OCT software is also optimized for human clinical appli-
cations. Extracting data for detailed statistical analyses can be a challenge with
some systems.

Some of the animal models used in toxicology studies are either albinotic or sub-
albinotic. Automated segmentation algorithms may have difficulty correctly identi-
fying the retinal layers due to the abnormal reflectivity in these animals.

Finally, OCT is not simply an improved version of photographic ocular imag-
ing. It gives detailed information that is not obtainable in vivo by any other means,
but it also has some limitations. Similar to histopathology, the OCT images are
cross sections. Serial sectioning with either histopathology or OCT can produce a
3-dimensional map but only of limited retinal areas. Color fundus photography can
pick of small lesions that could be otherwise missed (see section on Traditional
Ocular Fundus Imaging in this chapter).

3.10.7 Limitations and Caveats

Currently, several OCT instrument companies are competing to develop devices
with higher scan density and better resolution [244], and several studies compar-
ing OCT devices with other kinds of devices and with each other have been
performed.

When the repeatability of retinal nerve fiber layer thickness measurement
using OCT was compared with scanning laser polarimetry with variable corneal
compensation (GDx-VCC) and optic nerve head topography, the test-retest vari-
ability of GDx-VCC and OCT was consistent for all tested stages of disease
severity [245]. Except in severe cases, the repeatability of GDx-VCC was better
than OCT. The test—retest variability of optic nerve head topography and OCT
increased with increasing disease severity for rim area, cup area, and cup-to-disc
area ratio, while the vertical cup-to-disc ratio from optic nerve head topography
and horizontal cup-to-disc ratio from OCT showed stable test-retest variability
through all stages.

One study compared the frequency of scan artifacts, inter-scan reproducibil-
ity of macular thickness measurements, and inter-device agreement of three
SD-OCT devices (Cirrus HD-OCT, RTVue-100, and Topcon 3D-OCT 1000)
devices and one TD-OCT device (Stratus OCT). The TD-OCT scans contained
a significantly higher percentage of clinically significant, unacceptable mea-
sures of central foveal thickness after manual correction compared with SD-OCT
scans [246]. One SD-OCT device (Cirrus HD-OCT) had a significantly lower
percentage of clinically significant improper central foveal thickness measures
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compared with the other SD-OCT device. All three SD-OCT devices had central
foveal subfield thicknesses that were significantly greater than TD-OCT after
manual correction. All three SD-OCT devices demonstrated a high degree of
reproducibility [244, 247].

Another study also showed SD-OCT data generally showed better reproduc-
ibility of retinal nerve fiber layer measurements than TD-OCT [248]. Others have
shown that measurements obtained using SD-OCT and TD-OCT should not be
compared [249]. For example, when TD-OCT and SD-OCT were used to compare
retinal nerve fiber layer in normal subjects and patients with glaucoma, measure-
ments using TD-OCT were generally thicker [250, 251] which may be clinically
significant in patients with severe glaucoma. Similarly, anterior chamber angle
measurements obtained with different OCT devices show poor agreement [252].
SD-OCT demonstrates significantly better reproducibility of peripapillary RNFL
and macular scan thickness measurements over the clinical standard for TD-OCT
[253]; however, different OCT systems cannot be used interchangeably for the
measurement of macular thickness [254] due in part to differences in segmenta-
tion algorithms.

3.11 Scanning Laser Polarimetry (GDx)

3.11.1 Basic Principles

The GDx (an acronym derived from “glaucoma diagnosis™) is a confocal pola-
rimetric scanning laser ophthalmoscope. Scanning laser polarimetry (SLP) uses
polarized light to measure the thickness and integrity of the structures of the
retinal nerve fiber layer. A scanning unit moves the beam horizontally and verti-
cally on the retina where the beam is split into two components with a relative
phase shift proportional to the structural organization of the retinal nerve fiber
layer (RNFL) microstructures and RNFL thickness. The GDxPro (Carl Zeiss
Meditec, Inc) instrument quantifies the phase shift using the term the term RNFL
Integrity™ (RNFL-I™). The RNFL-I is derived from both RNFL thickness and
RNFL structural organization. Other retinal imaging devices quantify retinal
thickness directly, whereas SLP measures birefringence, a property of tissue
that depends on the integrity of retinal ganglion cell axon microtubules and
neurofilaments [255].

Structures in the anterior segment (the cornea and lens) are also birefringent.
GDx instruments identify anterior segment-based birefringence and compensate for
it, so that only the RNFL birefringence is analyzed. There are currently two types of
corneal compensation: enhanced corneal compensation (ECC) and variable corneal
compensation (VCC). ECC is thought to be superior and is the default setting; VCC
is useful for maintaining continuity with historical scans.

Using Guided Progression Analysis software, changes in the polarimetric retinal
nerve fiber thickness can be determined and monitored over time [256, 257].
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3.11.2 Performance Parameters

The GDx is used for imaging and three-dimensional analysis of the fundus and
RNFL in vivo. Its primary role is the detection of glaucoma-induced changes in the
RNFL [258, 259]. Scanning laser polarimetry has also recently been used to detect
subclinical changes in retinal nerve fiber layer thickness in patients with multiple
sclerosis [260, 261].

3.11.3 Use in Animal Toxicology and Other Ocular Research

Scanning laser polarimetry has been used in several animal research studies. In rodents,
it has been used to determine the contribution of microtubules in ganglion cell axons
to retinal nerve fiber layer birefringence [255]. In monkeys, scanning laser polarim-
etry has been used to measure retinal nerve fiber layer birefringence. This informa-
tion can be used for detecting and monitoring retinal nerve fiber layer loss in
experimentally induced primate glaucoma [262] and axonal degeneration [263]
(Fig. 3.26). Changes in retinal nerve fiber layer birefringence (measured by SLP)
precede changes in retinal nerve fiber layer thickness (measured by OCT) following
retinal ganglion cell injury [264].

3.11.4 Human Clinical Applications

Numerous human clinical trials have assessed the value of scanning laser polarimetry
for the diagnosis of glaucoma [258, 265-268] and shown it to be well-correlated with
optical coherence tomography [269—272] and confocal scanning laser ophthalmos-
copy [273]. By comparing retinal nerve fiber layer parameters in patients with various
degrees of advanced glaucoma, the retinal nerve fiber layer has been shown to be
significantly thinner in patients with early glaucoma compared to those in normal
subjects [274]. Also, they were significantly thinner in patients with advanced glau-
coma compared to patients with early glaucoma. The progressive nature of these
changes can be measured over time [256, 275]. Changes in scanning laser polarimetry
parameters using variable corneal compensation is a sensitive measure of glaucoma
progression [276].

One study compared the ability of optical coherence tomography and scanning
laser polarimetry to detect retinal nerve fiver layer abnormalities in multiple sclerosis
patients [261]. Although all patients had normal visual acuity and visual fields,
the use of optical coherence tomography and scanning laser polarimetry detected
retinal nerve fiver layer abnormalities in approximately 50% of evaluated eyes.
Subclinical ganglion cell loss can therefore be detected in this patient population
despite normal visual function.

Clinical trials for glaucoma therapeutics use endpoints based on functional mea-
surements such as visual field tests. These tests are not highly sensitive and are
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Right eye (experimental glaucoma) Left eye (control)

Fig. 3.26 Example of a GDx scan from a monkey with experimental. The GDx scan for this
animal shows severe thinning of the nerve fiber layers in the superior and inferior quadrants of the
glaucomatous right eye (Gabelt et al. (2011); used with permission)

variable. The United States Food and Drug Administration has agreed that structural
measures can be used as endpoints if they can be shown to correlate with functional
measures [277]. A recent study showed that glaucomatous eyes with visual field
progression had a significantly higher rate of RNFL loss, as measured by the
GDxECC, than did non-progressing eyes [257]. In another study comparing struc-
tural and functional measures of glaucoma progression, the GDx guided progres-
sion analysis (GPA) detected glaucoma progression in a significant number of cases
showing progression by conventional methods of automated perimetry, and optic
disc photography, suggesting that the GDx GPA is a useful complement in the clini-
cal evaluation and detection of longitudinal change in glaucoma [256].

3.11.5 Commercially Available Devices

Available unit:

The only commercially available scanning laser polarimeter is the GDx (Carl
Zeiss Meditec, Inc., Dublin, CA).
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(http://www.meditec.zeiss.com/C1256 CAB00599F5D/Contents-Frame/55A2E
554EFCFC5B98825726C0001A9A7)

There have been several iterations of the instrument, using the ECC and VCC
mechanisms, as noted above, for calculating the cornea and lens birefringence con-
tributions. The ECC and VCC features were used to compare the structure—function
relationship between peripapillary retinal nerve fiber layer retardation and visual
field sensitivity measured with standard automated perimetry in patients with glau-
coma and normal subjects [278]. The effect of atypical birefringence patterns on
this relationship was also assessed. The relationship between retinal nerve fiber
layer retardation and standard automated perimetry visual field sensitivity was
determined to be stronger in GDx images obtained with ECC. Similar results have
been demonstrated in other studies [279].

3.11.6 Considerations for Ocular Toxicology Studies

The older, variable corneal compensation (GDx-VCC) instrument does not pro-
vide a “live” view of the area to be scanned and is therefore impractical for ani-
mal studies. The GDxPro instrument offers a “live” view as well as the ability to
collect multiple images and create mean scans. Several progression analysis
options are available (symmetry analysis, TSNIT (an acronym derived from
“temporal, superior, nasal, inferior, temporal”’), RNFL, and GPA) which are use-
ful in toxicology studies. Since it measures different structural changes than opti-
cal coherence tomography, the two instruments should be considered
complementary. In practice, however, and reflected by the recent reports avail-
able in the literature, the use of GDx is largely being supplanted by the use of
advanced OCT units.

3.11.7 Limitations and Caveats

Retinal nerve fiber layer measurements are unaffected by prior photorefractive kera-
tectomy and laser in situ keratomileusis [280]; however, scanning laser polarimetry
measurements may be adversely affected when used in patients with peripapillary
atrophy [281]. They are also unaffected by optic disc size [282]. Atypical retarda-
tion patterns may have a significant effect on the detection of progressive retinal
nerve fiber layer loss [201]. Patients with large atypical patterns or pattern
fluctuations may show false changes that may appear as glaucomatous progression
or mask true changes in the retinal nerve fiber layer. Cataracts and other media
opacities can adversely affect image quality parameters.
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Chapter 4
Emerging Electrophysiological Technologies
for Assessing Ocular Toxicity in Laboratory
Animals

James N. Ver Hoeve, Robert J. Munger,
Christopher J. Murphy, and T. Michael Nork

Abstract The previous chapter on emerging imaging technologies emphasized new
or improved devices that, for the most part, provide anatomic information about the
living eye. In this chapter, we will review electrophysiological measures of ocular func-
tion. Functional assessment can often confirm and strengthen the anatomical findings.
For example, in establishing early hydroxychloroquine (Plaquenil®) toxicity in humans,
spectral domain optical coherence tomography (sdOCT) and multifocal electroretinog-
raphy (mfERG) are frequently used together. Sometimes imaging can provide the most
sensitive toxicologic test, such as may be the case for vitreous fluorophotometry and
fluorescein angiography in detecting subtle breakdown of the blood-retinal barrier.
At other times, functional measures may be the most sensitive. An example from
clinical medicine is retinitis pigmentosa, which, early on, may produce only vague
subjective symptoms in patients with normal appearing fundi but show a markedly
reduced full-field ERG (ffERG). Since the animals used in preclinical toxicologic
testing cannot communicate their visual symptoms, a combination of anatomic and
functional measures is needed to definitively rule out injury to the visual system.
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4.1 Introduction

As is also the case for imaging, the technological roots of electrophysiology date back
to the nineteenth century (for a historical review of the ERG, see De Rouck [1] and for
the visual evoked response (VEP), see Harding [2]). Improvements in electronics in the
twentieth century and the computer revolution of the late twentieth and early twenty-
first centuries have turned electrophysiological testing into a practical and cost-effective
way to assess toxicological effects in preclinical studies. The entire neurological visual
system can now be tested efficiently, from the photoreceptors to the visual cortex.

The specific type of electrophysiological testing chosen for a given toxicological
study will depend on which aspect of the visual system that is most likely to be
affected. The ffERG is a relatively straightforward test to administer and provides
highly sensitive information about the retina as a whole—especially the photore-
ceptors and bipolar cells. Where the ffERG falls short is in identifying localized
retinal lesions. The mfERG is good for such localized effects but requires some
technical skill in properly aligning the stimulus and analyzing the large amount of
data it generates. For macular retinal ganglion cell assessment, the pattern reversal
electroretinogram (PERG) is useful but requires technical skill for both stimulus
alignment and proper refraction of the animal. While the ERG and PERG are lim-
ited to retinal function, the visual evoked response (VEP) measures the entire visual
system as far as the visual cortex. In combination with the ERG and PERG, the VEP
can be useful in identifying the site of functional injury. A recent refinement of the
VEDP, the multifocal VEP, is showing promise as a means of localizing defects much
as, for example, can be done in human subjects with subjective visual field testing.

Needed developments, such as eye-tracking and better software to extract and
analyze data of interest, are in the offing and will make functional testing an ever
more practical and expected aspect of toxicologic and regulatory testing.

4.2 Full-Field Electroretinography (ERG)

Electroretinography is the measurement of electrical potentials generated by the
retina in response to light. The electroretinogram (ERG) is a measure of retinal
function, as distinguished from measures of anatomical integrity assessed by imaging
or histology. The full-field ERG (FERG) is used in clinical human and veterinary
medicine to diagnose a wide variety of hereditary and acquired retinal diseases.
Of relevance to the application of ERG in preclinical safety studies is the observation
that the ERG may be abnormal or even extinguished (flat) in conditions such as
retinitis pigmentosa prior to any anatomical changes observable by ophthalmoscopic
examination. Thus, the FERG can provide evidence that a drug is affecting retinal
function in the absence of, or prior to, changes in retinal appearance. The FERG may
also be useful to determine whether any observations of changes in retinal appearance
during a study are in fact altering retinal function. Like other noninvasive methods,
the ERG permits repeated assessment during a study without the cost of additional
animals that would be required for terminal histology at additional time points.
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FERG has been used in research and in the clinic for many years. However, the
contribution of the various retinal layers to the FERG waveform continues to be an
area of active investigation. This research shows that accurate interpretation of the
FERG depends on a strict adherence to standardized or other well-documented
stimulation and recording protocols. To supplement information from the FERG,
additional ERG tests have been developed to assess retinal ganglion cell function
(pattern ERG) and to assess localized retinal areas (multifocal ERG) and will be
discussed in separate sections.

4.2.1 Basic Principles

The FERG is the most widely used type of electroretinogram in ocular toxicology
studies. It is a “mass response,” that is, all areas of the retina contribute to the ERG
waveform recorded from a corneal electrode. An electrode on the cornea and refer-
enced to a nearby point on the orbit is capable of detecting electric fields generated
from the retina, but only those cells that are arranged in radially oriented cell layers.
This includes the retinal pigment epithelium (RPE), photoreceptor layer, and inner
retinal layers, particularly the bipolar cell layer. Nonradially oriented cells in the
retina, including ganglion and amacrine cells, do not contribute directly to the
standard FERG. The ERG is a complex response that is the sum of the electric field
generated by different cell types in different retinal layers. The relative weight of the
field generated by a cell type is affected by the state of light adaptation in the cell
(background illumination) and the wavelength and duration of the test flash. Thus,
careful protocols are needed for the use of this test in ocular toxicology studies.
In the past, studies were sometimes incorrectly oversimplified with a single flash
response generated (in some instances without dilating the pupil), and such testing
ignores the complexity of the retinal components that contribute to the various
aspects of the retinal responses, thus failing to detect evidence of a problem.
Standards have been established by the International Society for the Clinical
Electrophysiology of Vision (ISCEV) for electroretinography in humans and serve
as good resources for developing protocols for use in ocular toxicology [3]. These
standards are not intended to preclude the use of other protocols as needed but to
ensure that as other protocols are used they do adhere to certain standards and their
accuracy and reproducibility are standardized.

4.2.2 Performance Parameters

A detailed discussion of the various techniques employed in electroretinography and
their interpretation is beyond the scope of this chapter (see [4—7]), but by controlling
dark adaptation, background illumination, flash stimuli, and frequency of stimuli, it
is possible to evaluate the most critical cellular components that contribute to retinal
function. Five basic stimuli conditions recommended by ISCEV for clinical testing
in human patients have been used in many toxicology studies, particularly in nonhuman
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Fig. 4.1 (a) ERG response of the right (top) and left eye (bottom) to a dim flash from the eye of
a monkey that has been previously dark-adapted. Cursors have been placed on the waveforms.
The voltage difference between cursor 1 and cursor 2 is the amplitude of the b-wave. The latency
to the peak of the b-wave is the implicit time. (b) ERG recorded as in 1A to a bright flash (ISCEV
recommends 3 cd-s m~). This stimulus strength elicits a measureable a-wave, indicated by cursor
1. This negative voltage waveform is generated by the rod and cone photoreceptors. At moderate
flash intensities, there is also a substantial contribution from the on- and off-bipolar cells to the
onset and offset of the brief flash stimulus. (¢) Oscillatory potentials are derived from the ERG
recorded in B by applying a band-pass filter, typically 70-120 Hz to extract the wavelets shown
in C. Oscillatory potentials are quantified by summing the amplitude of the individual waves.
(d) Light-adapted ERG (photopic) to the same flash stimulus in B. The state of light adapta-
tion completely alters the form of the ERG, underlining the importance of complete dark adaptation
and sufficient light adaptation times. (e) Photopic ERG to 30-Hz flicker. Note the quasi-sinusoidal
appearance of the ERG at this high repetition rate

primate studies. The ISCEV standard protocols have components for differentiating
rod and cone functions, combined photopic responses (so-called maximal response),
flicker responses, and oscillatory potentials. A dim stimulus under dark-adapted
conditions (a minimum of 20 min in complete dark for nonhuman primates; longer
for rod-dominated species such as rodents) will isolate the rod responses and result
in a “b-wave” generated by bipolar cells with support from Muller cells (Fig. 4.1a).
A bright stimulus under the dark-adapted conditions will reveal a combined response
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Fig. 4.2 Electroretinograph with full-field photostimulator noted on the right. The animal’s head
is placed in the photostimulator to achieve uniform flash illumination and maximal efficiency for
retinal stimulation

to rods and cones and generate an “a-wave” that contains a contribution from the
photoreceptors (Fig. 4.1b). Oscillatory potentials on the ascending arm of the
b-wave originate in the inner plexiform layer of the retina (Fig. 4.1c). By light
adapting the retina for at least 10 min with a background (e.g., 30 cd/m?) to bleach
rhodopsin in the rods so that they cannot respond, the resulting ERG to a bright white
stimulus as the flash is almost exclusively a cone response (Fig. 4.1d). The 30-Hz
flicker responses are generated by the cones as rods become refractory at this stimu-
lation rate and are affected if channels in cone photoreceptors cannot repolarize
normally (Fig. 4.1e).

The most prominent feature of a typical ERG waveform is the b-wave. Practical
application of ERG assessment typically involves assessment of b-wave amplitude
and implicit time or latency, which is the time from stimulus until peak b-wave
amplitude. For rod, cone, and combined responses, amplitude is measured from
the trough of the a-wave to the peak of the b-wave (or from the base of the b-wave
when it masks the a-wave). Data are often normalized by calculating the percentage
relative to prestudy values for individual animal data. It is crucial to collect both
prestudy data and data from a control group for comparison. For oscillatory potential
and flicker responses, the quality of the waveform is as important as the amplitudes
and latencies. Again, a comparison to prestudy values for individual is useful.

The pupils should be maximally dilated, and animals must be sedated to allow
proper positioning, usually in a Ganzfeld (Fig. 4.2) device to ensure uniform distri-
bution of light to the retina. Lid specula are used to keep the lids open, and other
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positioning measures such as stay sutures may be required to ensure the eyes are in
central gaze.

Even with the above standardizations, electroretinographic responses in normal
animals are subject to a high degree of variability at different time points and can vary
by as much as 25% from one time to the next. Therefore, it is important to compare
mean responses of all animals in each group with respect both to the control group as
well and the initial baseline means of the responses. An analysis of variance with the
prestudy values as the covariate is often performed to assess group differences.

Signal averaging is also a tool that has been used in each individual animal’s
recordings to eliminate background “noise” (electrical activity from muscle con-
tractions, cardiac activity, and electromagnetic interference from other equipment.),
but it is important to space the stimuli adequately to ensure the repeated responses are
not so frequent as to bleach rhodopsin and adversely affect components such as the
rod responses.

4.2.3 Use in Ocular Toxicology Research

The ERG is increasingly used in preclinical safety studies. It provides a noninvasive
assessment of retinal function unavailable through other means. Given the complex
nature of the visual cycle, high metabolic rate of the photoreceptors, the visual trans-
duction cascade, and neural processing in the retina required for a normal retinal
function, ERG testing may be useful for screening compounds with a wide variety
of targets. Target organs may include the eye and any compound that binds melanin
in the retinal pigment epithelium, including psychotropic compounds and antimeta-
bolics for neoplastic targets.

4.2.4 Human Clinical Applications

Clinically, the ERG is used primarily to diagnose inherited retinal diseases. For example,
a child with nystagmus will have a differential diagnosis list that includes congenital
motor nystagmus, neurologic causes, Leber’s amaurosis, achromatopsia, and albinism,
among others. The scotopic and photopic ERG will both be normal in motor nystagmus
and albinism, both will be flat in Leber’s congenital amaurosis, and only the photopic
ERG will be extinguished in achromatopsia. The ERG is also helpful in assessing
the functional effect of foreign intraocular bodies (ocular siderosis) and toxicities.

4.2.5 Commercially Available Devices

Diagnosys LLC, Lowell, MA
http://www.diagnosysllc.com/home
LKC Technologies, Inc., Gaithersburg, MD


http://www.diagnosysllc.com/home
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http://www.lkc.com
Electro-Diagnostic Imaging, Inc., Redwood City, CA
http://www.veris-edi.com

4.2.6 Considerations for Ocular Toxicology Studies

A complete ERG test using the minimum five conditions will require at least 1 h of
dark adaptation, 10 min for electro application, 10 min for scotopic testing, 10 min
for light adaptation, and 10 min for photopic testing. While the dark-adapted
portion may be overlapped between animals, it is clear that the full ERG test is
time-consuming. For species with no macula and a rod-dominated retina, it may be
cost-effective to perform only the scotopic tests. It is also time-consuming to indi-
vidually score the ERG waveforms. An automated processing system may reduce
human error and speed the process considerably.

4.2.7 Limitations and Caveats

The FERG has the advantage that it is relatively easy to record (compared with
multifocal or pattern ERG), with a relatively large voltage signal (microvolts vs.
nanovolts). However, because it is a mass response, the proportional contribution of
the retinal that would be removed by a small lesion is often undetectable with the
FERG. The FERG is best suited to detecting effects that affect all the cells of a given
layer (photoreceptors, bipolar cells) in a similar way. It is important to note that loss
of the ganglion cell layer or optic nerve axons is not detectable via the FERG.

4.3 Multifocal Electroretinography (mfERG)

4.3.1 Basic Principles

The full-field ERG gives a mass response recording of retinal activity and is unable
to detect small localized regions of impaired activity. For example, a lesion localized
to the central fovea of the primate retina would have a normal full-field ERG, but the
visual consequences of a lesion in this location would be profound. Fortunately, addi-
tional tools have been developed that allow localizing regions of electrical activity
within the retina, providing a spatially distributed map of retinal functionality.
Using electrodes placed on the cornea and the skin near the eye, electroretinog-
raphy measures the electrical response of various types of retinal cells to standardized
flashes of light [8, 9]. The resulting signal is displayed as an electroretinogram
(ERG) which shows the time course of the signal’s voltage amplitude. The ERG is
composed of the sum of electrical potentials contributed by different types of retinal


http://www.lkc.com
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cells including photoreceptors, bipolar cells, and ganglion cells. By altering the
stimulus conditions such as flash or pattern stimulus, background lighting, and differ-
ent colors of stimulus and background, stronger responses from areas of the retina
can be elicited. For example, if an ERG is recorded to a dim flash delivered to the
dark-adapted eye, the response is from the rod system, while the response from a
light-adapted eye is from the cone system. The response evoked from an alternating
checkerboard stimulus is due to ganglion cell activity (see Section 4.4 of this chap-
ter on the pattern reversal ERG (PERG)).

In 1992, Sutter and Tran [10] described a means by which regional ERG responses
can be determined and mapped in a manner analogous to the way that human visual
fields are mapped. This is accomplished by having the subject (either a conscious
human or anesthetized animal) gaze at monitor that displays a rapidly changing pattern
of white and black hexagons in a pseudorandom pattern (the so-called m-sequence).
As is the case with the full-field ERG, only a single active electrode is used (plus a
nearby reference electrode and distant indifferent electrode). Computer software
then utilizes the complex m-sequence pattern of stimulation to isolate responses
from multiple regions of the retina. The regional responses are, individually, similar
in appearance to the full-field ERG waveform, that is, a negative going initial wave
(N1) followed by a positive wave (P1) plus latter waves (N2 and P2). It also has a
high-frequency component that is reminiscent of the full-field ERG oscillatory
potentials; however, the cellular origins of the mfERG waveforms may be somewhat
different than for the better studied full-field ERG. For example, work by Hood and
colleagues [11] suggests that the early waveforms (N1 and P1) may be attributable to
responses of the bipolar cells as compared to the full-field ERG in which the first
negative going wave (the a-wave) is mostly the result of photoreceptor activity. Even
so, drug toxicity or disease-related injury to the photoreceptors would have an effect
on the mfERG since they are what drive the bipolar and ganglion cells.

Typically 103 or 241 separate stimulus elements are employed that together
cover up to +44° of the central visual field. Since the standard full-field ERG testing
is the sum of all retinal activity, the multifocal ERG (mfERG) was developed to
assess local regions of the retina. The mfERG thus provides spatial information
about diseases of the outer retina that could be missed using full-field ERG. For
example, a recent study used the mfERG to monitor injury and recovery of retinal
function following creation of localized retinal detachments by subretinal injection
of balanced salt solution [12].

4.3.2 Performance Parameters

The mfERG can also be used to detect the localized loss of central activity in various
maculopathies such as age-related macular degeneration [13], vitelliform macul-
opathies, macular holes and juvenile retinoschisis, central serous retinopathy [14],
vascular disorders, diabetic retinopathy [15], and inflammatory retinal diseases.
The mfERG can also be used to detect injury to cone receptors, the inner and outer
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plexiform layer, on- and off-bipolar cells, and ganglion cells [8]; however, most
of the energy of the mfERG waveform is produced by the outer retina with the gan-
glion cells contributing only a small component limited to the late wave features.
Because of this, the mfERG has not proven practical for monitoring ganglion cell
loss, such as seen in human glaucoma [16, 17]. The visual evoked potential VEP
and PERG are more useful measures of ganglion cell function. Attempts have been
made to improve the sensitivity of the mfERG to inner retinal injury by using slow-
flash mfERG [18] or by measuring the so-called optic nerve head component
[19, 20]. Even with these refinements, the mfERG is limited in its practical ability
to measure ganglion cell function.

4.3.3 Use in Ocular Toxicology Research

A considerable amount of research has been performed using rhesus and cynomolgus
monkeys using mfERGs. Initial studies examined retinal changes in experimentally
induced glaucoma [21, 22] in the hopes that the mfERG would prove to be an aid in
the clinical diagnosis and management of glaucoma. Unfortunately, as noted above,
the mfERG waveform has only a weak input from the retinal ganglion cells, the
primary cell that is permanently damaged in glaucoma; however, there is mounting
evidence that the photoreceptors themselves are injured, but not necessarily lost in
glaucoma [23]. To evaluate the relationship between elevated intraocular pressure
and the mfERG response, glaucoma was experimentally induced in rhesus and
cynomolgus monkeys by using a laser to destroy the trabecular meshwork of one
eye [23]. Some animals had undergone prior unilateral optic nerve transection to
determine the contribution of ganglion cells to mfERG changes. The results of this
study demonstrated species-specific, reversible changes in cone-driven retinal func-
tion during periods of elevated intraocular pressure, which can occur in the absence
of retinal ganglion cells. The primary effect was an increase in amplitude of the
Nland P1 waveforms (Fig. 4.3). Such increases in the full-field ERG (variously
described as supranormal or hyperabnormal) are one of the possible effects of various
retinal diseases in humans [24].

4.3.4 Human Clinical Applications

Bevacizumab is a drug used to inhibit angiogenesis. Optical coherence tomography
(OCT) and mfERG were used to assess macular function before and after intravitreal
administration of bevacizumab in patients with choroidal neovascularization due to
age-related macular degeneration [25]. Prior to treatment, OCT showed increased
thickening of the fovea and decreased electrical response density in the fovea and
parafovea. Three months after treatment, OCT showed resolution of the subretinal
fluid, while the mfERG responses in the fovea and parafovea remained unchanged



132 J.N. Ver Hoeve et al.

Fig. 4.3 Comparison of unstretched 103 element mfERG traces extending +44° from fixation in a
rhesus monkey. The trace array on the /eft is from the control left eye, and the one on the right is
from the right eye with experimental glaucoma. The traces from the glaucomatous eye are exag-
gerated or “supranormal” indicating outer retinal (photoreceptor and/or bipolar cell) injury

or slightly improved. The intraocular pressure remained normal, and no inflammation
was observed. These results suggest that intravitreal bevacizumab may aid in the
treatment of choroidal neovascularization although additional studies are required
to establish clinical benefits.

The primary clinical application of the mfERG is to assist in the diagnosis of
vision loss by helping to localize the functional defect. An example is monitoring
for drug toxicity, such as hydroxychloroquine (Plaquenil®) that initially affects only
a small area surrounding the fovea. mfERG testing is often combined with full-field
ERG and VEP testing to further characterize the pathology.

4.3.5 Commercially Available Devices

Available Units:
VERIS™ Multifocal System with Integrated Ganzfeld Stimulator and FMS 11
Stimulator/Refractor/Eye & Fundus Monitoring System
Electro-Diagnostic Imaging, Inc., Redwood City, CA
http://www.veris-edi.com
LKC™ Multifocal ERG/VEP with Long Binary m-Sequences
LKC Technologies, Inc., Gaithersburg, MD
http://www.lkc.com/products/Multi-Focal-ERG/index.html

4.3.6 Considerations for Ocular Toxicology Studies

There are several aspects of mfERG testing in anesthetized animals that must be taken
into account. Unlike conscious humans, the animals will not fixate on the target in
the center of the stimulus monitor. Thus, the animals will need to be positioned such
that the eye is facing in the proper direction. In our laboratory, we secure the head with
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Fig. 4.4 Schematic of alignment method for an anesthetized animal. A direct ophthalmoscope
(center) is used to project a crosshair onto the desired location, which in primates would typically
be the fovea. The ophthalmoscope is then clamped, and a custom-made mirror (corner cube) is
raised to back project the crosshairs onto a target screen, which is then moved to line up with the
back-projected crosshair. An example of an unstretched stimulus pattern (right) used for animal
research is shown. An ERG-jet® electrode is also illustrated

an oral bit head holder and then align the eye with a reversing ophthalmoscope [26].
A standard direct ophthalmoscope has been modified with a mirror (corner cube).
The fovea is identified and placed in the center of the crosshair of the ophthalmo-
scope, which is then clamped into place. A mirror (corner cube) is slid down to
direct the light and crosshair toward the monitor. If necessary, the monitor is then
moved to line up with the back-projected crosshair (Fig. 4.4). Newer mfERG systems
have camera monitoring systems that permit the operator to project the stimulus
directly onto the retina, thus greatly simplifying the alignment process. Even with
careful alignment, it is not always possible to exactly center the stimulus. Therefore,
it is best with the animals to use an unstretched stimulus (Fig. 4.4) in which slight
misalignment is not so critical.

Other considerations for animal toxicity studies are the effects of gender and
species [26], electrode placement [27], and anesthesia [28].

4.3.7 Limitations and Caveats

1. mfERG testing in anesthetized animals requires a skilled operator who can
troubleshoot technical problems as they arise.

2. There is moderate test-retest variability in the mfERG waveforms that requires
averaging over several test periods to extract subtle toxicity effects [23]; however,
moderate to marked effects are readily apparent with single recordings.

3. The mfERG generates a tremendous amount of data—essentially normal full-field
ERG responses multiplied by 103 or 241. We have found it critical to develop
computer software (MATLAB®, by MathWorks™, Natick, MA) to assist in data
analysis [23].
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4.4 Pattern Reversal Electroretinography (PERG)

4.4.1 Basic Principles

The pattern reversal electroretinogram (PERG) is a very small amplitude retinal
biopotential generated by a pattern stimulus that is thought to reflect the activation
of proximal retinal layers, such as ganglion cells. The PERG thus complements the
full-field standard ERG, which is largely driven by distal retinal photoreceptors and
bipolar cells. The key feature of the PERG stimulus is that the temporally modu-
lated pattern has no net change in luminance over time. Examples of PERG stimuli
include checkerboard patterns in which the black and white squares exchange posi-
tion every 0.5 s and sinusoidal gratings in which the peaks and troughs alternate
phase according to a temporal sine wave. The PERG is most commonly evoked
by alternating black and white elements of a checkerboard or by a stripe pattern.
The PERG is measured through standard electrodes in contact with the cornea, bul-
bar conjunctiva, or via periocular skin electrodes. PERG stimuli may be chromatic
(red/green, blue/yellow) or achromatic (black/white) with the caveat that the pattern
stimulus must be in optimal refraction through the recording electrode. Isolated
amplification systems and low-noise recording environments are necessary because
the PERG is indeed a very small signal (~2 uV) compared with the ERG elicited by
full-field stimulation (>200 puV). Averaging of a large number of stimulus reversals
is commonly needed to achieve an adequate signal-to-noise ratio (SNR). The many
stimulus factors affecting the PERG include the spatial frequency of the pattern,
temporal rate of phase reversal, luminance, contrast, and chromaticity of the pattern,
waveform processing method, type and arrangement of electrodes, background
illumination, retina stimulus position, refractive error, and patient age [29].

The PERG was first described by Riggs and colleagues [30-34] who documented
its spatial and temporal properties. Maffei then showed that sectioning the optic
nerve in cat, monkey, and rat resulted in a gradual decline in the PERG while the
standard full-field ERG was unchanged [35-37]. Subsequent research showed that
the PERG is markedly affected in human glaucoma [29, 38—45] and inner retinal
dysfunction [46-51] as would be expected of a measure of ganglion cell function.

4.4.2 Performance Parameters

Stimuli used for the PERG are similar to those used for the pattern reversal visual
evoked potential (PRVEP). The temporal aspects of stimulation determine to a large
extent the shape of the PERG waveform. Figure 4.5 shows the PERG elicited by a
slow (<6/s) pattern alternation from an example used for illustration in the ISCEV
standard. This is the “transient” PERG. The steady-state PERG is elicited by faster
temporal rates (>8/s). Figure 4.6 shows the results of the classic Maffei and Fiorentini
[52] experiment in which they recorded steady-state PERGs following optic nerve
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Fig. 4.5 Idealized pattern
ERG from ISCEV standard
(From Holder et al. [141])

Fig. 4.6 Results of the classic Maffei and Fiorentini [52] experiment in which they recorded steady-
state PERGs following optic nerve transaction. Note the loss of the steady-state PERG at 4 months
while transient flash ERG and steady-state full-field flash ERGs remained unchanged [52]

transaction. Note the loss of the steady-state PERG at 4 months while transient flash
ERG and steady-state full-field flash ERGs remained unchanged.

The outcome variables from the transient PERG are the amplitude and peak laten-
cies of the waves labeled in Fig. 4.5, namely, the negative voltage waves with average
peak latencies of 35 and 95 ms straddling the prominent P50 positive voltage wave
with an average latency of 50 ms. The N95 component is the waveform feature that
has been linked with retinal ganglion cell function, whereas the P50 is associated
with a distal retinal component. As shown in the idealized transient PERG wave in
Fig. 4.5, the amplitude of the PERG is on the order of just a few pvolts, requiring the
experimenter to ensure very low levels of noise during the recording. The steady-state
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PERG (Fig. 4.6) assumes a quasi-sinusoidal appearance, and typically the amplitude
and phase of the second harmonic of the signal are used for analysis.

When properly used, the PERG provides a highly sensitive biomarker for retinal
ganglion cell function [29, 53-55]. Clinical studies have examined the utility of the
PERG in the diagnosis and assessment of glaucoma and ocular hypertension [45, 53,
56, 57]. These studies have shown that the PERG is markedly reduced in human
glaucoma and that some PERG stimuli (high temporal frequency, multiple check
sizes) may be optimal for identifying patients with incipient glaucomatous damage
[44, 53]. Despite a large body of research showing the value of the technique, routine
clinical application of the PERG in glaucoma management has remained elusive.

4.4.3 Use in Animal Toxicology and Other Ocular Research

As expected, the PERG is markedly altered in animal models of glaucoma and ocular
hypertension. PERG is also reduced in murine models of spontaneous glaucoma
[51, 58, 59]. Porciatti has shown that the PERG declines markedly with age in the
DBA/2J mouse, which develops a pigmentary glaucoma postnatally (Fig. 4.7).
PERGs are also sensitive to experimental glaucoma in monkeys [60—63].

Although the PERG is a technically demanding potential to record, in animals it
can provide similar information to the cortical VEP and may be much easier to obtain
than the VEP. For example, PERGs have been used to measure psychophysical
responses in pigeons [64, 65]; however, of note is the finding that in pigeons, transac-
tion of the optic nerve does not abolish the PERG [48, 66, 67], which suggests that
in the pigeon, retinal ganglion cells are not the generators of the PERG and that other
cell types in the inner retina (e.g., amacrine) may play an important role. Nevertheless,
with the caveat that species differences may be critically important, the PERG may
provide an estimate of spatial acuity in smaller animals more readily than the VEP in
some experimental situations. Work from Frishman and colleagues has delineated
the specific pathways in the C57BL/6 mouse that give rise to the PERG [68].

4.4.4 Use in Human Clinical Research

In addition to studies of glaucoma, there is a substantial body of research using the
PERG to document pathologic changes in the retina in patients with idiopathic
Parkinson’s disease [71-75]. These studies suggest that in addition to higher cortical
functions, there is evidence of retinal function in these patients. Visual symptoms
including a decline in the PERG may be an important indicator of cognitive decline
in patients with Parkinson’s disease [76]. In children with optic nerve hypoplasia
(ONH), the N95 component of the PERG is diminished, but ONH may also involve
more distal layers of the retina [77]. The N95 component of PERG, together with
full-field ERGs and the flash VEP, has been found to be predictive of visual
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Fig. 4.7 (a) PERG and (b) full-field ERG (FERG) recorded from 22 3—4-month-old DBA/2J
mice. Thin lines: individual waves; thick lines: averages. (¢) PERG recorded from six older DBA/2J
mice (12—-14 months old). (d) FERG from same animals as in (¢). Note the selective reduction of
the PERG and preservation of the FERG, reflecting selective loss of ganglions cells (From Porciatti
et al. [65])

outcomes in children with ONH [78]. The PERG has also been used to monitor
macular function following laser treatment in patients with macular degeneration
[79, 80]. These studies have demonstrated that, in addition to the N95 ganglion cell
component, the PERG is also useful marker of macular function.

The PERG has not been used extensively as a biomarker for toxic exposures.
However, in one case report, transient PERG and transient pattern VEP were used
to assess ocular status in Amazon gold miners who chronically inhaled mercury
vapor [81].
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4.4.5 Commercially Available Devices

Available Units:
Diagnosys LLC, Lowell, MA
http://www.diagnosysllc.com/home
LKC Technologies, Inc., Gaithersburg, MD
http://www.lkc.com
Electro-Diagnostic Imaging, Inc., Redwood City, CA
http://www.veris-edi.com
Cadwell Laboratories, Inc., Kennewick, WA
http://www.cadwell.com
Electrical Geodesics, Inc., Eugene, OR
http://www.egi.com

4.4.6 Considerations for Ocular Toxicology Studies

The PERG is a technically demanding recording. Refraction and optical clarity are
essential to obtain meaningful results. For many PERG recordings, a fiber electrode
[82, 83] is useful to avoid optical distortions created from standard contact lens
ERG electrodes. For animals, it is necessary to be able to refract the animals using
streak retinoscopy or other means. In addition, the stimulus must be aligned optically
with the fovea or other retinal landmark using a reversing ophthalmoscope or other
suitable optical technique. Because of the low signal amplitude, there may be ambi-
guity with placement of the cursors used to measure amplitude and peak latency
or implicit time, particularly in animals with experimentally reduced PERGs. New
methods have been introduced for improving the reliability of cursor placement in
high-noise recordings [84].

4.4.7 Limitations and Caveats

The PERG is a small amplitude signal that is typically generated from a pattern
displayed on a computer monitor. Older CRT monitors may create a large electro-
magnetic field that could be synchronized with the stimulus. Thus, it is critical to
measure the PERG in the apparatus used with zero contrasts (no visible pattern) in
order to ensure recordings are free from artifact. Of great importance is the fact that
LED displays have backlit features that may introduce a luminance artifact that
could masquerade as a PERG. As indicated from work with pigeons reviewed
above, there may be large species differences in the relative contribution to the
PERG from retinal ganglion cells versus other cells of the inner retina, making it
necessary to validate the PERG in each species.
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4.5 Visual Evoked Potential (VEP)

4.5.1 Basic Principles

Visual evoked potentials (VEPs) are changes in electric fields generated in the cere-
bral cortex when activated by visual stimulation. See Nunez and Srinivasa [85] and
Regan [86] for reviews. VEPs are typically recorded noninvasively via scalp elec-
trodes positioned over the occipital lobe, although for research purposes, VEPs may
be recorded from electrodes placed directly on the surface of the cortex. In order to
achieve sufficient amplitude to be recorded from scalp electrodes, the visual stimulus
must elicit a time-locked activation of cortical neurons. An action potential traveling
down an axon releases a neurotransmitter into the synapse which binds with a recep-
tor on the membrane of the target cell which alters current flowing into the cell. This
current flow generates an electromagnetic field. If there is sufficient depolarization
of the target cell, an action potential is generated that transmits the signal via the
target cell’s axon to the next cell; however, only volume-conducted magnetic and
electric fields generated by the current flow into the cell bodies are detectable extra-
cellularly from surface electrodes. Action potentials per se are not recordable via
scalp electrodes. Detection of magnetic field dipoles requires highly specialized
low-temperature detectors which have been rarely used outside of research. Electric
fields are measured as the potential difference between the active electrode and a
reference electrode over a nonactive site. Only the synchronous activation of very
large numbers of neurons (compound activity) can result in a summed potential
(an electric field created by changes in intracellular ionic concentrations) that is
large enough to be recorded from the scalp. Note also that the orientation of the
dipole within the cortical tissue must be radial with respect to the recording elec-
trodes in order to be detected; orthogonally oriented dipoles are not detected. It is
for this reason that VEPs are often recorded using several electrode montages.
Unlike single-unit recordings, the VEP represents a mode of response that must be
common throughout the cortex. Another advantage of the VEP as an imaging tech-
nique includes the fact that it is a relatively fast measure, typically resolved within
250 ms, compared with fMRI, which takes orders of magnitude longer to resolve.

4.5.1.1 Averaging

The classic technique for obtaining a VEP uses “averaging” to extract the small field
potential from the much larger background EEG. In the classic averaging method, a
visual stimulus is presented, such as a strobe flash, checkerboard pattern reversal, or
grating onset at a fairly slow rate (2 s7!), and the occipital EEG (electrode placement
at Ol and O2 plus a midline Oz channel is common) is digitized in time-ordered
bins for a given period, typically 300 ms following the stimulus [87]. The voltage in
each time bin is summed across the number of stimulations, typically 64 or greater.
The signal-to-noise ratio (SNR) increases with the square root of the number of
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Fig. 4.8 (a) Ideal flash
visual evoked potentials
(FVEPs) recorded from
human showing the major
waveforms using ISCEV
VEP standard. From

Odom et al. [87]. (b) FVEPs
recorded from six monkeys
under anesthesia. On the
right is the histologist’s rating
of the degree of optic nerve
atrophy. FVEPs are depressed
or abolished in animals with
evidence of atrophy judged
“marked” (From Dubielzig
etal. [103])

stimulations; thus, there is a large gain in SNR with the initial stimulations, and
benefits diminish at very high numbers of stimulations. Poststimulus epochs where
the occipital EEG voltage is consistently above zero will sum to a positive VEP
“wave,” whereas EEG that is negatively correlated with stimulus onset will sum to
a negative voltage wave, and activity that is unrelated to the stimulus will, in the
long run, sum to zero. Figure 4.8a shows an idealized VEP evoked by flash stimula-
tion, and Fig. 4.9a shows a VEP evoked by pattern reversal (PRVEP) stimulation,
both following the ISCEV standard example [87]. It is also possible to record VEPs
from a “steady-state” stimulus (ssVEPs)—a flash or pattern reversal that is presented
at a temporal rate that is sufficiently rapid to drive the cortex in a quasi-sinusoidal
output. The amplitude and phase of the harmonics of the ssVEPs can be extracted
with a Fourier transform or other frequency-domain techniques, avoiding traditional
averaging. In certain applications, ssVEPs are more efficient than time-averaged
VEPs but at the expense of losing detail about the waveform. VEPs are also classified
by the spatial aspects of the stimulus. Common spatial patterns include strobe flash,
checkerboards, dartboards, sinusoidal gratings, and vernier offsets.
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Fig. 4.9 (a) Ideal pattern reversal VEP recorded from human showing the major waveforms using
ISCEV VEP standard. From Odom et al. [101]. (b) Checkerboard pattern used in PRVEP. The
transient PRVEP shown is the average cortical response elicited by the exchange of black and
white checks at a rate of 2 s~

4.5.1.2 Frequency Labeling

The Fourier transform of a steady-state VEP contains energy peaks at the fundamental
and the harmonics of the temporal frequency of the stimulus. In frequency labeling
techniques, the stimulus is modulated in time while another stimulus attribute, for
example, spatial frequency, is swept through a range [86]. A narrow-band digital filter
that passes only the energy at the stimulus frequency is applied to the occipital EEG,
and the resulting amplitude and phase are plotted as a function of the swept stimulus
attribute. This situation is analogous to an amplitude-modulated (AM) radio: the
flickering of the stimulus is the “carrier frequency,” and the amplitude of the demodu-
lated signal from the EEG is similar to the loudness of the radio signal. Frequency
labeling methods are the basis of the “sweep VEP” acuity in which the spatial fre-
quency (inverse of bar width) of a grating is increased while the light and dark bars are
exchanging position at a constant rate. In humans, the intersection of the slope of the
sweep VEP with O uV (or background EEG noise) correlates well with subjective acuity
as determined by an eye chart. Frequency labeling has been applied to VEP measure-
ment of vernier acuity [88], motion [89, 90], and binocular interactions [91, 92].

4.5.1.3 Cross-Correlation Methods

Recently, the multifocal or m-sequence methodology has been applied to VEPs. Sutter
[93-95] introduced a pseudorandom stimulation method based on the m-sequence
that has found widespread clinical application in the form of multifocal ERGs and
multifocal VEPs [16, 96-99]. In a simple cross-correlation, the stimulus sequence
is correlated with a channel of recorded EEG. The offset between the stimulus
sequence and recorded physiology is then shifted one sample at a time, and the
correlation is repeated. If this procedure is repeated for the desired number of post-
stimulus msec, the shape of the evoked potential is recovered. The m-sequence is a
pseudorandom series of stimulus sequences for multiple stimulus inputs with the
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unique property that the correlation between all possible pairs of sequences is exactly
zero. This means that the cross-correlation between one pseudorandom m-sequence
and the recorded physiology is independent from all other inputs. The mfVEP can be
thought of as creating a “spatial dissection” of the VEP waveform across the visual
field. In humans, mfVEPs often show polarity inversion around the calcarine sulcus
corresponding to the upper and lower visual fields. The standard PRVEP averages
across these individual waves, probably contributing to interindividual variability.

A multifocal VEP typically uses 60 small checkerboard patterns that alternate black
and white according to an m-sequence (Fig. 4.10). The m-sequence allows extraction
of VEPs from each of 60 locations across the visual field; however, the technique is not
limited to the standard checkerboard pattern. In addition, the multifocal VEP requires
recording from at least two orthogonal occipital EEG channels [11, 100].

4.5.1.4 Visual Physiology

A vast body of research in visual physiology has shown that separate, often “parallel”
central visual pathways are activated by distinct classes of stimulus features.
See Regan (1989) for a review [86]. Cortical areas that are activated by a uniform
flash of light differ substantially from those activated by the onset of a pure spatial
frequency luminance grating, an isoluminant color patch, edges, or coherent motion.
In addition, application of these methods to animal testing must take into consider-
ation the differences between species in spatial resolution, contrast, and color sensi-
tivity. Thus, it is of utmost importance to select the appropriate VEP stimulus
paradigm based on what is known about the functional anatomy of the visual system
and how that system may be affected by a given experimental manipulation.

VEPs are affected by any degradation of the visual signal between eye and
cortex. Image clarity, retinal dysfunction, and lesions within the central visual path-
ways all may affect the VEP. For this reason, in order to interpret the VEP as an
indicator of optic nerve or cortical function, a retinal basis for the dysfunction must
be ruled out. For animal work, this typically involves combining the VEP with ERG
and/or retinal imaging.

The International Society for Clinical Electrophysiology of Vision has established
a standard for a subset of VEP stimulus and recording conditions that represent basic
clinical assessment and which can be obtained by most clinical electrophysiology
laboratories [87, 101]. The three most common VEP stimulus conditions are:

1. Flash VEP elicited by a brief luminance increment (flash) which subtends a
visual field of at least 20°

2. Pattern reversal VEPs (PRVEP) elicited by checkerboard stimuli with large 1°
(60 min) and small 0.25° (15 min) checks

3. Pattern onset/offset VEPs elicited by checkerboard stimuli with large 1° (60 min)
and small 0.25° (15 min) checks

These ISCEV VEP standards are meant to apply only to human recordings.
Spatial acuity varies greatly across species; thus, the size of the stimulus elements
needs to be adjusted accordingly. An ISCEV standard has not yet been published for
multifocal VEP.
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Fig. 4.10 Multifocal VEP stimulus and electrode montage. From Zhang et al. [100]. (a) 60 4 x4
dartboard pattern. Each pattern reverses according to the pseudorandom m-sequence. Insert shows
dimensions of the innermost portions of the mfVEP stimulus. (b) Recording montage shown in a
vertically oriented midline channel and a horizontally oriented lateral channel. (¢,d) mVEP outputs
from midline and lateral channels. Note that areas that appear reduced (e.g., row of VEPs in mid-
line channel just below horizontal midline) are large in the lateral channel and vice versa, a likely
indication that the dipole generating the electric field changes orientation relative to the two record-
ing channels at these locations

4.5.2 Performance Parameters

The most common outcome measures from the standard “transient” PRVEP recorded
to flash or pattern stimulation are the amplitudes and peak latencies of the prominent
negative and positive voltage waves [87]. In human clinical studies, the PRVEP
“P100” wave, a positive voltage wave with a peak latency of 100 ms that is elicited
by areversing checkerboard pattern, is the most common outcome measure. The P100
has a more uniform appearance across subjects (i.e., lower intersubject variability)
compared with the flash VEP, which may have multiple wavelets. The flash VEP
typically has a large negative/positive wave with the positive or “P2” wave showing
latencies between 90 and 115 ms, depending on the laboratory so that identification
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of these major waves is usually unambiguous. The advantage of the flash VEP is
that it does not require accurate fixation or refraction, which is the case with the
pattern VEP. Flash VEPs are technically much less difficult to record than PRVEP.
Refraction and alignment of the stimulus are not required, although the FVEP may
be less sensitive than the PRVEP in some human diseases. We have found the FVEP
is depressed in monkeys with idiopathic bilateral optic atrophy (Fig. 4.8b), and this
is an important ophthalmologic finding when screening animals for participation in
ocular studies [102, 103]. In animals with a retina that contains a high-resolution
macula, PRVEPs are generated primarily by the central ~9° [86]. Thus, the standard
PRVERP is sensitive to macular and optic nerve insults but far less sensitive to damage
to the visual structures supporting peripheral vision.

Steady-state VEP outcome measures typically are amplitude and phase in the
VEP at the stimulation frequency (including harmonics) derived by spectral analy-
sis. The output from a frequency-labeled VEP is the stimulus parameter that elicits
a criterion response (e.g., the minimum stripe width, contrast, or vernier offset).
Multifocal VEPs are less widely used than flash or PRVEP but are gaining use clini-
cally when visual field defects are suspected or confirm field delays in diagnosis of
optic neuropathies.

4.5.3 Use in Animal Toxicology and Other Ocular Research

Research with humans has shown that PRVEPs are sensitive to the spatial frequency
of the checkerboard grating pattern and therefore can be used to estimate acuity. We
have used PRVEP to estimate acuity in dogs [104] and albino and pigmented rats
(Fig. 4.11) [105]. Like the pattern electroretinogram (PERG), the PRVEP requires
precise refraction for the distance of the stimulator to the animal’s eye.

The sweep VEP “frequency labeling” technique can markedly decrease the time
needed to establish the relationship between VEP amplitude and spatial frequency or
bar width with good reliability. We found, in a group of difficult-to-test children with
albinism and nystagmus, that sweep VEP acuity in infancy was predictive of visual
acuity later in childhood when the child was capable of reading the eye chart. We have
applied this method to acuity testing in the anesthetized rhesus macaque and have
found sweep VEP acuity to be highly sensitive to refractive error (Fig. 4.12) [106].

The multifocal VEP technique has been applied only recently in nonclinical
studies. We have conducted mfVEPs in anesthetized nonhuman primates using
luminance stimulation from seven large central hexagons to assess field-specific
VEPs (Fig. 4.13) [107] and found it sensitive for detecting glaucoma. Recently, we
reported that the mfVEP in the anesthetized monkey is sensitive to experimental
glaucoma and may reflect neuroprotective properties of memantine [108]. Recording
VEPs from mice has many obvious advantages in studies of neuroprotection; how-
ever, relatively few studies using the VEP technique in mice have been reported.
Peachey [109] showed that it is feasible to perform serial recordings with the flash VEP
from wild-type mice and the FVEP is delayed in Akt-DD mice that have enhanced
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Fig. 4.11 PRVEDP refraction in the rat. (a) PRVEP waveforms recorded from anesthetized, dilated,
and cyclopleged pigmented rat showing higher amplitude PRVEP was elicited when a +12.00
diopter trial lens was placed in front of the eye. (b) Estimated VEP refraction as a function of
retinoscopy in pigmented (dark circles) and albino (open circles) rats (From Mutti et al. [105])

optic nerve myelination or abnormalities in the density of the nodes of Ranvier
(Fig. 4.14). Flash VEPs in mice have been used to assess ganglion cell death in natu-
rally occurring murine models of glaucoma (Fig. 4.15) [110], optic atrophy [111],
and (recording from the surface of the cortex) in the osteopetrotic knockout [112].

VEP has been used to correlate dose-effect relationships in rats between exposures
to industrial chemicals such as perchloroethylene [113], and together with other
imaging techniques, VEP has been used to assess the ocular safety of drugs. In rabbits,
for example, it has been used to study the possible toxicity of intravitreal injections
of bevacizumab [114] and ketorolac tromethamine [115].

4.5.4 Human Clinical Applications

VEPs have been used for many years in neurology and neuro-ophthalmology in
diagnosing demyelinating diseases of the optic nerve and visual system (Fig. 4.16).
Optic neuritis typically manifests as a unilateral inflammation of the optic nerve that
often precedes a diagnosis of multiple sclerosis. Whereas latency to the positive
peak in the VEP elicited by a checkerboard is normally 100 ms with an upper limit
of 115 ms, depending on the age of the patient and the specific equipment and tech-
nique used in a given laboratory, a patient with optic neuritis may have peak latencies
of the “P100” delayed as long as 130-150 ms.

VEPs are altered by occupational exposure to a variety of industrial chemi-
cals, for example, acrylamide and N-methylolacrylamide [116, 117] and dietary
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Fig. 4.12 “Sweep VEP” acuity estimation in an anesthetized monkey. (a) The amplitude and
phase of the VEP (and simultaneously recorded PERG) in response to a steady-state (15 Hz) grat-
ing are plotted as a function of the spatial frequency of the grating. Regression lines through the
descending portion of the sweep VEP interpolate to acuity of 25.6 c/deg. (b) A —1.00 diopter lens
reduces acuity to 17.9 cycles/deg. (¢) A plot of sweep VEP acuity versus lens power demonstrated
the sensitivity of the VEP to blur (From Ver Hoeve et al. [106])

methylmercury and polychlorinated biphenyls in children [117]. Clinically, VEPs
have been used to detect adverse drug-related ocular effects, such as hydroxychlo-
roquine toxicity in patients undergoing treatment for rheumatoid arthritis and sys-
temic lupus erythematosus [118], although the multifocal ERG is a more direct and
widely used adjunctive test for the ring scotomas that typify this toxicity [119, 120].
Ethambutol is a first-line treatment for tuberculosis with a potential side effect of the
development of significant optic atrophy. PRVEP P100 latencies have been shown
to detect subclinical toxicity in a group of 52 patients [121]. Flash VEP has been
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Fig. 4.13 Luminance
multifocal VEP elicited

by seven large hexagons
recorded simultaneously
with the multifocal ERG to
this stimulus in a monkey
with a unilateral experimental
optic nerve transaction.

The VEP from transected
right eye is completely
extinguished while the ERG
remains robust and slightly
enhanced relative to the
normal fellow eye (OS)
(From Maertz et al. [107])

Fig. 4.14 Flash VEPs
recorded from wild-type
(WT) and Akt-DD mice

with a phenotype of
overmyelinated optic

nerves (From Yu et al. [109])
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included in evaluation for predicting clinical visual loss following traumatic optic
neuropathy [122]. Other examples of clinical applications of VEP include studying
the effects of diet on the development of visual acuity in premature infants [123] and
the effect of drug treatment on visual changes in patients with Parkinson’s disease

[124, 125].
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Fig. 4.15 VEPS recorded under scotopic and photopic conditions in a normal strain (C57BL/6J)
and a mouse with congenital anterior pigmentary angle closure glaucoma (DBA/2J). Note marked
reduction in VEP amplitude in mice with congenital glaucoma, exceeding ERG decreases (not
shown) (From Heiduschka et al. [110])

Glaucoma is a neurodegenerative disorder of the optic nerve and brain with
insidious onset and loss of peripheral vision. Because of the dependence of the
traditional checkerboard VEP on the papillomacular nerve bundle, it has not been
considered an appropriate test, although there are some indications that the FVEP
[126] and pattern VEP, particularly with a blue-yellow pattern, [127] may be sensi-
tive to early glaucomatous damage. Combining PRVEP with PERG has been shown
to improve sensitivity and specificity for discrimination of open-angle glaucoma
from ocular hypertension [128]. With sufficient post-processing and extensive
control data, multifocal visual evoked potentials (mfVEP) have been shown to be
sensitive for detection of glaucoma and for measuring the progression of glaucoma-
tous field defects [9, 129-132]. Interocular and dichoptic multifocal visual evoked
potentials (mfVEP) may improve delectability of visual field loss and other defects
caused by glaucoma [133, 134]. Other recent applications have shown the mfVEP
to be sensitive to recovery following optic neuritis [135—137]. It has also been used
to demonstrate clinical improvements in visual acuity and macular edema secondary
to vein occlusion following intravitreal injection of bevacizumab [138]. Changes in
VEP were correlated with industrial lead exposure [139] and n-hexane [140].
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Fig. 4.16 (a) PRVEP recorded from a normal subject at high and low contrast. (b) PRVEPs from
a patient with multiple sclerosis. (¢) PRVEP latency increases as check size decreases for low and
high contrast check patterns (From Thurtell et al. [142])

4.5.5 Commercially Available Devices

Available Units:
Diagnosys LLC, Lowell, MA
http://www.diagnosysllc.com/home
LKC Technologies, Inc., Gaithersburg, MD
http://www.lkc.com
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150 J.N. Ver Hoeve et al.

Electro-Diagnostic Imaging, Inc., Redwood City, CA
http://www.veris-edi.com

Cadwell Laboratories, Inc., Kennewick, WA
http://www.cadwell.com

Electrical Geodesics, Inc., Eugene, OR
http://www.egi.com

4.5.6 Considerations for Ocular Toxicology Studies

The VEP is particularly useful when it is important to know whether visual signals
are reaching and being processed by the cortical areas. At many stages of drug
development, it may be sufficient to use only ERG to evaluate toxicity; however,
because the ERG is not sensitive to loss of retinal ganglion cell function and VEPs
depend on an intact retinal ganglion cell layer, VEPs can be a valuable adjunct to an
ocular safety evaluation program. It is also important to consider the fact that pattern
VEP is generated primarily from the macular regions (in species with a macula).
Thus, for the primate, the cat, and, to a lesser extent, the dog, the VEP may be used
to assess central retinal function. For example, in macular degeneration, the full-field
ERG is often normal due to the relatively small portion of the entire retina that is
affected, whereas the PRVEP is greatly depressed. Additional applications include
the necessity to assess central neural function in ocular and CNS drug development
studies. Frequently, compounds are developed with sites of action that could poten-
tially affect brain function independently of retinal function. In these instances, the
VEP may be a useful add-on to ERG studies while the animal is anesthetized.

4.5.7 Limitations and Caveats

In general, recording VEPs requires monitoring attention and fixation in humans
and monitoring level of anesthesia and alignment of the stimulus with the retina in
animals. Flash VEP stimulation is far less dependent on fixation and optic clarity
than pattern VEPs; however, the flash VEP is less sensitive to manipulations that
might affect, for example, acuity. There are several major types of pattern VEPs,
with specific caveats and limitations. The principal caveat is that the subject must be
accurately refracted for testing distance. Inaccurate refraction can result in marked
decreases in VEP. Alignment of the pattern stimulus with the retina is also essential.
Eye position should be continuously monitored during PRVEP testing. Drift in eye
position during testing can seriously degrade the VEP. The situation is even more
critical in the multifocal pattern VEP where alignment of the center of the dartboard
pattern with the fovea throughout testing is critical.

Interpretation of the VEP is largely dependent on the stimulus paradigm that was
used for testing: flash VEP testing shows that luminance (light/dark) signals are
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reaching the cortex, PRVEP shows that local changes in contrast and contour
are responded to by cortex, and the mfVEP shows that cortical responses are full
throughout the central visual field.
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Chapter 5
Toxicologic Pathology of the Eye: Histologic
Preparation and Alterations of the Anterior
Segment

Kenneth A. Schafer and James A. Render

Abstract Theidentification of microscopic toxicologic changes in eyesis influenced
by many factors. Important factors include in vivo procedures, such as route of
administration to the eye, and procedures involved in preparation of the microscopic
ocular sections. A wide variety of toxins may affect all parts of the eye and ocular
adnexa and must be differentiated from iatrogenic and spontaneous changes. Both
toxic and spontaneous changes may occur in certain species of animals, certain
strains of animals, or at certain ages; therefore, a good understanding of potential
changes, as well as knowledge of the normal ocular anatomy, physiology, and function,
is essential. This chapter focuses on the histologic preparation of ocular tissues and
findings involving the anterior segment, uvea, and ocular adnexa and is followed by
a chapter focusing on the lens and posterior segment of the eye.

5.1 Introduction

The detection and identification of microscopic toxicologic changes is influenced
by many factors. For example, one needs to have an understanding of comparative
ocular anatomy in order to differentiate variations in normal anatomical structures
of different species from treatment-related changes in these structures. Smith
et al. [1] and Prince [2] provide a review of the ocular anatomy of the mouse and
rabbit, respectively, and others provide broader discussions of comparative ocular
anatomy [3-5].
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The detection of microscopic findings requires an awareness of clinical ocular
findings observed via direct ophthalmoscopy, indirect ophthalmoscopy, and often
slit lamp biomicroscopy [6—8]. These methods, along with additional techniques
used in ophthalmology, can detect the exact location of findings and thus challenge
the pathologist to provide a microscopic correlate. Detection of microscopic changes
requires preparation of good quality histologic sections that have proper orientation
and minimal tissue artifacts. Ocular findings need to be accurately classified as
spontaneous, iatrogenic, or treatment-related and labeled with the proper diagnostic
term.

Toxicologic pathologic evaluation begins with a review of the protocol. In addition
to typical features of a study protocol, procedures used in the collection, fixation,
trimming, processing, embedding, and ocular section preparation should be reviewed
[9]. With oral administration, the globe will most likely be evaluated in a standard
manner. However, direct dosing to the eye may result in ocular changes in specific
locations that will require customized sampling of ocular tissue. Examples include
localized superficial findings in the cornea following topical administration of a
drug and findings in the vitreous or retina following intravitreal injections. Pathology
laboratory personnel should be familiar with all ocular procedures used in studies
and if not, should conduct a methods development study prior to the toxicity study
to ensure that good quality sections will be prepared.

Development of the eye and ocular teratogenesis have been discussed in the literature
including several comprehensive reviews [10—16]. Although ocular development is
similar for humans and animals, the timing of events varies among humans and
animals [12, 17]. Ocular findings occurring in neonatal or young animals are often
characterized as developmental and are often identified during prestudy examina-
tions. When using mice, especially genetically engineered mice, it is advantageous
to know the anticipated effects on the eye of the induced genetic mutation [1].

5.2 Preparation for Microscopic Ocular Examination

Toxicologic ophthalmic pathology involves the detection and accurate characterization
of macroscopic and microscopic toxicologic ocular findings. Macroscopic findings
are often detected by use of the clinical ophthalmic examination; therefore, clinical
ocular findings should be available at the time of necropsy, trimming, and microscopic
examination. Microscopic correlates to ophthalmic findings should be determined,
when possible.

The detection of ocular findings is not possible unless the histologic ocular sections
are of good quality with the proper orientation and minimal tissue artifacts [9, 18, 19].
Obtaining ocular sections of good quality requires good communication between
the pathologist and those involved in the clinical examination, postmortem proce-
dures, and preparation of sections. Pathology laboratory personnel handling ocular
tissue need to be familiar with all procedures (i.e., enucleation, fixation, trimming,
processing, embedding, sectioning, and staining) required for good section quality.
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In general, if fewer individuals are involved in the process (enucleation through
section preparation), there are fewer artifacts.

Enucleation begins with a review of the ophthalmic findings which may be in the
form of descriptions, diagrams, or images [20]. All globes should be enucleated as
soon as possible after death (i.e., the beginning of the postmortem examination) to
minimize postmortem autolysis, especially of the retina [18, 21]. Globes and the
optic nerve should always be handled as gently as possible with minimal tension to
avoid artifacts, such as retinal detachment, myelin in the subretinal space, and artifacts
(i.e., spherical to irregularly shaped hyaline bodies) in the optic nerve [22-24].
At least 0.5 cm of the retrobulbar optic nerve should remain attached to the globe so
that a cross section of the optic nerve can be prepared. For most studies, the extraocular
muscles, orbital glands, and other orbital tissues should be carefully removed from
around the globe prior to fixation for the following reasons: (1) allows for a gross
examination of the globe, (2) exposes natural landmarks used for trimming (e.g.,
long posterior ciliary artery), and (3) facilitates fixation of intraocular structures
(e.g., retina). For rodents, removal of the harderian gland will allow visualization
and collection of the retrobulbar optic nerve for cross sectioning. If needed, extraocular
tissues may be fixed separately and processed. If globes are being collected for an
ocular irritation study, then bulbar conjunctiva should be retained with the globe.
For sub-Tenon’s depot injections, extraocular tissue may need to be left intact to
evaluate the injection site.

Prior to fixation, globes (especially those of albino rodents) may need to be
marked with tattoo ink, an indelible dye, or a suture as a landmark for trimming.
By convention, the mark is usually placed at the 12 o’clock position [1]. In addition,
both globes should be identified as right (oculus dexter [OD]) or left (oculus sinister
[OS]) at the time of enucleation, and the identification should be maintained
throughout the process of section preparation.

The purpose of fixation is to preserve ocular tissues with minimal artifacts. There
are many different fixatives used for fixation of the eye, but none are ideal. All
fixatives have advantages and disadvantages which are important to understand
in order to choose the most appropriate one for a given situation. Since there is vari-
ability in results among histotechnology laboratories using the same fixative, a pilot
study is necessary to develop the method for each fixative in each laboratory to
ensure that good quality ocular sections are obtained. The appearance of the ocular
tissue is partially determined by the ingredients in the fixative used [25-27].
Depending on the fixative, immersion fixation (i.e., fixatives containing glacial acetic
acid) should be sufficient for obtaining good sections of globes. In addition to
immersion, optimal fixation with glutaraldehyde-based fixatives requires an intraocular
injection of the fixative or the creation of a small window through which the fixative
can diffuse. Systemic perfusion of the head is not necessary unless ocular tissues
are going to be processed for plastic embedding and examination of sections at
a thickness of 1 um or examined by transmission electron microscopy. Systemic
perfusion may cause inconsistent results or artifacts, especially if the perfusion
pressure is too high (e.g., spaces beneath the retinal pigment epithelium) or if the
fixative is too cold.
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Fixatives containing glutaraldehyde (1-6%, buffered with monobasic and dibasic
sodium phosphate) have proven to be an acceptable fixative for rodent globes (24-h
immersion) and nonrodent globes (injection or window techniques followed
by 48-h immersion). After initial fixation, globes are then stored in 10% neutral
buffered formalin (NBF) [28, 29]. Glutaraldehyde is often combined with 10% NBF
for light microscopy and is combined with paraformaldehyde for transmission
electron microscopy [30, 31]. Generally, advantages of glutaraldehyde fixation
of globes include (1) no vacuolation of the corneal epithelium and endothelium,
(2) visible outlines of lenticular fibers, and (3) visible outlines of photoreceptor
outer segments [28]. Possible artifacts of glutaraldehyde fixation include (1) a few
spaces in the corneal stroma, (2) lenticular cracks, (3) distorted shape of cornea and
lens of rodents due to altered tissue osmolarity, (4) cellular vacuolation in the inner
nuclear layer, and (5) vacuolation in the inner and outer segments [28].

Other fixatives that are commonly used (i.e., Davidson’s, modified Davidson’s,
Bouin’s, and Zenker’s solutions) contain glacial acetic acid and appear to penetrate
relatively quickly for good fixation, especially the retina [1, 25, 32]. Glacial acetic
acid provides good preservation of nuclei and helps prevent hardening of tissues
(especially the lens) but causes cells to swell which may resultin artifacts. Davidson’s
or a modified Davidson’s solution contains a combination of buffered formalin,
ethanol, glacial acetic acid, and distilled water. These fixatives are frequently used
for fixation of rodent globes [33, 34]. Fixation times vary depending on the size of
the globe and include 624 h for rodent globes and 2448 h for rabbit, monkey, or dog.
Prolonged exposure to glacial acetic acid should be avoided because of artifacts.
After initial fixation, the globes should be rinsed and placed in 10% NBF for at
least 24 h before trimming. The main advantage of these fixatives is the general
good fixation of rodent globes and retinas of all species. In addition, tissues fixed in
Davidson’s fixative may also be used for immunohistochemistry. The main disad-
vantages of Davidson’s solution include an opaque gross appearance of the globe
and the occurrence of artifacts after prolonged fixation which include (1) corneal
epithelial vacuolation, (2) clefts in the corneal stroma, (3) corneal endothelial cell
vacuolation, (4) shattering of the lens, (5) liquefaction and globule formation in the
lens of monkeys resembling cataract, (6) lens swelling which may result in rupture
of the lens capsule in rodents, and (7) indistinct appearance of rods and cones.
Tissues fixed with Davidson’s are not suitable for electron microscopy.

Bouin’s solution and Zenker’s solution are fixatives that have been widely used
in the past for fixation of the retina but have been largely replaced by other fixatives
because of disposal issues [25-27]. Bouin’s solution contains picric acid and is also
potentially explosive in the dried state. Zenker’s solution, as well as some other
fixatives, contains mercuric chloride [22, 25, 26, 28, 35].

Regardless of the type of fixative used, the ratio of the volume of the globe to the
fixative should be at least one part globe to at least ten parts fixative. Gauze may be
placed on top of the globe to ensure it stays submerged, and wide-mouth containers
should be used. The container should be at least a couple of centimeters wider than
the globe to allow for complete exposure of the globe to the fixative.

As mentioned, immersion fixation of nonrodent globes with glutaraldehyde
needs to be enhanced by increasing the exposure of internal ocular structures,
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especially the retina. This may be accomplished by injecting fixative into the vitreous
chamber or creating a small window in the globe after some initial fixation.
Intravitreal injection of a fixative is accomplished by the insertion of a small (25-27 ga)
needle into the vitreous chamber through the sclera at a point just posterior to equator
(thickest part of globe and parallel to the limbus). The needle should be directed
posteriorly to avoid contacting the lens, and the injection should not be in the desired
plane of section for microscopic examination. For most species, the needle should
be inserted (with syringe attached) along the nasal or temporal aspect of the plane
of the long posterior ciliary artery. For nonhuman primates, the point of insertion of
the needle is 90° superior or inferior to the long posterior ciliary artery. The fixative
should be slowly injected into the vitreous body until the globe feels turgid (volumes
of 0.15-0.3 ml are common). If done correctly, compression artifacts are usually
not observed. After injecting the fixative, the globe should be submerged in the
same fixative.

A globe should not be incised prior to fixation because it causes the globe to be
distorted, but a small (~5 mm) window may be created in a globe that has undergone
immersion fixation for 5-30 min without distortion. As with the injection technique,
the window should not be located in the desired plane of section. To make a window,
the globe should be positioned with the cornea down, and the position of the long
posterior ciliary artery should be noted. A cut with a sharp tissue slicer blade through
the sclera is made to create a small (~5 mm diameter) window along a peripheral
parasagittal plane. This window will usually be at the nasal or temporal position for
nonprimates and a superior or inferior position for primates.

After initial fixation, the globe may be transferred into 10% NBF to ensure that
it will be firm for trimming. At the time of trimming, the globe may be examined for
any abnormalities or for the location of medical devices [36]. Findings observed
should be recorded along with any other comments pertaining to the preparation of
the ocular tissue. The grossing process may be enhanced by transillumination.

Trimming begins by being aware of clinical ocular findings. Generally, standard
sections of the globe will be adequate for evaluation, but trimming may need to be
modified depending on ophthalmic findings or ocular conditions (e.g., injection site
or globe with an implanted medical device). The proper standard plane of section
should be one that is uniform for all globes of a certain species, unless otherwise
specified [18]. For nonprimates, the uniform section should be a vertical midsagittal
plane that is through the pupil and includes the optic disc [20]. This will result in a
superior portion and an inferior portion. For canine globes, the tapetum lucidum
will be in the superior portion, and for globes of rabbits, the inferior aspect of
the globe is larger (optic nerve to limbus) than the superior aspect. For primates, the
standard ocular section for systemic studies should include the macula. This area
contains a central depression, the fovea, but it is generally not necessary for this
structure to be present in the histologic section. By trimming along this plane of
section, the temporal aspect (optic nerve to limbus) of the primate globe is longer
than the nasal aspect. Primate globes may be trimmed vertically in intravitreal
studies, but it would be necessary to obtain multiple sections in order to evaluate
the macula and the optic disc. For all species, a cross section of retrobulbar optic
nerve should be obtained for examination.
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Generally, globes are trimmed in a posterior-anterior direction to ensure that the
optic nerve will be in the section. When trimming, the globe should be placed on
a block of paraffin or other trimming board. The long posterior ciliary artery extending
from the optic nerve along a horizontal plane toward the temporal limbus and
medial limbus should be located. The blade (i.e., long tissue slicer blade or other
very sharp blade, such as a disposable microtome blade) is positioned perpendicular
to the posterior ciliary artery for vertical planes of section and parallel for horizontal
planes of section. The end of the blade initiates the cut which is smooth, downward,
and forward cutting into the globe. A sawing motion should be avoided to avoid
artifacts (e.g., lens luxation and retinal detachment). The blade will meet some
resistance at the lens, so put hands on each side of the blade and push down through
the lens and cornea. The vitreous body should stay as a gel and helps to keep the lens
and retina in place. Some histotechnologists advocate the removal of the vitreous to
avoid retinal detachment, especially for primate eyes, but this is not necessary and
will make the vitreous unavailable for examination. The trimmed globe should be
put into a megacassette because standard cassettes are too thin except for rodent
globes. Trimming globes thinly in order to fit into a standard cassette results in retinal
detachment and other artifacts. A window should be created in the upper domed portion
of the globe in the cassette to prevent the formation of bubbles during embedding.
The window should not be any larger than necessary to avoid hitting the lens, if
possible, but large enough so the trimmed globe will not project above the edges of
the megacassette. For trimming a globe that has a window created at the time
of fixation, the window can be covered with a finger to “seal” it. Since a window
already exists in the globe, additional trimming may not be needed.

An alternative method for trimming globes of animals is one that is similar to a
method used for human globes [21, 37]. This method avoids hitting the lens but
requires a lot more facing of the paraffin block and is generally not used for safety
studies.

Globes of rodents need minor or no trimming. For globes of rats, a parasagittal cut
is made through the globe removing a small (1-2 mm thick) calotte. This will leave
the optic nerve, lens, and most of the cornea in the larger section. The globes of mice
are small enough that they do not need to be trimmed and can be embedded whole.

The globes of albino rodents are small and diffusely white which may make
it difficult to get uniform sections, especially when fixed in certain fixatives
(i.e., Davidson’s fixative). Applying a dot of pasty tattoo ink or tissue dye to the
superior aspect of the globe at the time of enucleation may be helpful. This mark
should be along a superior-inferior midline plane. With a uniform plane of section,
measurements of certain ocular structures, such as the outer nuclear layer of the
sensory retina (i.e., nuclei of the rods and cones) may be obtained, thus creating a
“spider graph” [38].

Generally, globes of animals in toxicity studies are processed along with nonocu-
lar tissues, but separate processors with separate processing procedures may be used
[18, 21, 32, 37, 39]. To aid in sectioning the lens, cedarwood oil may be used in the
processor prior to xylene, and low-melting-point paraffins with plastic polymers
may be used for processing and embedding.
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Embedding is an important phase in the process that can contribute to artifacts
[18]. The window created at fixation or trimming is useful in removing air bubbles
and for making sure that the lens is in complete contact with the bottom of the
embedding mold. Not having a complete section of lens may be a problem especially
for larger globes with relatively large lenses (e.g., dog).

Sectioning of the blocks may be troublesome for the histotechnologist [18, 32, 37].
Techniques may vary depending upon the species of animal, but the main problems
consist of not getting good sections of the lens [39]. Removing the lens and embedding
it separately should be avoided. Chilling the paraffin blocks gradually from room
temperature to freezer temperature helps to avoid cracking and crumbling, espe-
cially of the lens. Softening of the lens by turning the block face down on gauze
located on ice and applying 10% ammonium hydroxide, glycerin, or soap to the
block may help improve section quality [39—41]. Another troublesome issue is get-
ting sections of optic disc or optic nerve of albino rodents. For these animals, a dye
or tattoo ink may be applied to the optic nerve at the time of enucleation, and can-
dling the block to observe the location of the optic nerve may be another option.

After the sections are obtained from the block, ribbons are placed on a water
bath. The water bath should be cleaned of tissue debris between ribbons to avoid
extraneous tissue from getting into ocular sections. Generally, low-temperature
paraffin is used, so the temperature of the water bath does not need to be excessively
hot. Heat causes the globe to expand, but overexpansion causes the tissue not to
adhere to the glass slides (e.g., glaucomatous globes) and causes artifacts (e.g.,
spaces within ocular tissues). The temperature of the water bath is generally 2°
above the melting point of the paraffin. To help in the adherence of the ocular tissue
to the glass slide, poly-L-lysine, extra gelatin, or other material may be placed in the
water bath [37]. Some histotechnologists use two water baths. One is at room
temperature for initial contact of the ribbon with the water to remove wrinkles and
the second at a higher temperature to allow for expansion. After the sections are
adhered to the glass slides, they are slowly dried in a horizontal position in a warm
(60°) oven overnight. Generally, for most toxicity studies, the ocular sections are
stained with hematoxylin and eosin, but specific ocular structures may be enhanced
with special stains or immunohistochemistry [18, 20]. For example, periodic acid-Schiff
stain is used to stain basement membranes (e.g., Descemet’s membrane, lenticular
capsule, basal lamina of ciliary epithelium) and the mucin in conjunctival goblet cells.

5.3 Descriptive Terminology

Good quality ocular sections should help in the identification of ocular changes.
Terms used to describe gross and microscopic ocular changes should be specific as
to the location within the eye and specific as to the type of ocular change. By know-
ing the plane of section, terms, such as anterior, posterior, superior, inferior, tempo-
ral, nasal, inner, outer, central, and peripheral, may be used along with the specific
structure of the eye that has a finding. The type of ocular finding should also be as
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specific as possible. For example, a gross loss of transparency of the lens should be
referred to as a lenticular opacity, since the finding may be reversible (i.e., cold cata-
ract) or irreversible (i.e., cataract) [42—44]. Microscopically, features, such as lique-
faction and globule formation in the lenticular cortex, are considered to represent
lenticular cortical degeneration, and the combination of clinical and microscopic
findings indicates that the lenticular change is a permanent change (i.e., cataract). In
addition, since the retina is composed of many different types of cells, the use of
retinal degeneration may be too vague. For one study, retinal degeneration might
represent loss of ganglion cells, and in another study, retinal degeneration might
represent changes associated with photoreceptors. Use of precise diagnostic terms
for ocular findings helps to eliminate confusion.

5.4 Extraocular Tissues (Ocular Adnexa)

The extraocular tissues include the eyelids and the contents of the orbit. The orbit
is a bony fossa that contains the globe, optic nerve, extraocular muscles, orbital
fascia, adipose tissue, various types of glands, and the third eyelid, in some species
[2-4,7, 32, 45].

5.4.1 Eyelids

Each eyelid is composed of an outer cutaneous surface and an inner surface lined by
palpebral conjunctiva. Mucin from goblet cells in the conjunctiva forms the inner
layer of the tear film. At the palpebral margin are the sebaceous meibomian glands.
Secretions of the meibomian glands form the outer layer of the tear film.

Eyelid alterations may be spontaneous or due to toxicity. Spontaneous alterations
may be congenital, inflammatory, hyperplastic, or neoplastic. For example, entropion
(i.e., inward folding of the eyelids) can occur as congenital defects in rabbits and
as a sequel to inflammation in any animal. Entropion can damage the conjunctiva
and cornea with affected rabbits exhibiting blepharospasm, conjunctivitis, epi-
phora, and corneal ulceration. Another example of a spontaneous finding is the
incomplete formation of the palpebral fissure described in 4-5-week-old Swiss
mice Crl:CD1(ICR)BR [46].

Inflammation of the eyelid may involve several structures (e.g., blepharitis in
Gottingen minipig) or just specific structures, such as the meibomian gland (i.e.,
meibomian adenitis) [47]. Inflammation of the meibomian glands includes the
presence of lymphocytes, neutrophils, and macrophages and may result in glandular
dysfunction (i.e., decreased secretion). Meibomian gland dysfunction can lead to
a decreased tear film and keratoconjunctivitis sicca (KCS) (i.e., dry eye) [48]. Similar
effects may be expected in humans. Inflammation of the eyelids also includes spon-
taneous, nonspecific dermal mononuclear cell infiltrates (Fig. 5.1).
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Fig. 5.1 The upper eyelid from a control rabbit has diffuse infiltrates of lymphocytes and plasma
cells in the dermis as a spontaneous change. H&E. 5x objective

Neoplasms may arise from any of the structures in the eyelid, including the
skin. Neoplasms reported in rats include squamous papilloma, squamous cell carci-
noma, schwannoma, melanoma, granular cell tumor, basal cell tumor, sebaceous
adenoma, malignant fibrous histiocytoma, and sarcoma [49].

Several drugs and chemicals can cause alterations involving the eyelids [50].
Edema of the eyelid can occur from systemic administration of iminodipropionitrile
to monkeys.

Polychlorinated biphenyl (PCB) poisoning produces a chloracne condition in
humans and affects sebaceous glands including the meibomian gland [51]. In mon-
keys, PCBs and similar compounds cause swelling of eyelids with meibomian gland
hypersecretion and abnormal pigmentation of the conjunctiva. Microscopically, mei-
bomian glands often contain keratin cysts with atrophy of the glands, increased
numbers of layers of epithelial cells in the ducts, dilated ducts, and increased mitotic
figures in basal cells [52-56].

Chronic application of topical epinephrine [57] to rabbit eyes results in a syndrome
that has been called meibomian gland dysfunction. Features include plugging of
the orifice of glands, microcysts, and opacification and enlargement of the gland.
Ducts have increased stratification and keratinization, while the lumen is dilated
with retention of desquamated epithelium.

Retinoids have been recognized to have effects on the meibomian gland.
Isotretinoin (13-cis-retinoic acid), a therapy for acne vulgaris and keratinizing
dermatoses, has been associated with side effects of blepharoconjunctivitis in
20-45% of human patients [58]. Systemic treatment of adult New Zealand white
rabbits produces mild conjunctival erythema and crusting of the eyelid margins [58,
59]. These correlate microscopically with thickened meibomian gland ducts and
ductal epithelium. The amount of acinar tissue is decreased due to degeneration and
necrosis of acinar cells and accompanied by periacinar fibrosis. Additional changes
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include accentuation of the basal cells and decreases in basaloid cells lining acini
with a lack of inflammation [58, 59].

Toxaphene administered orally to cynomolgus monkeys has been reported to
produce local effects in the meibomian gland. Affected monkeys had inflammation,
enlargement, or both, of the meibomian gland due to impacted diverticula in both
the upper and lower lids causing accumulations of glandular secretions [60].

Systemic administration of small molecule inhibitors of epidermal growth factor
receptor (EGFR) may produce granulomatous inflammation of the meibomian
gland. This is suspected to be a pharmacologic effect due to a failure to secrete
glandular content and continued production leading to subsequent glandular
rupture. Release of glandular lipids into the surrounding tissue causes a granuloma-
tous response.

Prostaglandin analogs (latanoprost, travoprost, and bimatoprost) are topically
applied drugs that decrease intraocular pressure. In addition, there is lengthening of
eyelashes (hypertrichosis) [61-64].

5.4.2 Extraocular Muscles

The extraocular muscles consist of six muscles (four rectus muscles and two oblique
muscles) and, in species such as the dog and rabbit, the retractor bulbi [4, 7, 65].
The dorsal, ventral, and medial rectus muscles and the ventral oblique muscle are
innervated by the oculomotor (III) nerve. The lateral rectus and retractor bulbi
muscles are innervated by the abducens (VI) nerve. The dorsal oblique muscle is
innervated by the trochlear (IV) nerve.

Extraocular muscles may be affected by light exposure and retrobulbar injections
[66]. After 24 h of light exposure, extraocular muscles of rats were infiltrated with
numerous neutrophils and mononuclear cells with myofiber degeneration. With
time, neutrophilic infiltrates decreased and mononuclear cells persisted. Myoblasts
formed to replace fragmented myofibers. Extraocular muscles may develop areas of
inflammation (e.g., granulomas) associated with periorbital or retrobulbar injections
and should be examined following these injections (Fig. 5.2).

5.4.3 Orbital Glands

Except for the rodent’s harderian gland, most of the glands of the lacrimal system
are not examined in routine toxicology studies but will often be examined in ocular
toxicology studies. Since lacrimal glands and lacrimal structures may vary among
different species, such as some species having the gland of the third eyelid and
dogs having orbital glands that are not lacrimal glands (i.e., zygomatic salivary
gland in the dog), it is important to be aware of these differences so that personnel
involved in the collection of lacrimal structures can locate the intended structures
[2-4,7,67-T71].
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Fig. 5.2 Granuloma adjacent to an extraocular muscle in a rabbit given an injection into the periorbital
soft tissues. Granuloma consists of numerous large, foamy, and eosinophilic macrophages, some of
which are multinucleate. H&E. 5x objective

Rodents have intraorbital and extraorbital lacrimal glands and a harderian gland
[7, 68]. Cytomegaly and karyomegaly, along with nuclear pseudoinclusions, are
features identified in the glands with males having a greater degree of these features
than females. These differences may be explained by differences in gene expression
in males versus females that may be associated with sex steroids [72].

Harderian glands are tubuloalveolar, merocrine glands without an intraglandular
duct system [69, 70]. Harderian glands are usually larger in females than males and
lymphoid cells may be present. The lipid-containing secretion contains porphyrins,
mainly protoporphyrin IX, which may be a potential photosensitizer when activated
by ultraviolet and blue components of daylight. The lumina may contain brown
accretions which accumulate with age and may be associated with atrophy, granuloma-
tous inflammation, and sclerosis. The amount of porphyrin in the gland is affected
by castration, administration of androgens or estrogens, and nutritional deficiencies
of riboflavin or vitamin A [69, 73, 74].

In the rabbit, the Harder’s gland may be referred to as a harderian gland but is
different in gross and microscopic appearance than the harderian gland of rodents
and does not produce porphyrins. The Harder’s gland is grossly composed of a white
lobe and a pink lobe. The white lobe has smaller lumina and the cytoplasm contains
larger lipid droplets. The pink lobe has larger lumina and stains more intensely with
hematoxylin and eosin stain (Fig. 5.3). Small foci of lymphocytes are found sporadi-
cally in the lacrimal and Harder’s glands in rabbits [68].

The main effect resulting from alterations in lacrimal glands is increased secre-
tion (i.e., dacryorrhea) or decreased secretion leading to KCS. The morphologic
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Fig. 5.3 Normal rabbit Harder’s gland. The adjacent pink (left) and white (right) lobes are readily
distinguishable based on morphology. H&E. 10x objective

changes that may be observed in lacrimal glands following injury are relatively limited.
These include degeneration, necrosis (either oncotic or apoptotic), hypertrophy,
atrophy, inflammation, and pigment accumulations. Focal lacrimal glandular hyper-
plasia, diffuse hyperplasia, or squamous metaplasia of ductal epithelium in rats may
occur as a regenerative response to glandular damage [75]. Squamous metaplasia
may be observed infrequently in the nictitating gland in dogs (Fig. 5.4).

Harderian gland alteration (i.e., metaplasia), or harderianization, of the lacri-
mal gland is characterized as normal-appearing harderian acini in an otherwise
normal lacrimal gland. Harderianization occurs as early as 3 weeks and increases
with age and in the glands of both sexes, but males tend to have a greater incidence
and extent of the change than females. The relative occurrence has been shown to
be decreased with castration [76, 77]. Lacrimal gland alteration also occurs in
rabbits and is characterized as normal lacrimal gland acini in the Harder’s gland
(Fig. 5.5).

Alterations of the lacrimal gland include minimal lymphoplasmacytic cell
infiltration, especially in the rabbit, and focal glandular hyperplasia and squamous
hyperplasia of ductal epithelium in rats [75, 76]. Hyperplasia generally occurs as a
regenerative response to degeneration or inflammation [75]. Experimentally, diffuse
acinar hyperplasia occurs in rats infused with recombinant human growth factor
and is characterized by an increased number of cells per acinus, cell hypertrophy,
anisokaryosis, accumulation of cell debris, and brown pigmentation [78].

Hyperplasia of the lacrimal gland may occur in aged rodents and appears to be
more common in mice than aged rats or hamsters [49, 75, 79-81]. Hyperplasia of
the lacrimal glands may be associated with degeneration and inflammation with
squamous metaplasia of ducts [75].



5 Toxicologic Pathology of the Eye: Preparation and Anterior Segment 171

Fig. 5.4 Gland of the third eyelid from a control dog. The gland has focal squamous metaplasia.
H&E. 10x objective

Fig. 5.5 Harder’s gland from a rabbit. Lacrimal gland alteration consisting of a cluster of basophilic
acini morphologically similar to lacrimal gland acini located within the pink lobe of the Harder’s
gland. H&E. 20x objective

In contrast to other periorbital tissues, lacrimal glands are sensitive to radiation
injury. Radiation injury of ocular adnexa initially manifests acutely within 48 h of
irradiation of the lacrimal glands. Degeneration and apoptosis or necrosis of the
acinar cells occurs as a dose-dependent phenomenon. lonizing radiation that exceeds
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35Gy fractionated at 1.8-2.0 Gy (180-200 rad) per fraction increases the risk of
lacrimal damage [82]. The ductular epithelium is also susceptible, but to a lesser
degree than the acinar epithelium. Degenerating cells may have enlarged nuclei.
Necrosis leads to a neutrophilic inflammatory response, and with time, there are
decreased numbers of serous acini and atrophy of remaining serous acini. Periocular
tissues will likely be edematous and diffusely infiltrated with neutrophils. However,
this periocular tissue reaction may be due to vascular endothelial injury and not
to glandular injury per se, as blood vessels are dilated and have hypertrophic
endothelium [83, 84].

Drugs may affect lacrimal glands by decreasing lacrimal secretion resulting in
KCS, but species susceptibility may vary [85]. For example, practolol, a 3-adrener-
gic receptor blocker, induces adverse ocular effects in humans, but not in animal
models [86].

Lacrimal glands of dogs are affected by treatment with sulfonamide and 5-amino-
salicylic acid [85, 87]. Sulfonamides have been reported to produce decreased tear
production and subsequent KCS in dogs. The glands have chronic inflammation
with atrophy and replacement by fibrous connective tissue, plasma cells, and lym-
phocytes. Atrophy of the lacrimal glands may occur in dogs following administra-
tion of 5-aminosalicylic acid for 1 year [88]. Atrophy and lymphoid cell infiltration
occurs in the lacrimal glands, the glands of the nictitating membrane, and the
parotid salivary glands. These dogs develop KCS with flattening and desquamation
of superficial corneal epithelial cells, stunting and loss of cell surface microplicae,
decreased density of cell cytoplasm, and disruption of anterior cell membranes.
Corneal changes include inflammation, vascularization, and proliferation of
fibroblasts. However, KCS does not appear to have been reported in human patients
chronically treated with 5-aminosalicylic acid.

Inflammatory reactions in lacrimal glands can also be stimulated by various
cytokines. These experiments have largely been for the purpose of developing
models of autoimmune dacryoadenitis. Interleukin-1 injected into the lacrimal gland
inhibits neural- and agonist-induced protein secretion with decreased tear output
[89]. Associated with this is a severe inflammatory response that is reversible within
7-13 days after injection. The inflammation leads to destruction of lacrimal gland
acinar epithelium. During resolution, there is increased proliferation of acinar and
ductal epithelium with ultimate recovery to normal tear production. Interleukin-12
and interleukin-18 will also result in injury to the lacrimal gland, but without
infiltrates of inflammatory cells [90]. Injection of these cytokines together via the
intraperitoneal route results in apoptosis of serous acinar cells. Administration of
either cytokine alone had no effects on these glands.

Another change in lacrimal glands is discoloration due to an accumulation of
pigments. 7-Acetyl-1,1,3,4,4,6-hexamethyl-1,2,3 4-tetrahydronaphthalene (AHTN)
is a fragrance material in consumer products that resulted in a green discoloration of
lacrimal gland in female rats, but not male rats [91]. Discoloration was also noted
in the liver and lymph nodes with reversal of the discoloration occurring in the liver,
but not lacrimal gland. No microscopic correlate to the green discoloration of the
lacrimal gland was observed.
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Practolol administration to dogs results in a macroscopic dark brown to black
discoloration of the lacrimal glands [92]. Microscopically, fine, dark brown pigment
granules are present in the apical or supranuclear cytoplasm of the serous acinar
lacrimal epithelial cells. Ultrastructurally, these correspond to membrane-bound
dense bodies. In another study, practolol administration to dogs resulted in decreased
tear flow and lymphocytic infiltrates into the lacrimal gland, but changes did not
occur when a related compound (carteolol) was administered [85]. Phenazopyridine
accumulates selectively in the lacrimal glands, nictitating glands, and glands of
Moll, resulting in pigmentation [93]. Clinical effects include blepharospasm, photo-
phobia, purulent conjunctivitis, and corneal ulceration, presumably from decreased
tear production. Grossly, within 48 h of oral administration, phenazopyridine causes
dark brown to black pigmentation of the lacrimal gland and gland of the third eyelid.
Microscopically, brown to black pigment is visible in glandular acini within 48 h
and accumulated with time. Neutrophilic infiltrates occur within 3—6 days of adminis-
tration, and ultrastructurally, immature secretory granules containing phenazopyri-
dine occur within 24 h as an osmiophilic material interspersed with normal granule
constituents. With time, granules in acinar cells become pleomorphic or fuse.

Botulinum toxin B, a treatment for hypersecretion of lacrimal glands, blocks
muscarinic receptors and when injected directly into the lacrimal gland suppresses
lacrimation for 4-5 months in human patients. In mice, a similar physiologic effect
can be produced, resulting in KCS, but without histologic changes in lacrimal glands
[94, 95]. Similarly, administration of a muscarinic receptor agonist in rats results in
corneal opacity with neovascularization [96]. Both lacrimal glands and harderian
glands undergo hypertrophy which is suspected to be an adaptive response to the
blockade. Diminution of lacrimal secretions is also observed with administration of
other antispasmodic agents [97].

Common spontaneous microscopic findings of the Harder’s gland in rabbits
include variability in the size of the lumina with scattered aggregates of dilated
acini, minimal lymphoplasmacytic cell infiltrates, and focal areas of atrophy.
Spontaneous findings involving the rodent harderian gland are common and include
degeneration, especially in older animals, which may be characterized by atrophy of
glandular acini, mineralization, fibrosis, and cyst formation. Additional spontane-
ous findings in harderian glands include inflammatory cell (neutrophils, lympho-
cytes, plasma cells) infiltrates, inflammation (dacryoadenitis), and excessive
secretion of porphyrin (chromodacryorrhea).

Chromodacryorrhea may be caused by stress, necrosis or inflammation of the
harderian gland, or administration of cholinergic drugs [98, 99]. Inflammation and
necrosis may be caused by a viral disease (i.e., sialodacryoadenitis virus [SDV])
that occurs in young rats and mice [100]. The infection involves salivary glands,
lacrimal glands, and harderian glands. The necrosis and edema of the harderian
gland results in orbital swelling and proptosis of the globe which leads to corneal
ulceration and keratitis. Other causes of necrosis, edema, and inflammation of the
harderian gland include retro-orbital trauma from venipuncture, exposure to certain
drugs (e.g., 4-chloronitrobenzene in rats), and exposure of albino rats to high-intensity
light for 12-24 h (Fig. 5.6) [101-104]. Exposure of albino mice to constant light
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Fig. 5.6 Globe and adjacent tissues from a rat with iatrogenic trauma from retro-orbital blood
collection. Multiple changes include necrosis, hemorrhage, and inflammation of periorbital tissues and
intraocular exudation with serous retinal detachment. H&E. 2.5x objective

for as little as 24 h results in exophthalmos. Microscopically, the harderian gland
has swollen secretory cells with an obliteration of glandular lumina. With time,
glandular lumina contain lipid and cellular debris, and lining cells vary in appearance
from columnar to squamous. Mitotic figures, leukocytes, and macrophages are present,
along with necrosis of glandular cells and edema [102]. With cessation of the exposure,
harderian gland changes regress within about a week.

Inflammation of the harderian gland may also occur following exposure to exog-
enous chemicals.

Several agents, such as albuterol, have been shown to produce enlargement of the
harderian gland [105]. Chronic aflatoxin administration to the Syrian hamster will
result in hyperplasia and epithelial atypia of the harderian gland [106]. With time,
some of these changes progress to papillary cystadenomas and solid adenomas.
Recombinant human epidermal growth factor administered systemically has resulted
in changes in the harderian gland of rats that include an increased numbers of
epithelial cells per acinus, increased cell size, accumulation of cell debris in acinar
lumina, and occasional areas of degenerating cells with pyknotic nuclei [78].

Atropine sulfate, a mydriatic often used in nonrodent species during ophthalmic
examinations, causes a suppression of expulsion of secretory material [107].
Changes include dilation of acinar lumina and accumulations of brownish pigment.
The increased brown pigment correlated with increased levels of porphyrin pig-
ments in these glands. Glandular epithelial degeneration occurred in some animals
which may have been associated with the prolonged accumulation of the porphyrin.
The degeneration was characterized by thinning of the epithelium with formation of
larger cytoplasmic vacuoles.
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Many different agents and conditions cause effects in the harderian gland.
Administration of the neuroleptic timipirone causes increases in the number of
accretions of porphyrin in mice [108]. In rats, accumulation of porphyrin occurs
with dietary pantothenic acid deficiency and results in hypertrophy of the harderian
gland [109]. Atrophy of the harderian gland occurs following exposure to xenobiot-
ics, and administration of retinoids causes a decrease in the weights of harderian
glands due to a decrease in acini and small nuclei, indicating inactivity [110].

Since the harderian gland develops to a significant degree after birth, prenatal
exposure to an agent (e.g., the herbicide 2,4-dichorophenyl-p-nitrophenyl ether)
may result in degeneration after birth [111].

Spontaneous hyperplasia of the harderian gland may occur in aged rodents and
appears to be more common in mice than aged rats or hamsters [49, 75, 79-81].
At times, hyperplasia of the harderian gland of the rat (i.e., Fischer 344) may be associ-
ated with degeneration, inflammation, and ductular squamous metaplasia [75].

5.4.4 Nictitating Membrane

The third eyelid (i.e., nictitating membrane, membrane nictitans) is a fold of
conjunctiva that contains a cartilaginous plate surrounded ventromedially by a
lacrimal gland (i.e., gland of the third eyelid, nictitans gland) which contributes
to the production of tears [4, 112]. The inner conjunctival covering (i.e., bulbar
conjunctiva) of the third eyelid contains numerous lymphoid nodules which can
undergo lymphoid hyperplasia. The third eyelid is present in many laboratory animals
(e.g., rabbits, dogs, minipigs) but is absent in rodents and primates. Retraction of
the globe into the orbit by the retractor bulbi muscle or sinking of the globe into the
orbit because of bulbar pain or a small size (e.g., microphthalmia or phthisis bulbi)
allows the third eyelid to passively cover the cornea. Large red masses protruding
from the third eyelid at the medial canthus may be the result of swelling and protrusion
of the nictitating membrane [113, 114].

5.4.5 Lacrimal and Lymphoid Drainage

The products of the lacrimal glands flow over the cornea and are drained away via
puncta in the eyelid margins that open into canaliculi and lacrimal sacs. The canali-
culi travel a short distance vertically in the lid margin, then horizontally before
connecting with the lacrimal sac. The canaliculi are lined by nonkeratinizing,
stratified squamous epithelium. The lacrimal sac is located in the lacrimal fossa,
a depression in the medial wall of the orbit. The lacrimal sac is lined by stratified
columnar epithelium containing goblet cells. From the lacrimal sac, the nasolac-
rimal duct forms as a downward extension and can be histologically evaluated
in appropriate nasal sections. The lymphatic drainage for the lacrimal glands and
harderian glands is via periauricular and submandibular nodes in humans. Sampling
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of similar nodes in laboratory animal species should be considered when dosing
via a topical route.

Treatment-related findings occur in the nasolacrimal duct. Hyperplasia of the
lining epithelium of the nasolacrimal duct of rats has been noted following systemic
treatment with recombinant human epidermal growth factor (EGF) [78]. Findings
include a duct with an increased mucosal thickness, loss of cilia, and occasional
pyknotic nuclei. EGF is secreted and cleared by the harderian gland and is eventually
drained into the nasolacrimal duct. Interestingly, there was no corneal change,
but corneal healing has been noted to be enhanced in cats and rabbits treated with
EGF [115, 116].

Inflammation of the nasolacrimal duct is associated with chronic administration
of antihistamines to rats and has been associated with the presence of stents
[117, 118]. Hydrophilic coatings of the stents appear to decrease foreign body reac-
tions and increase patency. Blockage of the nasolacrimal duct from inflammation or
implanting a stent may result in epiphora (i.e., excessive tearing). Administration of
docetaxel has been associated with this finding [119]. Cyalume, a chemiluminescent
material, has been used to clinically evaluate the nasolacrimal system in human
patients and does not injure the nasolacrimal duct but has resulted in findings in
other locations [120].

5.4.6 Orbital Fascia and Other Orbital Contents

Orbital fascia consists of periorbita, Tenon’s capsule (i.e., fascia bulbi), and fascial
sheaths of extraocular muscles [4, 7, 45]. Other structures include the retro-orbital
sinus in mice and retro-orbital plexus in rats which are used for venipuncture.

An increase in the size of intraorbital contents results in an anterior protrusion
of the globe (i.e., proptosis or exophthalmos). The cause is often the result of
inflammation but could potentially be due to orbital neoplasia or the result of toxicity.
In animals, orbital edema may be due to systemic administration of p-phenylenediamine
and exophthalmos may be due to systemic administration of acetonitrile, aminocap-
roic acid, organic cyanides, or vitamin A [50].

5.4.7 Neoplasia of Lacrimal and Harderian Glands

Neoplasia of the harderian gland and lacrimal gland may occur in aged rodents and
appears to be more common in mice than rats or hamsters [49, 75, 79-81]. Most
tumors in rats are adenomas, with papillary, or cystic acinar differentiation, but orbital
schwannoma has been reported [76]. The incidence depends on strain (e.g., Fischer
344, Osborne-Mendel and Wistar rats) but may be as much as 0.5-15% [81].
Harderian gland adenomas are frequently well-demarcated masses that compress
the adjacent parenchyma, but usually do not have a well-defined capsule. They are



5 Toxicologic Pathology of the Eye: Preparation and Anterior Segment 177

papillary, cystic, or a combination and are composed of pseudoglandular structures
and form arborizing and folded fingerlike fronds. Fronds are composed of a delicate
fibrovascular core lined by cells that are usually tall columnar with foamy amphiphilic
cytoplasm. The cells usually form a single layer, but areas are frequently present
that give the appearance of having a basal layer of normal-appearing cells “capped”
by smaller cells adjacent to the lumen. Harderian gland adenocarcinomas are usually
well differentiated, differing from adenomas by greater atypia, invasion, and metastasis.
Undifferentiated adenocarcinomas often contain a single large cytoplasmic vacuole,
and mitotic figures are uncommon [121-123]. Harderian gland adenocarcinomas
can metastasize to the eye and spread systemically [49, 76, 123]. Harderian gland
tumors in mice may be induced by various agents, including ionizing radiation and
genotoxic carcinogens [50, 81]. Harderian adenocarcinoma has been induced exper-
imentally in rats by repeated injections with 10% urethane or when fed a low-fat
diet containing 0.03% 2-acetylaminofluorene [49].

5.5 Cornea

The cornea is composed of several transparent layers that include (1) the precorneal
tear film; (2) an outer, nonpigmented, nonkeratinized, and stratified squamous epithe-
lial layer; (3) the anterior limiting membrane (i.e., Bowman’s layer) in primates;
(4) an avascular stromal layer; (5) Descemet’s membrane; and (6) the corneal
endothelium [4, 7, 124]. The function of the cornea is to transmit and refract light.

The results of iatrogenic intervention may result in various degrees of corneal
opacity and should be distinguished from alterations due to toxicity. Some procedures
such as surgery or an injection of a test article may affect all layers of the cornea.
Itis important to be aware of iatrogenic causes of corneal lesions that may be observed
in the course of a toxicology study. Although most pathologists microscopically
examine the eye in toxicology studies of systemically administered compounds,
there are times when the test article is administered locally to the eye. In these studies,
the pathologist needs to be aware of the route of administration and the alterations
that may be present due to that route of administration. These effects are most notable
when there is a surgical procedure or injection of the test article. Complications, or
the lack thereof, should be documented. Corneal alterations that may be observed
include an incision site and suture material as well as needle tracks from an injec-
tion. If the cornea is incised, complications may include inflammatory reactions to
infected incision sites, down growth of corneal epithelium into the incision site,
islands of corneal epithelium within the cornea that may become epithelial inclusion
cysts (Fig. 5.7), corneal epithelial growth on the endothelial surface of the cornea,
loss of corneal endothelium, deposition of foreign material into the eye or incision
site or needle track (Fig. 5.8), and entrapment of the iris in the incision site (Fig. 5.9)
[20]. For both incisions and needle tracks captured in histologic sections, the
corneal stroma may be focally disorganized, which may or may not be sufficient to
be observed as corneal opacity on ophthalmic or gross examination.
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Fig. 5.7 Cornea from a rabbit two weeks following a surgical procedure. The incision site has a nest
of corneal epithelium entrapped in the stroma, which, given sufficient time, may develop into a cyst. The
endothelial surface has a focal area of retrocorneal membrane development. H&E. 10x objective

Fig. 5.8 Injection site in the cornea from a dog. There is a linear area of deposition of crystalline
material from the injection remaining in the corneal stroma. H&E. 10x objective

In addition to iatrogenic findings, there are various alterations that occur sponta-
neously or in response to toxicity. Some changes may be localized to specific layers
of the cornea, but more often than not, multiple layers of the cornea are affected.
Toxic effects of the cornea have a tendency to affect either the outer cornea or the
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Fig. 5.9 Iridal entrapment in a rabbit. The iris is entrapped in a healing corneal incision. Note the
suture cross sections near the corneal surface. H&E. 5x objective

inner cornea. Toxic effects may be the result of a topical application or may be
associated with systemic effects. Systemically administered drugs can also affect
the cornea by secretion into the tear film (and therefore iritate the cornea directly),
by injury of the lacrimal gland which removes the protective tear film which results
in damage, or by inhibiting the protective corneal reflexes through depression of the
central nervous system.

5.5.1 Macroscopic Corneal Opacities

Corneal opacities are noted on ophthalmic or macroscopic examination and refer to
loss of transparency of the cornea. These are often due to mineralization, especially
in rodents. Corneal opacities in rats may be diffuse or punctate and reversible or
permanent. Diffuse corneal opacities occur in rats, especially males, and increase in
incidence with age [125]. They may be punctate, focal lesions that give the cornea
the dimpled gross appearance of an orange peel. Diffuse or focal opacities may be
associated with or accompanied by conjunctivitis, keratitis, and corneal ulceration
[126]. As such, corneal opacity is a nonspecific term that may correlate with multiple
microscopic alterations.

In rats, corneal opacity as a spontaneous change may be unilateral or bilateral
and tends to occur in males greater than or equal to 18 weeks of age. They correspond
with multiple deposits of fine, white granules on the corneal surface grossly or
deposits of basophilic fine granules or basophilic laminated plaques in the corneal
basement membrane microscopically [127]. Corneal degeneration with superficial
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punctate opacities has been reported in Sprague-Dawley and Wistar rats of various
ages and of both sexes [128]. Corneal opacities generally occur with an increased
incidence with increased age in Sprague-Dawley rats [126, 127]. Others have
reported reflective opacities in rats to be corneal crystalline deposits, with a higher
incidence in males, that are usually bilateral, multifocal, and punctate, and usually
in nasal locations oriented horizontally along the palpebral fissure [129].

Corneal abnormalities as spontaneous occurrences in mice on ophthalmic or
gross examination have been reported in various strains [122, 126, 128, 130, 131].
Diffuse corneal opacities are infrequent in mice but increase in incidence with age
and are due to mineralization of the anterior stroma [126]. Hubert reported corneal
abnormalities in 4-5-week-old Swiss mice Crl:CDI(ICR)BR [46]. MRL mice
with features of hyperparathyroidism have been described with corneal changes
[132, 133]. Opacities in mice may be due to infrequent cage cleaning or cage environ-
ment, where urease-positive bacteria may increase ambient cage ammonia levels
[130]. It has been suggested that some strains of mice may have a genetic predispo-
sition. Therapeutic agents such as azathioprine and meticorten have been described
as causing corneal opacities as well. In spontaneous diabetic KK mice, calcium is
present as extracellular deposits of fine basophilic granules or as dense strips at the
junction between the epithelium and the stroma, with older lesions tending to have
neovascularization and minimal cellular infiltrates of neutrophils and mononuclear
cells [132, 134].

5.5.2 Superficial Corneal Alterations

Changes in the corneal epithelium to superficial injury or toxicity include edema,
erosions or abrasions, and ulcers from necrosis [135]. Grant characterizes the
corneal changes from chemical burns from contact with liquids and solids; contact
with gases, vapors, and dusts; or changes from systemic substances [50]. Chemical
burns may cause immediate caustic injuries. Examples include alkalis and acids which
not only affect the epithelium but also the stroma with edema and loss of mucopoly-
saccharides leading to opacification. The opacification is often accompanied by vas-
cularization. Gases, vapors, and dusts may include a stinging sensation and result
in tearing. Most substances that induce lacrimation can injure the cornea if the
concentration is high enough. Findings include epithelial edema, vacuolation,
delayed healing, or inflammation. Corneal epithelial edema is initially intracellular
and appears as perinuclear pallor. With progression, there is pericellular fluid accu-
mulation with the potential for bulla formation. An erosion (i.e., abrasion) is the
partial desquamation of corneal epithelium and is usually due to focal mechanical
trauma of a foreign body, such as dust particles. Since the defect does not extend
past the corneal epithelial basement membrane, it may not be discernible on
ophthalmic examination. With extension through the epithelial basement membrane
(i.e., ulcer), the stroma will retain fluorescein. Ulceration may occur as a result of an
initial abrasion with a bacterial infection. Abrasions are occasionally observed
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in the corneal epithelium in large animals [136]. Although in histologic section
abrasions appear like small “craters” in the epithelium, they are likely instead linear.
Microscopically, abrasions containing crowded cells in the basal layer are indicative
of healing. Generally, the corneal epithelium heals quickly [137].

Hypertyrosinemia has been demonstrated to produce corneal opacities in labora-
tory animals [138—140]. Excessive tyrosine fed in the diet to rats produces initially
an edema of the corneal epithelium with subsequent infiltrate of neutrophils into the
superficial epithelial layers [ 139]. This progresses to neutrophilic infiltrates through-
out the epithelium and eventually to infiltrates and edema of the corneal stroma.
In rabbits, similar changes have been described with hypertyrosinemia with oph-
thalmic observations of pinpoint opacities and “glittering pre-endothelial structures”
on slit lamp [138]. Microscopically, the corneal epithelium had focal proliferations
with vacuolation of basal epithelial layers. Scattered epithelial cells underwent
necrosis. Hypertyrosinemia induced by 2-(2-nitro-4-trifluoromethylbenzoyl)-
cyclohexane-1,3-dione (NTBC), which is a potent inhibitor of 4-hydroxyphenylpyru-
vate dehydrogenase, produced corneal opacities in dogs, but not rats or rhesus
monkeys [140]. All three species had elevations of serum tyrosine and aqueous
tyrosine, indicating that there are some species-specific differences that lead to the
corneal opacity with hypertyrosinemia.

Keratitis in various animal species is occasionally observed. These have been
suspected to be due to environmental irritants such as ammonia and dusts from the
bedding and feed, reduced lacrimal secretion, trauma, or exophthalmos [68, 130,
141]. Several strains of mice have had corneal opacities with histologic correlates of
chronic inflammation of the corneal epithelium and anterior corneal stroma that
included such features as ulcers and erosions, acute Kkeratitis, neovascularization,
and mineralization of the basement membrane [130]. These may be considered
iatrogenic in the sense that they are an artifact of the test system, although animal
colony management should reduce or eliminate these as a common occurrence.

5.5.3 Corneal Irritation or Local Toxicity

Adverse effects of drugs or ocular medical devices (i.e., contact lenses) on the outer
cornea can be determined by use of the Draize ocular irritation scoring method and
its various modifications [17, 142—146]. Currently, some of the features of a clinical
adverse reaction are being predicted by use of in vitro or ex vivo assays such as the
bovine corneal opacity and permeability assay (BCOP) [147, 148]. The BCOP will
largely mirror in vivo responses, except for the absence of an inflammatory response
or neovascularization in these in vitro and ex vivo assays.

The various responses to itritating substances such as alkalis, acids, and surfactants
from direct contact to the cornea have been studied to better understand the pathology
as well as to serve as benchmarks in the development of in vitro and ex vivo substi-
tutes to in vivo testing [135, 149—154]. Alkali burns are caused by saponification of
cell membranes, allowing greater penetration of the injurious chemical, making
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alkali burns usually the most severe injury. Acid burns are caused by coagulation
and precipitation of cellular proteins, and the natural buffering of tissues tends to
limit the injury of acids as compared to alkalis [151]. Surfactants generally produce
a milder injury than acids or alkalis. Surfactants are broadly classified as cationic,
anionic, or nonanionic based on their chemical structure, but cationic surfactants
tend to produce the greatest injury due to the precipitation of cellular proteins [17].
Anionic surfactants are intermediate and tend to cause cell lysis, while nonionic
surfactants do not produce protein precipitation or cell lysis [150]. Regardless of the
nature of the chemical, they all can produce erosion, denudation, and necrosis of
the corneal epithelium [135]. Greater irritant capacity generally corresponds with
greater extent and depth of injury. Mild irritants are therefore confined to the epithe-
lium, while moderate irritants will injure the corneal stroma, and severe irritants
will affect the deep stroma and possibly the corneal endothelium. Affected corneal
stroma will be edematous and have necrosis and lysis of keratocytes. The corneal
endothelium may be lost. With time, the cornea will respond with keratocyte regen-
eration, neovascularization, conjunctivalization, or epidermalization of the corneal
epithelium. The degree of response will reflect the initial depth and area of injury.
It should be noted that although the corneal epithelium is first and often most greatly
affected, this may not always be the case. For bleaching agents, it was noted that the
corneal stromal injury was greater than the corneal epithelial injury [153]. Severe or
perforating keratitis may lead to inflammation of the iris (i.e., iritis), anterior uvea
(i.e., anterior uveitis), inner aspect of the globe (i.e., endophthalmitis), or the whole
globe (i.e., panophthalmitis). With chronic inflammation affecting most or all of the
globe, then shrinkage and distortion of the globe (i.e., phthisis bulbi) can occur.

The outer cornea may be injured due to desiccation from an acute or chronic loss
of tear film. The tear film may be compromised by a lack of production or a lack of
covering of the corneal surface. A lack of production may be due to inflammation of
the lacrimal gland or administration of certain pharmacological compounds, including
local anesthetics, anticholinergic compounds, or anticholinesterases, which decrease
lacrimal secretions. Compounds that affect the lacrimal gland or meibomian glands
may result in a minimal, reversible changes in the cornea (e.g., keratinization) or, if
more severe, a chronic condition involving the cornea, KCS. Changes in the cornea
associated with KCS include keratinization, epidermalization, pigmentation,
fibrosis, and neovascularization of the superficial stroma and possibly mononuclear
or mixed inflammatory cell infiltration.

Acute corneal desiccation may occur following general anesthesia as an iatro-
genic cause of corneal changes [155, 156]. Desiccation in the interpalpebral area
leading to keratoconjunctivitis sicca and associated secondary uveitis is reported in
rats following general anesthesia with a combination of xylazine and ketamine
[157]. Animals undergoing general anesthesia will often have incomplete closure of
the eyes (lagophthalmos). Even if the anesthesia is not prolonged, desiccation of the
areas of cornea not covered by the eyelids will occur by evaporation following
breakup of the precorneal tear film, which can happen in seconds to minutes. In
humans, the time required for injury is longer than in rodents, with no changes
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reported in human eyes up to approximately 100 min. In addition to lagophthalmos,
general anesthesia may also reduce the production and the stability of tears [155].
Microscopically, corneal desiccation may result in changes of degeneration or
erosion and thinning and ulceration of the corneal epithelium. Changes generally
will be acute to subacute, and the changes of chronic KCS would not be anticipated
as iatrogenic changes in laboratory animals. Several authors have described drug-
induced corneal opacities related to narcotic analgesics or prolonged anesthesia
[157-159]. For example, a single administration of the long-acting narcotic analgesic
1-alpha-acetylmethadol to male Sprague-Dawley rats resulted in localized corneal
opacities mainly in central, nasal, or inferior-nasal regions after 3—5 days [159].
Microscopically, these animals had thickened corneal epithelium, loss of cellular
polarity, hyalinization of the basement membrane, stromal vascularization, spindle
cell proliferation, inflammation, and frank perforation. It was considered likely that
this was due to adverse effects on corneal sensory innervation, blinking, or tear
formation, instead of direct chemical effect on the corneal epithelium.

Although not due to lagophthalmos and drying, other anesthetic agents have
been associated with corneal epithelial changes. These include administration of
agents such as cocaine, tetracaine, and proparacaine. Chronic use of these anes-
thetics may alter the plasma membrane integrity of corneal epithelial cells, cause
release of enzymes such as lactate dehydrogenase, and cause decreases in mito-
chondrial dehydrogenase activity [160]. Corneal opacities have been reported in
rats following administration of morphine and narcotic analgesics [159].
Microscopically, there may be thinning of the corneal epithelium, and generally,
these are acute or subacute and do not progress to the changes of chronic kerato-
conjunctivitis sicca.

Chronic desiccation of the cornea leading to KCS may also be the result of ante-
rior displacement of the cornea. This may occur as the result of an enlarged globe
(e.g., glaucoma) or from anterior displacement of the entire globe (exophthalmos,
proptosis) secondary to orbital swelling. Inflammation of the harderian gland
with chromodacryorrhea from repeated orbital bleeding or from a viral infection
(e.g., sialodacryoadenitis) may also be causes [100]. Anterior displacement of the
cornea appears to affect males more than females. Treatment with clonidine induces
exophthalmos and a reduction in tear flow in mice and rats resulting in flattening
and desquamation of corneal epithelium and vacuolation of basal cells. These
changes may progress to keratoconjunctivitis and anterior uveitis [141].

In addition to irritants and loss of tear film, corneal epithelial lesions may be
produced by drugs that inhibit mitosis and reduce the proliferative capacity of the
corneal basal epithelium. A variety of antineoplastic agents are known to affect the
cornea, and these often present clinically in patients as punctate keratitis [161]. For
example, the antineoplastic drug, capecitabine, is converted to 5-fluorouracil in vivo
and is concentrated in tears. Clinical signs in dogs include multiple erosions of
the cornea with superficial corneal epithelial pigmentation and neovascularization
[162]. Microscopically, the corneal epithelial basal cells were disorganized and
had an abnormal morphology resulting in a thinned corneal epithelium. Thinning
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(i.e., atrophy) of the corneal epithelium with progression to ulceration and inflamma-
tion also occurred in dogs given inhibitors of oxidosqualene cyclase [163]. Atrophy
has also been described in human patients treated with triparanol, a late stage blocker
of cholesterol synthesis [164, 165]. Decreases or alterations in tear production may
occur with oxidosqualene inhibitors related to reductions in the lipid-rich glands
such as the meibomian glands [166].

Hyperplasia of the corneal epithelium may occur as a nonspecific response to
injury such as to topical chemical injury as described above. Conjunctivalization is
a metaplastic response where the corneal epithelium transforms into the appearance
of conjunctiva, with goblet cell differentiation and irregular thickness. A chronic
change observed in the corneal epithelium of mice is goblet cell metaplasia [167].
Hyperplasia has also been observed with systemically administered compounds, a
notable example being EGF [168]. High doses of systemically administered recom-
binant EGF produced diffuse, uniform thickening of the corneal epithelium due to
an increased number of layers of corneal epithelial cells overlying basal cells that
were hypertrophic and hyperplastic.

Although uncommon, localized corneal proliferation may occur, especially in
chronic studies. Corneal hyperplasia may be observed as a focal, diffuse, or nodular
thickening of the corneal epithelial layer and is not considered to be preneoplastic
[167]. Hyperplasia may be accompanied by keratinization. Corneal proliferation
may include squamous cell hyperplasia, epithelial hyperplasia, squamous cell papil-
loma, and squamous cell carcinoma as chronic changes in rats. Squamous cell
carcinoma is not known as a spontaneous finding in mice [169]. The corneal surface
epithelium may be focally thickened due to congenital findings such as corneal
dermoids. A corneal dermoid is the localized presence of tissue appearing as skin
within the cornea. The finding may be unilateral or bilateral and will be discovered
on prestudy ophthalmic examinations. These have been described in the rat, hairless
and haired guinea pig, rabbit, and dog [170-174].

Squamous cell hyperplasia and acute keratitis have been induced in female HRA/
Skh mice treated with 8-methoxypsoralen combined with UV radiation [175].

5.5.4 Superficial Corneal Stromal Alterations

Alterations in Bowman’s layer in primates include edema, spheroidal degeneration,
or interruptions and may or may not be noted as corneal opacities. Edema of
Bowman’s layer is usually associated with edema in the overlying epithelium or the
underlying stroma and is manifested by decreased eosinophilia of this layer micro-
scopically. Spheroidal degeneration of Bowman’s layer is considered collagen
deposition and appears as extracellular spherical deposits. This change occurs as a
sequela of chronic actinic exposure in humans. Interruptions in Bowman’s layer are
often traumatic or related to surgery. Since Bowman’s layer does not regenerate,
these interruptions will be filled in either with overlying corneal epithelium or with
fibrous connective tissue from the underlying stroma.
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5.5.4.1 Subepithelial Corneal Mineralization

Corneal mineralization can be due to multiple causes. Corneal dystrophy is a term
commonly used in veterinary ophthalmic pathology to encompass many of these
changes. However, corneal dystrophies are defined as spontaneously occurring,
noninflammatory changes bilaterally affecting the central cornea with no associated
systemic disease, when narrowly defined by the definitions used in human ophthal-
mology. Thus, narrowly defined, true corneal dystrophies as a primary disease
appear to be rare in animals, while the more nonspecific calcific band keratopathies
are relatively common. Calcific band keratopathy occurs in human patients in
association with a variety of ocular and systemic diseases including chemical and
physical injury, chronic glaucoma, and phthisis bulbi. It may also accompany hyper-
parathyroidism or vitamin D poisoning [176]. Hypercalcemia produces bilateral
findings and may extend to include calcification of the bulbar conjunctiva [177].
In humans, it also usually involves Bowman’s layer.

Calcific band keratopathies, which as previously mentioned are also commonly
referred to as corneal dystrophies in laboratory animals, are mineralized or calcified
deposits presenting microscopically as basophilic granularity along the corneal
epithelial basement membrane [178]. The extent and severity of secondary changes
varies with animal strain, age, and experimental conditions [125]. The macroscopic
lesion is often characterized by a central, bilateral, and elliptical band in the area
underlying the palpebral fissure [179]. More advanced findings may consist of
epithelial necrosis, foreign body reaction, and scarring. Often, experimental corneal
calcification is the result of trauma, which causes edema and proliferation of
fibroblasts. These cells synthesize and release glycosaminoglycans into damaged
regions, where the calcification develops; the free anionic groups of glycosamino-
glycans tend to bind calcium [180].

Drying of the cornea is an important mechanism of mineralization because evap-
oration of the tear film from the cornea results in supersaturation and precipitation
of calcium in the superficial corneal stroma. Band keratopathy may develop due to
inability to cover the underlying cornea with the lids, as well as high ammonia
levels from urease-positive bacteria in the bedding [130]. In mice, it may be due to
harderian gland adenoma leading to proptosis and keratitis.

A true corneal dystrophy has been described in the American Dutch belted rabbit
and the New Zealand white rabbit. The American Dutch belted rabbit develops
opacities involving the corneal epithelium, basement membrane, and superficial
stroma that are noted clinically with the use of a slit lamp. Microscopically, the
basement membrane is thickened, and the overlying epithelium is thinned and
disorganized. The underlying corneal stroma is also often disorganized [181]. The
corneal dystrophy reported in the New Zealand white rabbits is characterized by a
normal basement membrane, but the overlying epithelium is irregular with both
thickened and thinned areas [182]. Calcification or mineralization of the cornea
independent of these corneal dystrophies has been reported in rabbits due to local
trauma, hypervitaminosis D, and administration of dihydrotachysterol [158,
183—185]. Corneal injury potentiates the corneal calcification produced by the
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hypercalcemia of dihydrotachysterol in rabbits. Calcification also occurs in the
rabbit cornea in response to immunogenic uveitis combined with hypercalcemia [186].

Experimental corneal calcification in the rabbit has been produced by mild irrita-
tion with carbon dioxide laser [183]. Ultrastructurally, numerous spherules of fine
crystals were within the basement membrane of the corneal epithelium. Some
calcific spherules were also present in membrane-bound vesicles within the cytoplasm
of keratocytes. These deposits stained black with von Kossa silver stain and red with
alizarin red S stain, indicating the presence of calcium. Additionally in rabbits, —
morphine appears to cause drying of the cornea [158] with development of
exophthalmos in treated rabbits.

In rats, corneal mineralization, often referred to as corneal dystrophy, is a condi-
tion where calcium and phosphorus is deposited in the superficial cornea in a dif-
fuse or punctate distribution along the palpebral fissure [179]. It is postulated that
changes in the corneal microenvironment (e.g., pH or ion concentration) can cause
calcium to precipitate [128, 177]. Strains of rats involved include Wistar, Sprague-
Dawley, and Fischer 344 [122, 126, 128, 130, 178]. In Sprague-Dawley, Fischer
344, and Wistar rats, mineralization occurs more in males than females [129].
A syndrome called spontaneous corneal dystrophy has been described in Fischer
344 rats that have extracellular electron-dense deposits of calcium and phosphorus
in basement membranes of corneal epithelial cells and other tissues (e.g., renal
tubular basement) such that the condition is not strictly limited to the cornea and
therefore does not fit the strict definition of corneal dystrophy used in human
ophthalmology [178, 187]. Band keratopathy can occur in rats due to the increased
dietary content of vitamin D3, local ocular disease, or systemic abnormalities in
calcium-phosphate metabolism [131]. Excess vitamin D causes similar findings in
the corneas of albino and pigmented guinea pigs. However, the guinea pig cornea
appears to be much less susceptible to experimental corneal calcification than the
rat or the rabbit.

In the rat, de-epithelialization of the central or entire cornea is effective in induc-
ing corneal calcification. Other treatments in the rat, including isoproterenol, alloxan
[188, 189], increased dietary vitamin D3 [185], subcutaneous administration of
morphine sulfate, and suturing the eyelids open, all can be associated with corneal
calcification.

Meador et al. described corneal mineralization associated with epicardial
mineralization in SCID mice with deposition of mineralized material in the corneal
basement membrane or in thin clefts at the epithelial/stromal junction [192]. In more
severe instances, deposits were surrounded by macrophages. The corneal epithe-
lium was variably thinned and dystrophic.

5.5.4.2 Corneal Pigmentation
There are many different causes of corneal pigmentation. Brown, hemosiderin-

laden macrophages may be present in the anterior chamber and adherent to the
endothelium or in the corneal stroma following hemorrhage; yellow particles in the
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anterior layers of the cornea have been reported in the human cornea following
administration of compounds containing gold [191]; and pigmentation occurs
following administration of minocycline, amiodarone, phenothiazines, antimalari-
als, and salts containing silver [192—194]. Pigmentation may also be a consequence
of migration of melanocytes from the conjunctiva associated with neovasculariza-
tion and reparative responses from previous ulceration.

5.5.4.3 Corneal Stromal Edema

Nonspecific alterations in the stroma include edema and inflammation. Stromal
edema is characterized by increased thickness of the stroma due to increased inter-
stitial fluid. Inflammatory cells may infiltrate as part of the edema process. Expansion
of the stroma by edema disrupts the regular arrangement of the collagen bundles of
the stroma, producing opacity. Proper histologic processing is important to appreci-
ate corneal edema, as artifacts can lead to notable differences in corneal thickness
as observed on histologic slides.

5.5.4.4 Corneal Inflammation

Corneal inflammation is almost always accompanied by edema. Inflammation first
presents grossly as perilimbal hyperemia. With time, cells migrate into the corneal
epithelium and stroma. When inflammation is severe, cells will migrate from the iris
into the anterior chamber (hypopyon) and then into the cornea. Nonulcerative
inflammation, such as superficial keratopathy, if minor, can heal without any residual
opacity. Stromal keratopathy involves the stromal layer and will likely be vascular-
ized. Ulcerative corneal inflammation usually has a bacterial component that follows
the initial injury. Sequelae to keratopathy include scars, which microscopically
appear as fibrosis and will be clinically opaque. Keratectasia (i.e., ectatic cicatrix),
descemetocele, and adherent leukoma may form. Pterygium is conjunctival growth
onto the cornea and should be distinguished from pseudopterygium which is the
extension of a conjunctival flap over the cornea. Keratectasia (ectatic cicatrix),
descemetocele, adherent leukoma, and corneal staphyloma are the more serious
consequences of ulceration.

Keratitis and sequelae are often related to injury and increase with age, with the
rat having a greater incidence of keratitis than the mouse [125, 126]. Keratitis has
been associated with SDV and coagulase-positive Staphylococci [100, 125, 129].
Corneal scars, with superficial vascularization, may be attributed to prior trauma
[129]. Large animals such as the dog and monkey tend to have only infrequent kera-
titis, and the incidence in the dog has been report to be as low as 0.5%. In dogs, this
has been attributed to dust and bedding and may be exacerbated when ocular defense
mechanisms are depressed following administration of pharmacological agents.

Keratitis may be a manifestation of photosensitization after exposure to phe-
nothiazine, methoxsalen, or other photosensitizing compounds [17, 50]. Ultraviolet
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Fig. 5.10 Cornea from a rabbit. The cornea is infiltrate by numerous inflammatory cells, and a
relatively large vessel extends laterally through the corneal stroma. H&E. 20x objective

radiation exposure and phototoxicity have been demonstrated to occur in humans
and a variety of animal species with the cornea being one site of injury [161]. UV
radiation has been associated with marked loss of keratocytes in mice [195].
Phototoxicity following exposure to Penicillium viridicatum culture material
includes epithelial changes in the cornea, such as ballooning degeneration, prolif-
eration and thickening of the corneal epithelium, and thinning of the corneal stroma
[196]. Changes in the corneal stroma include corneal vascularization, fibrosis, and
inflammation that may lead to keratoconus and rupture of the globe. The observed
thinning of the cornea with UV light and the thickening demonstrated with some
photosensitizers suggest that there may be effects related to differences in the
physical energy injury.

5.5.4.5 Corneal Neovascularization

Neovascularization is the vascularization of a normally avascular corneal stroma
(Fig. 5.10). It is a common response to corneal injury and is often associated with
inflammatory mediators [197, 198]. Corneal neovascularization may be observed in
nude or hairless mice [167, 199]. Blood vessels interfere with transparency by their
physical presence and participate in inflammation. Vascularization of the cornea is
a beneficial repair response to inflammation, although, as a sequela, it may produce
opacities due to the persistence of nonperfused ghost vessels visible on ophthalmic
examination as linear opacities. Vascularization will be confined only to the injured
cornea and does not generally involve healthy cornea. Findings often associated
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Fig. 5.11 Cornea from a rabbit. A nerve traverses laterally through the corneal stroma and is
occasionally observed as a normal structure. H&E. 20x objective

with corneal neovascularization include conjunctival congestion, corneal stromal
edema, and inflammation.

Neovascularization has also been associated with deficiencies of tryptophan,
riboflavin, vitamin A, and zinc [200, 201]. Some compounds can induce neovascu-
larization, such as EP4-prostaglandin E2 agonists. When this compound was
administered topically, corneal neovascularization was induced as if either through
a pharmacologic or inflammatory mechanism [202]. The induction of neovascular-
ization may be inhibited by administration of compounds such as anti-vascular
endothelial growth factor (VEGF) antibodies [203].

Not all corneal stromal vascularization is neovascularization. Limbal vessels can
occasionally extend a short distance into the peripheral cornea. This finding is
observed in the corneas of rabbits with no other corneal or limbal changes and is
considered to represent normal finding. Careful examination of multiple sections of
the eye from control animals can help differentiate normal variability from abnor-
mality. In addition, corneal nerves may occasionally be observed within sections
and should not be confused with neovascularization (Fig. 5.11).

5.5.4.6 Lipid Keratopathy and Corneal Phospholipidosis

Corneal lipidosis can be observed on occasion as either a spontaneous or induced
change. Lipid deposition in the cornea of rabbits and dogs has been observed in
animal colonies. Rabbits with altered lipid metabolism, notably the Watanabe WHHL
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rabbit or rabbits on high-fat diets, are susceptible to corneal lipidosis [204—-207]. The
eyes have grossly visible corneal opacities, initially as clouding of the medial ventral
cornea, which will progress to pearly corneal opacities extending to the central and
lateral cornea. Microscopically, the anterior corneal stroma has infiltrates of cells
with necrosis and cellular infiltrates. Infiltrates consisted of large, pale, and foamy
macrophages. Foci of necrosis contained Sudan black-positive materials. Corneal
lipidosis may also be drug induced, with birefringent crystals in outer stroma that are
visible with polarized light and stain with Sudan black. The guinea pig also may
present with lipid deposition as part of a disease process including conjunctivitis,
keratitis, and keratoconjunctivitis sicca [208].

In dogs, corneal lipidosis is a rare spontaneous change but when it occurs may
present as marginal, zonal, or epithelial forms [209]. In beagle dogs on life span toxi-
cology studies of radionuclides, similar corneal opacities have been observed with
microscopic changes of amorphous to crystalline lipid deposits in the anterior cornea
[209]. These appeared to be a spontaneous change in aged dogs, as no evidence of a
systemic hypercholesterolemia was detected. However, deposits were determined to
be neutral fats, phospholipids, and cholesterol [210].

Cationic amphiphilic drugs are recognized to produce phospholipidosis of the
cornea. Chloroquine, tamoxifen, and other drugs in humans produce corneal deposits
characterized by lipid in lysosomes of the corneal epithelium and keratocytes
[161, 211-213]. In humans, the phospholipidosis is reversible and associated with
little or no visual impairment [191]. Corneal phospholipidosis is also described in
rats and dogs [214-216] and could occur in any species dosed with cationic
amphiphilic compounds. Histologically, phospholipidosis in the cornea appears as
clear lipidosis-like alterations in the corneal epithelial cells and keratocytes with
bluish granules with hematoxylin and eosin staining. Semithin sections demonstrate
densely staining toluidine blue positive, irregular cytoplasmic inclusions [215].
Transmission electron microscopy shows the typical lamellar and crystalline-like
inclusions. Tilorone, an immunostimulatory agent that causes increased production
of interferon, has been shown to produce both phospholipidosis and mucopolysac-
charidosis in rats. The phospholipidosis is typical and reversible, while the muco-
polysaccharidosis occurs as deposits of glycosaminoglycans in lysosomes of the
corneal epithelium and keratocytes which persist for long periods [217, 218].

5.5.5 Deep Corneal Alterations

Descemet’s membrane undergoes changes secondary to changes in the overlying
corneal stroma or underlying corneal endothelium. With expansion of the corneal
stroma, such as with edema, Descemet’s membrane may develop tears (i.e., stria),
and the edges of large tears in Descemet’s membrane often coil when examined
microscopically (Fig. 5.12). Deep ulceration of the corneal stroma may result in
anterior displacement of Descemet’s membrane into the stromal defect forming a
descemetocele. Since Descemet’s membrane is continuously produced by corneal



5 Toxicologic Pathology of the Eye: Preparation and Anterior Segment 191

Fig. 5.12 Cornea from a rabbit 1 day following a surgical procedure. The incision site (left) has
coiling of Descemet’s membrane (right). H&E. 20x objective

endothelium, it will become thickened with age or can undergo duplication [219].
Degenerative changes in Descemet’s membrane will manifest as irregular or diffuse
thickening and are generally due to disease of the subjacent corneal endothelium.
Descemet’s membrane may extend onto structures of the filtration angle (i.e., descem-
etization), and cellular material may be embedded within it as a result of transcorneal
injections.

Degeneration or loss of the corneal endothelium, with sufficient time, will
result in irregular thickening of Descemet’s membrane. Since Descemet’s mem-
brane is continuously laid down during the life of an animal, where the endothe-
lium is healthy and active, Descemet’s membrane will continue to be expanded.
In those areas where the endothelium is not actively laying down Descemet’s
membrane, it gives the impression of local thinning, which is only a relative
change.

The corneal endothelium is important in maintaining fluid balance within the
corneal stroma, so a morphologic or functional loss of corneal endothelial cells
results in diffuse corneal edema and opacification. When the inhibition is the
result of a compound, the resulting opacity is often diffuse in comparison to local-
ized injury. Intracameral implantation of medical devices can lead to a physical
loss of the endothelium and may demonstrate this localized opacity. Compounds
that are known to injure the corneal endothelium include 5-fluorouracil, local
anesthetics, methylene blue, and tobramycin. Compounds such as methylhydra-
zine, 1,2-dichloroethane, 1,2-dibromoethane, and 1,2-dichloroethylene have been
reported to cause corneal endothelial cell injury in animal studies, but not in
humans [50]. With sufficient time, loss of the corneal endothelial cells causes
irregular thinning of Descemet’s membrane from a lack of continuous deposition
and normal thickening.
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Fig. 5.13 Cornea from a dog that had a device implanted in the anterior chamber. The posterior
surface of the cornea has a focal area of endothelial hyperplasia. H&E. 20x objective

The corneal endothelium has limited regenerative capacity which does vary some
by species. For example, endothelial cells of nonhuman primates, dogs, and cats
enlarge and migrate instead of proliferating, but in the rabbit, endothelial cells
proliferate but may not provide a functional barrier [220-222]. In humans, the
endothelium is thought not to proliferate at all or, if it does, not at a rate sufficient to
replace lost cells since there is decreased corneal endothelial density with age.
Therefore, injury to the corneal endothelium in a toxicology study is generally not
an acceptable result. Human corneal endothelium has been shown in vitro to have
proliferative capacity, even from aged patients, but that capacity requires a strong
mitogenic signal [223]. Similar observations have been made with corneas of other
species, in that there is proliferative capacity when cultured in vitro, but there is still
a tendency for decreased corneal endothelial density with age for rhesus macaques,
rats, mice, and rabbits. At times, some limited endothelial proliferation can be
observed in laboratory animals (Fig. 5.13).

With the limited regenerative capacity of the corneal endothelium, the loss of
corneal endothelium is repaired by spreading and decreased density of the existing
endothelium (Fig. 5.14). This can manifest as attenuation microscopically, where
corneal endothelial nuclei are fewer and spaced farther apart. Detection of such a
change requires detailed comparison with concurrent controls and consistent
orientation of the eye, since there are differences in endothelial density dorsally as
compared to ventrally. However, this is probably better assessed with specular
microscopy, described elsewhere in this book. With a greater degree of endothelial
loss, where the remaining endothelium cannot migrate and spread over the defect, a
fibrous membrane (i.e., retrocorneal membrane) may form [224] (Fig. 5.15). The
origin of the retrocorneal membrane is thought to be from keratocytes or from
corneal endothelial cells that have undergone a metaplastic change to fibrocytes
[225]. A retrocorneal membrane would be expected to result in permanent corneal
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Fig. 5.14 Cornea from a monkey that had a device implanted in the anterior chamber. The inferior
cornea (a) has a paucity of endothelial cells as compared to the superior cornea (b). The corneal
endothelium is attenuated and widely spaced. H&E. 20x objective

Fig. 5.15 Cornea from a rabbit 2 weeks after a surgical procedure. A retrocorneal membrane has
formed at the incision site on the posterior surface of the cornea where the endothelium was lost.
Note the disorganization of the stroma at the incision site and the cross sections of suture material.
H&E. 10x objective
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opacity in affected areas. Loss of endothelium may also result in adherence of the
iris to the posterior corneal surface which is anterior synechia.

Injury to endothelial cells can be recognized ultrastructurally as loss of surface
microvilli, alterations in surface apical processes, rounding of cells, separation of
cells, death, and loss of cells from the basement membrane. In response to cellular
stress, endothelial cells produce excess basement membrane that accumulates
between the basal surface of the endothelial cells and Descemet’s membrane. This
may progress to the above-mentioned fibrous metaplasia and the formation of a
retrocorneal membrane [17]. Protective mechanisms associated with glutathione
are important in maintaining cell viability. Endothelial cells may be damaged
directly by instillation of material into the anterior chamber during surgical proce-
dures [17].

Chemical features in the local environment including ionic concentration, bicar-
bonate levels, pH, and tonicity affect the corneal endothelium. Damage to endothelial
cells can generally be categorized into two major mechanisms: alterations in passive
permeability or alterations in function. For example, benzalkonium chloride, a
surfactant, will cause endothelial cell separation and therefore will increase perme-
ability. Dimethyl sulfoxide has been associated with corneal opacification, and this
may also reasonably be related to increased permeability of the endothelial layer.
Hydrogen peroxide and other drugs or substances that inhibit catalase or glutathione
activity will affect endothelial membranes and ion pumps due to the increases in
free radicals. Drugs that affect the endothelium can reach the anterior chamber by
direct diffusion if given topically or through filtration during the formation of aque-
ous fluid if given systemically. Damage to the endothelium can also be a secondary
event to the administration of phototoxic chemicals such as rose bengal or chlorpro-
mazine, which produce free radicals when exposed to ultraviolet or visible spectrum
light [226-228]. Anything that may affect corneal endothelial metabolism and the
function of sodium-potassium ATPase pumps may result in corneal swelling.

Fischer 344 rats have been described with endothelial dystrophy. Dense opacities
are observed unilaterally or bilaterally in the deep cornea as spots of 1-2 mm in
size. These may be caused by antidepressants in young F344 rats [229].

5.6 Sclera and Episclera

The sclera is composed of collagenous connective tissue and serves as a supportive
frame for the globe [4, 7]. The vascularized layer between the bulbar conjunctiva
and the sclera is the episclera.

5.6.1 Scleral and Episcleral Alterations

The sclera is generally not primarily involved in ocular toxicity but may be second-
arily involved such as being diffusely stretched when the globe enlarges (i.e., buphthal-
mos) due to glaucoma or due to focal stretching (i.e., ectasia) secondary to posterior



5 Toxicologic Pathology of the Eye: Preparation and Anterior Segment 195

coloboma. Osseous or cartilaginous metaplasia of the sclera occurs as an aging change
in rats (Fischer 344) [76]. Posteriorly, drugs may be deposited in the suprachoroidal
space [230] or sub-Tenon’s space near the macula in primates.

The episclera may contain mononuclear or mixed inflammatory cells secondary
to irritation or inflammation of the cornea. With the increasing development of
intraocular therapies, the sclera is frequently a barrier that must be breached, such
that incision sites and sutures or injection tracks may be apparent in section. Healing
of the sclera is mostly by cells from the episclera. With small, uncomplicated
wounds, there is ingrowth of fibroblasts and occasionally of blood vessels either
from the episclera or the uvea. With larger wounds, there may be incarceration or
prolapse of other ocular tissues.

The only known drug class that specifically affects the sclera is the bisphospho-
nates [231]. In humans, bisphosphonates, specifically pamidronate, have been shown
to cause scleritis within 648 h post intravenous injection. Bisphosphonates in general
can cause ophthalmitis, but the scleritis appears to be specific for this drug class.

5.7 Conjunctiva

The corneal epithelium abruptly becomes bulbar conjunctiva at the limbus. The
bulbar conjunctiva covers the episclera and extends as palpebral conjunctiva onto
the inner surface of the eyelids and over the third eyelid [4, 7, 112]. Conjunctiva is
composed of a single row of epithelial cells that appear as squamous epithelium
near the palpebral margins and goblet cells in areas less exposed. The density of
goblet cells is not homogeneous in the palpebral conjunctiva.

The conjunctival epithelium is supported by an underlying connective tissue
stroma that contains lymphoid aggregates in nonrodents referred to as conjunctiva-
associated lymphoid tissue (CALT) and is generally considered to be part of the
mucosa-associated lymphoid tissue (MALT) system [232-235]. Some authors have
in the past identified this as chronic inflammation and if exuberant, it very well may
be. Rats and mice do not normally have lymphoid follicles in the conjunctiva, such
that their formation in that location should be considered an abnormality [232]. As
determined by evaluating rabbits, newborns have no lymphoid follicles in the con-
junctiva, while adolescents have rapidly increasing amounts of lymphoid tissue that
stabilizes during young adulthood and steadily declines with advancing age [236].
The lymphoid tissue in the conjunctiva is greater in the palpebral conjunctiva than
in the bulbar conjunctiva and greater in the conjunctiva of the upper lid than the
lower lid [235]. The conjunctival lymphoid tissue is largely located such that it
overlies the cornea when the lids are closed, which is thought to be an important part
of ocular immune surveillance [234]. The lymphoid tissue exists as individual
lymphocytes and plasma cells scattered in the stroma as well as well-defined folli-
cles, some of which will have germinal centers. It is important to note the relative
amounts of lymphoid tissues when examining the conjunctiva of the eye, as increases
or decreases may be related to test article administration, especially when that
administration is ocular. Decreases in number and size of lymphoid follicles can be
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observed with the topical administration of anti-inflammatory agents. The nictitat-
ing membrane is also a site where lymphoid tissue is frequently present and should
be considered part of the CALT.

The limbus, which is the border between the conjunctiva and the cornea, will
often have small aggregates of lymphocytes in the stroma subjacent to the epithe-
lium. These are common findings in monkeys, dogs, and rabbits but, like CALT, do
not occur in normal rats and mice.

The palpebral conjunctiva of rabbits often contains a few heterophils which may
increase in number as a response to irritation or infection.

5.7.1 Conjunctival Alterations

Inflammation of the conjunctiva (i.e., conjunctivitis) is often associated with corneal
inflammation or inflammation of the anterior segment. This is because the cornea is
continuous with the conjunctiva and because the conjunctiva is the source of vessel
for corneal vascularization and a route for ingress of inflammatory cells into the
cornea and anterior chamber. On gross examination, the inflammation will be
manifested as hyperemia or congestion and edema (i.e., chemosis) of the mucous
membranes. If there was previous hemorrhage, gross discoloration of the conjunc-
tiva may be visible, or hemosiderin pigment deposition may be present in histologic
section. Conjunctivitis and keratoconjunctivitis are reported infrequently as sponta-
neous changes in laboratory animals with the majority of papers describing it in
nonhuman primates more so than other species [126, 136, 237, 238]. However, the
incidence reported in nonhuman primates is approximately 1% [238].

Acute conjunctivitis may present with grossly identifiable exudates, consisting
of mucus, sloughed epithelial cells, exudation of serous fluid and fibrin, and
inflammatory cells. If the injury is great enough, this exudate can form a pseudomem-
brane adhered to the conjunctiva and cornea, or if there is loss of epithelium, it can
form a tightly adherent true membrane. Grossly, there will likely also be chemosis
and hyperemia of conjunctival vessels. Conjunctivitis frequently occurs in rabbits
and is often due to bacteria which may have gained access to the conjunctival sac
via the nasolacrimal duct. Eyelids may be swollen or closed with serous, mucous,
or purulent discharge [239]. If chronic, the discharge can cause a loss of hair on the
face below the medial canthus. Inflammation may be associated with respiratory
disease, and Pasteurella multocida is frequently cultured. However, this organism
can be present in grossly normal eyes.

With chronic conjunctivitis, a spectrum of changes may occur, depending on the
duration, severity, and cause of the injury. Goblet cells are often increased in number,
and the epithelium is hyperplastic with crypt-like infoldings. Lymphoid follicles may
be increased in number and prominence, enough so that they are readily apparent on
a careful gross examination. Vessels may also have perivascular infiltrates of
inflammatory cells.

Sequela of conjunctivitis may include the continued increased density of goblet
cells and epithelial folds. However, if there is epidermalization, there may actually be
decreases in or an absence of goblet cells, due to the transition to a stratified squamous
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epithelium. In some instances, this stratified squamous epithelium may be keratini-
zing. With stromal scarring, the eye may become dry (i.e., xerophthalmia) due to
constriction and obstruction of lacrimal glands and decreases in goblet cells.

Various agents can cause conjunctivitis, and many of those mentioned causing
keratitis will also produce conjunctivitis. Ricin topically applied to the eyes is an
exception, where the conjunctiva and sclera will develop a necrotizing inflammatory
reaction; the cornea will have only a sparse neutrophilic infiltrate limited to the most
peripheral areas [240].

Miscellaneous conjunctival alterations include amyloidosis, squamous cell meta-
plasia, squamous papilloma, squamous cell carcinoma, mucoepidermoid carcinoma,
microgranuloma, and pseudopterygium [49]. Conjunctival microgranuloma may
appear in the bulbar conjunctiva of older rats. The finding consists of small accumu-
lations of macrophages with calcific deposits beneath the conjunctival epithelium
and may occur with corneal mineralization [127, 131, 187]. Pseudopterygium is
characterized by a sheet-like overgrowth of bulbar conjunctiva that extends over
the cornea in the rabbit. Pseudopterygium is a spontaneous change infrequently
observed [20]. The flap is not associated with irritation or inflammation. Microscopically,
the flap consists of a loose connective tissue stroma covered by epithelium on both
sides. There are usually no adhesions between the flap and either the eyelid or the
cornea, and the flap of tissue will often grow back after removal.

The conjunctiva is one site of local application of test articles. When subconjunc-
tival injections are part of the study design, the conjunctiva should be evaluated
microscopically, especially in the area of the injection. With depot injections, granu-
lomas and other reactions may be observed (Fig. 5.16).

./ ity
Fig. 5.16 Conjunctiva from a rabbit given a subconjunctival depot injection. The loose connective

tissue is expanded by an aggregate of foamy macrophages and multinucleate giant cells. H&E. 5x
objective
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5.8 Uvea

The uvea or the vascular tunic of the globe includes the iris, ciliary body, and choroid
[4,7, 32, 241]. The choroid includes the tapetum lucidum in some species.

Since the uvea is the vascular tunic of the eye, it is often involved in intraocular
inflammation. Intraocular inflammation needs to be prevented or minimized
quickly in order to prevent permanent damage to the specialized structures of the
eye. Ocular immunity is reviewed by Biros [242] but includes features such as a
blood-eye barrier, an absence of lymphatic vessels, a semiconfined microenvironment,
tissue-specific antigen presenting cells, and innate immune cells [242].

5.8.1 Uveal Alterations

Drug-induced morphological changes involving the uvea of laboratory animals con-
sist of edema, inflammation, degeneration, abnormal pigmentation, cytoplasmic
vacuolation, cellular necrosis, or changes in the intraocular pressure (IOP).
Colchicine, naphthol, and urethane cause edema, inflammation, or degeneration of
the ciliary body [50]. Naphthalene causes degeneration of the ciliary body and the
choroid, and pyrithione causes edema and degeneration of the choroid [50]. Drug-
induced changes must be differentiated from spontaneous findings which may be
congenital, traumatic, inflammatory, degenerative, metaplastic, and proliferative
processes [46, 126, 243, 244].

5.8.1.1 Pigmentary Changes

Increased or decreased pigmentation may occur following administration of com-
pounds [245]. Drug-induced darkening of the iris occurs in cynomolgus monkeys
and humans with topical administration of the prostaglandin F2a analogs latano-
prost, travoprost, and bimatoprost [246-248]. The increased pigmentation is due
to an increase in melanin synthesis [249]. The sympathetic nervous system is
important in the development of iris pigmentation [250].

Proliferation of melanin-containing cells in the iris may be induced in hooded
rats treated neonatally with urethane [251], but was not observed when Wistar rats
were used.

Depigmentation of the uvea may occur as a result of inflammation or edema.

5.8.1.2 Cytoplasmic Vacuolation
Cytoplasmic vacuolation may occur in the epithelium of the iris, ciliary body, or both

and may be due to a variety of causes. A fairly common cause of vacuolation is due
to phospholipids. This may be caused by many compounds and will vary by species.
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For example, disobutamide, a piperidine antiarrhythmic drug, causes vacuolation of
the epithelial cells of the iris and other cells in dogs, but not rats [252]. Phospholipidosis
may involve the pigmented iridal epithelial cells of monkeys and can cause altera-
tions in the appearance of the tapetum lucidum in dogs. Other causes of vacuolation
include dilation of the endoplasmic reticulum and cell swelling. Diffuse cytoplasmic
vacuolation of the iridal and ciliary epithelium occurred in albino and pigmented
rabbits treated with 6-aminonicotinamide [253]. Extensive cytoplasmic vacuolation
of both pigmented and nonpigmented ciliary epithelial cells occurred in cynomolgus
monkeys following administration of a novel anticancer agent [254]. The ciliary
body appeared swollen and had a decreased amount of pigment.

5.8.1.3 Uveal Inflammation and Trauma

Inflammation of the uvea may be caused by an immunological or a toxicological
mechanism [137, 255]. Drug-related inflammation of the anterior uvea occurs in
humans and is associated with the antiviral cidovir, antituberculous drug ribafutin,
palmidronic acid, sulfonamides, streptokinase, and topical metipranolol [256].
Acute inflammation occurs in the anterior uvea after injection of a compound such
as an antiviral agent [257]. Inflammation of the uvea may be a manifestation of
toxicity in animals, such as inflammation of the ciliary body (i.e., cyclitis) that
occurs after administration of cyclophosphamide to rats [258].

Inflammation as a manifestation of toxicity must be differentiated from sponta-
neous inflammation occurring as a background change. Rats and aged mice may
develop spontaneous inflammation of the anterior uvea (i.e., iridocyclitis) [126].
The NIH Hartley strain of guinea pig is susceptible to experimental autoimmune
uveitis [259]. Mononuclear cell infiltration into the ciliary body (rabbits and mon-
keys), choroid (monkeys), iris (rabbit), and filtration angle (rabbit) is a nonspecific
change that occurs relatively frequently [68, 260] (Fig. 5.17). In the rabbit, sponta-
neous anterior uveal inflammation is more common than choroidal inflammation,
but unilateral uveal inflammation of undetermined cause may occur [261]. In dogs,
inflammation of the choroid may cause the tapetum lucidum to have a red discolor-
ation [261]. If intraocular inflammation persists, then secondary changes occur,
such as adhesions or fibrosis [20].

Trauma to the globe, irritation from an intracameral (i.e., within the anterior
chamber) injection, or implantation of a medical device may cause inflammation with
or without secondary changes. Secondary ocular changes include adhesion of the iris
to the lens (i.e., posterior synechia), adherence of the iris to the cornea (i.e., anterior
synechia), ciliary edema, proteinaceous fluid in the anterior chamber (i.e., aqueous
flare), neutrophils in the anterior chamber (i.e., hypopyon), or hemorrhage in the ante-
rior chamber (i.e., hyphema). Injection of material into the vitreous cavity through the
pars plana will leave an injection track. Ocular findings associated with the needle track
include prolapse of the ciliary epithelium or the vitreous upon removal of the needle, or
intravitreal inflammation. The iris may respond to surgical trauma or irritation by a
fibroproliferative response in rabbits; a similar response may be observed in humans.
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Fig. 5.17 Pars plana of the ciliary body of a monkey with infiltrates of lymphocytes. These are
commonly observed as spontaneous changes in monkeys. H&E. 10x objective

5.8.1.4 Miscellaneous Uveal Findings

Miscellaneous uveal findings may be associated with administration of a com-
pound or may be spontaneous background changes. Iris atrophy is generally not
observed in laboratory animals but may be found in (C57L X A/He) F1 mouse
[167]. Initially, small holes appear that may coalesce with microscopic disorgani-
zation of the normal iridal appearance. The ciliary epithelial basement membranes
of dogs may become thickened following administration of an anticholinesterase
pesticide [262]. Systemic administration of silver lactate to rats results in silver
grain deposition in the iris and ciliary body [263]. The deposits are located on the
basement membranes and within the pigmented epithelial cells. Background
findings include mineralization in the iris of rodents [264] or the presence of foci
of heterotopic bone (i.e., osseous choristoma or osseous metaplasia) within the
ciliary body of guinea pigs [208, 265, 266]. Fischer 344 rats, but not Sprague-
Dawley rats, develop choroidal adiposity as a response to systemic PPAR-gamma
agonist administration [267]. The choroidal adiposity is characterized by increased
adipocytes between the choroid and the sclera.

5.8.1.5 Intraocular Pressure and Glaucoma
The IOP can be increased or decreased. Intraocular pressure may be increased by

subconjunctival injections of compounds, intraocular injection of compounds, and by
topical application of compounds, but other possibilities should also be considered.
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Fig. 5.18 Trabecular meshwork from rabbits. (a) Congenital goniodysgenesis. Note the narrow-
ing of the filtration angle and absences of trabecular meshwork for aqueous fluid filtration. The
animal had buphthalmos and increased intraocular pressure. (b) Normal trabecular meshwork.
H&E. 5x objective

Drugs that dilate the pupil or limit the constriction of the pupil cause the anterior
chamber to be shallow and the filtration angle to be narrow [268]. This may possibly
lead to an increase in the IOP, and a prolonged increase in IOP results in structural
changes (i.e., glaucoma). Obviously, glaucoma is a significant problem in human
ophthalmology, and a variety of therapeutics and surgical techniques are aimed at
decreasing IOP.

Features of glaucoma include increased size of the globe (i.e., buphthalmos or
buphthalmia), breaks in Descemet’s membrane (i.e., stria), diffuse corneal edema,
thinning of the tunics (i.e., retina, uvea, sclera), luxation of the lens, and cupping of
the optic disc. Thinning of the retina begins with loss of the ganglion cells (i.e., inner
retinal degeneration) followed by loss of neurons with cell bodies in the inner
nuclear layer. As the globe becomes stretched, the sensory retina may become sepa-
rated (i.e., retinal detachment) from the retinal pigment epithelium (RPE) leading to
degeneration of photoreceptors (i.e., outer retinal degeneration).

Buphthalmos occurs as a unilateral or bilateral, autosomal recessive inherited
defect in New Zealand white rabbits [269] (Fig. 5.18), and beagles may develop
open-angle glaucoma as an inherited autosomal recessive disorder [270]. Glaucoma
largely develops as a result of impaired drainage of aqueous humor from the ante-
rior chamber from maldevelopment (i.e., goniodysgenesis) or secondary to other
ocular findings. Abnormal development of structures of the filtration angle often
involves faulty development of the pectinate ligament. When the pectinate ligament
is poorly developed, the root of the iris is located adjacent to the peripheral margin
of Descemet’s membrane. There may be splitting and extension of Descemet’s
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membrane onto structures around the pectinate ligament (i.e., descemetization).
Increased production of aqueous has been suggested to be a cause of increased IOP,
but demonstration of this cause is rare.

The increased IOP causes a thin-walled globe, diffuse bluish corneal opacity, and
cupping of the optic disc, especially because of the poorly developed lamina cribrosa
in rabbits [271]. In general, enlargement of the globe may interfere with adequate
hydration of the cornea resulting in drying of the cornea with possible inflammation
(i.e., keratoconjunctivitis) and possibly corneal trauma [261, 272]. With time, sec-
ondary lens luxation and ciliary atrophy may occur. In addition to the development
of glaucoma from maldevelopment (primary glaucoma), glaucoma may develop as
a secondary effect.

Secondary glaucoma occurs when normal aqueous filtration becomes obstructed.
Glaucoma may be secondary to inflammation, neoplasia, neovascular growth, or
lens luxation [20]. For example, rodents develop glaucoma after inflammation in the
anterior segment, particularly if adhesions occur [273-276]. Mechanical causes of
secondary glaucoma include adhesion of the iris to the peripheral cornea (i.e., ante-
rior synechia) or infiltration of the filtration meshwork by inflammatory or neoplas-
tic cells, to mention a few causes. Older DBA/2J (D2) mice develop glaucoma due
to dispersion of ocular pigment [277]. Affected mice develop elevated IOP pigment
dispersion, pigment epithelial atrophy, anterior synechia, ganglion cell loss, optic
disc cupping, and optic nerve atrophy. IOP may increase following administration
of intraocular materials in laboratory animals. Some substances that obstruct aqueous
outflow include particulates such as calcium carbonate, cotton, talc, sanguinarine,
and India ink. Viscous solutions such as methyl cellulose can also slow aqueous
outflow [50]. Other substances, such as alloxan, cresol, and phenol, destroy endothe-
lial cells, including those lining the trabecular meshwork, causing an inflammatory
reaction.

IOP may be decreased in some instances. Inflammation is an important cause of
decreased IOP. Cardiac glycosides, including digitoxin, digoxin, lanatoside C, and
ouabain reduce the IOP by interfering with the formation of aqueous through inhi-
bition of Na/K-ATPase in the ciliary body. Iodoacetate and quinine reduce IOP by
damage to the iris and ciliary body and reduction of aqueous production [50].
Topical application of prostaglandin F2c reduces IOP and increases the uveoscleral
outflow resulting in edema and dilatation of intramuscular spaces of the ciliary body
of cynomolgus monkeys [278].

5.8.1.6 Tapetal Alterations

Since dogs are commonly used in toxicity studies, alterations involving the tapetum
lucidum are often observed in laboratory beagles [245]. Since the tapetum lucidum
is not present in humans, treatment-related findings may not be relevant to human
safety assessment [279]. To help determine if treatment-related tapetal findings have
relevance to humans, beagles which do not have an observable tapetum lucidum
are sometimes used [280]. These dogs have tapetal cells, but they are lacking
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intracytoplasmic rodlets [281]. For example, administration of imidazoquinoline to
normal beagles results in tapetal and retinal changes, but the use of atapetal beagles
results in no retinal changes [282].

The principal toxicity-related finding involving the tapetum lucidum is a loss
of tapetal cells. Since young beagles are generally used for toxicity studies,
age-related loss of tapetal cells can be eliminated as a possible cause for the loss
[283, 284]. Degeneration or necrosis of tapetal cells may be accompanied by
inflammation which may cause the tapetum lucidum to appear red or be absent
[261]. Additional findings that may accompany tapetal cell degeneration include
inflammation of the retina (i.e., chorioretinitis), edema, hemorrhage, or retinal
detachment.

Toxicity involving the tapetum lucidum of beagles may be subdivided into zinc
chelators and nonchelators. Since tapetal cells contain a high concentration of
zinc, administration of zinc chelators, such as hydroxypyridinethione or pyrithi-
one, to dogs causes tapetal and choroidal necrosis and edema with a secondary
retinopathy [254, 261, 285, 286]. Administration of the zinc chelator ethambutol
causes fluffy-white discoloration of the tapetum [261]. This change is reversible
and is probably due to altered refraction because of disorganization of tapetal cell
rodlets. Administration of hydroxypyridinethione results in retinal edema and
detachment in addition to tapetal cell necrosis [261]. Administration of the
chelating agent pyrithione also causes tapetal and choroidal necrosis and edema
[254, 288].

Toxicity involving the tapetum lucidum of beagles is observed with non-
chelators such as enrofloxcin, CGS14796C (a potential aromatase inhibitor),
1192090 (an antipsychotic agent), dithizone, edentate, and ethylenediamine
derivatives [50, 289, 290]. Compounds that do not cause chelation may also
cause tapetal edema, degeneration, retinal edema, and retinal detachment in dogs
and tapetal atrophy in cats [291]. These changes were specific for the tapetum
since no retinal changes were observed in primates, rats, rabbits, or atapetal
beagles [50].

5.8.1.7 Developmental Uveal Findings

Findings associated with toxicity of the uvea of laboratory animals must be differ-
entiated from spontaneous uveal findings. Many of the spontaneous findings are
congenital and easily differentiated from a finding associated with toxicity by being
observed during the prestudy ocular examination. Developmental anomalies involv-
ing the uvea may be unilateral or bilateral, occur in a variety of laboratory animals
(rat, mice, hamster, rabbit, beagle dog), and include ectopic pupil (beagle dog),
persistent pupillary membrane or strands (beagle dog, Sprague-Dawley rat, Crj:CD
(SD) rat, Gottingen minipig, Yucatan micropig, mice, Syrian hamster), iridal
coloboma (rat), posterior coloboma (beagle dog, rat), and alterations in iridal color
[47, 100, 125, 126, 129, 261, 292-294].
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5.8.1.8 Uveal Neoplasia

In general, spontaneous uveal neoplasia rarely occurs in the common laboratory
animals. In mice, they are generally malignant, with the exception of iridal adenoma
of the nonpigmented iridal epithelium [167]. Some neoplasms metastasize to the
globe (e.g., harderian gland carcinoma) or may be induced, such as fibrosarcoma
induced by intraocular implantation of a suture containing 20-methylcholanthrene
[169].

Rats develop spindle cell neoplasms which include uveal malignant melanoma
[295], uveal leiomyoma [296], and malignant and benign intraocular Schwannoma
[297]. In guinea pigs, malignant lymphoma, including T cell lymphoma and reticu-
losarcoma, has been reported to involve the choroid [298, 299], and uveal malignant
melanoma has been reported in rabbits [300]. In the mouse, secondary tumors, such
as malignant lymphoma and harderian gland carcinoma, can spread to the globe
[167, 301, 302].

Spontaneously occurring uveal melanomas have been reported in albino rat
strains including Sprague-Dawley, Wistar, and F344 [49]. Uveal melanomas in the
rat consist of bundles and whorls of spindle-shaped cells with a perivascular orienta-
tion, possibly containing epithelioid cells and areas of necrosis. Mitotic figures may
be numerous. The neoplasm generally involves the anterior uvea but may involve
the choroid and extend into adjacent ocular structures. Neoplastic cells are positive
for S-100 protein and vimentin intermediate filament.

Uveal malignant melanoma is generally not a neoplasm that occurs in albino
mice and is rare in pigmented mice, such as B6C3F1 mice [81, 302]. In B6C3F1/
Cr1BR mice, intraocular melanomas are noninvasive, well-pigmented, epithelioid
neoplasms originating in the choroid with no metastasis [302]. In these mice, malig-
nant melanoma usually originates in a lymphoid organ and metastasizes to the chor-
oid resulting in retinal detachment [167]. Uveal malignant melanoma in the mouse
may metastasize to the lymph node, spleen, and thymus.

Uveal melanoma has been induced by intravitreal instillation of nickel
subsulfide or N-methyl-N-nitrosourea and by oral administration of ethionine
combined with 2-acetylaminofluorene [303, 304]. Uveal melanoma has been
induced in pigmented August hooded rats by subcutaneous injection of urethane
or N-hydroxyurethane during the neonatal period [49]. Metastasis to the lung has
been reported.

Uveal leiomyoma in the rat consists of whorls of spindle cells, occasionally
around blood vessels, that are reported to be positive for desmin [296]. The cells
contain myofibrils that can be demonstrated with phosphotungstic acid hematoxylin
(PTAH) stains and by transmission electron microscopy.

Intraocular schwannoma arises from the iris or ciliary body but involves adjacent
ocular structures [75]. The neoplasm is composed of plump spindle-shaped cells
with abundant eosinophilic cytoplasm arranged in parallel rows and palisades
around blood vessels. Neoplastic cells may have positive immunoreactivity for
S-100, and desmosomes may be detected, ultrastructurally. Mitotic figures may be
numerous and areas of necrosis may be present.
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Chapter 6
Toxicologic Pathology of the Eye: Alterations
of the Lens and Posterior Segment

Kenneth A. Schafer and James A. Render

Abstract The identification of microscopic toxicologic changes in the lens and
posterior segment is influenced by many factors. Important factors include in vivo
procedures, such as route of administration, and procedures involved in preparation
of the eye for microscopic examination which have been discussed in the previous
chapter. A wide variety of toxins may affect the lens and posterior segment, but toxic
changes must be differentiated from iatrogenic and spontaneous changes. Both the
toxic and spontaneous changes may be influenced by the type of species, strain of
animal, or an animal’s age. Understanding these differences, as well as knowledge of
the normal anatomy, physiology, and function of ocular structures, will help in detect-
ing toxicologic changes. This chapter is a continuation of the previous chapter with
a focus on findings of the lens and posterior segment of the eye.

6.1 Introduction

As indicated in the previous chapter, the detection and identification of microscopic
toxicologic changes are influenced by many factors. This is especially true for
changes in the lens and structures of the posterior chamber. The detection of micro-
scopic findings of the lens requires an awareness of clinical ocular findings observed
via ophthalmoscopy and slit lamp biomicroscopy. For detection of findings in the
posterior segment of the eye, it is important to have knowledge of the clinical
findings observed via direct and indirect ophthalmoscopy [1-4]. These methods,
along with additional techniques used in ophthalmology, can detect the exact
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location of findings and thus challenge the pathologist to provide a microscopic
correlate. As discussed in the previous chapter, detection of microscopic changes
requires good communication among the clinical examiner, the pathology technical
staff, and the pathologist. The preparation of good quality histologic sections is
necessary for detailed histologic evaluation. Specialized structures, such as the
retinal macula of primates, need to be examined, and examination of a cross section
of the optic nerve will help in assessing the health of retinal ganglion cells.

6.2 Lens

There are many references covering the embryology, anatomy, physiology, and bio-
chemistry of the lens [3, 5—13]. The lens epithelium proliferates to form lens fibers
throughout the life of the animal. This results in compression of the lens nucleus and
eventually hardening (i.e., nuclear sclerosis). Throughout life, the anterior lens epi-
thelium continues to deposit basement membrane causing thickening. Focal prolif-
eration of lens epithelium may occur, especially in rats.

Terms used to describe changes in the lens should be descriptive and accurate.
For example, a gross loss of transparency of the lens should be referred to as a
lenticular opacity, since the finding may be reversible (i.e., cold cataract) or irreversible
(i.e., cataract) [14—16]. Microscopically, features such as liquefaction and globule
formation in the lenticular cortex are considered to represent lenticular cortical
degeneration, and the combination of clinical and microscopic findings indicate that
the lenticular change is a permanent change (i.e., cataract). Use of precise diagnos-
tic terms for ocular findings helps to eliminate confusion.

6.2.1 Reversible Lenticular Opacification

Reversible opacification of the lens may be induced by various stimuli including
cold temperature, anoxia, asphyxia, dehydration, stress, and drugs [17]. Micro-
scopically, reversible changes include prominent suture lines from the swelling of
adjacent lens fibers, minimal swelling of individual lens fibers in the outer cortex
without any degenerative or other microscopic changes. A cold cataract is a revers-
ible change in the lens especially in rodents. The lenses appear opaque, but micro-
scopically, there are no changes, and the opacity is reversible.

There are several compounds that cause acute reversible white clouding of the
anterior rodent lens within 1 or 2 hours, including opiates, opioids, and phenothia-
zine [18]. The loss of transparency of the anterior lens may be due to temporary
decreases in hydration from an arrest in blinking resulting in excessive exposure and
evaporation from the front of the eye. Swelling of individual lens fibers without
degenerative changes may be observed microscopically. In addition, triparanol-
induced opacities are sometimes reversible [19].
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Fig. 6.1 Lens from a monkey with spontaneously occurring cataracts. Histologic changes in the
lens include swelling of lens fibers (bladder cells), vacuolation, and proliferation of lens epithelium
(upper right). H&E. 10x objective

6.2.2 Microscopic Lenticular Findings

Any lenticular finding, including cataract, should be characterized as unilateral or
bilateral, focal or diffuse, and whether it involves the capsule; subcapsular epithe-
lium; posterior subcapsular cortex; anterior, equatorial, or posterior cortex; or
nucleus. Irreversible microscopic changes that likely correlate with opacity include
bladder cells, clefts, vacuoles, liquefaction, lens fiber fragmentation, Morgagnian
globules, collapse of the lens capsule, and dystrophic mineralization. Changes char-
acteristic of a cataract generally include degeneration and necrosis of lenticular
fibers but may involve the lenticular epithelium (Fig. 6.1). Lenticular epithelial cells
can migrate along the posterior capsule and undergo proliferation with or without
fibrous metaplasia (Fig. 6.2). The degree of involvement varies from minimal to
marked [20].

6.2.3 Spontaneous Lenticular Opacities

It is common for lenticular opacities to occur in rodents [21]. Mice appear to develop
more lenticular opacities than rats, and minor opacities are common in young mice
[22]. Diffuse opacification and vacuoles around suture lines occur with increasing
age of mice, and lenticular opacities may be strain specific (e.g., Crl:CD1®(ICR)BR
mice) [22].
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Fig. 6.2 Lens from a rabbit 2 weeks after a lensectomy procedure. Portions of the transparent
implanted intraocular lens are visible (arrowhead). The anterior lenticular epithelium is hyperplastic
and undergoing fibrous metaplasia. Lens fibers that were not removed during the procedure are
swollen. H&E. 10x objective

Various types of optical changes are considered to be background changes in the
lens of rats, and some may be inherited [23]. Spontaneous changes in the lens may
involve the cortex with loss of transparency or be associated with lens capsule rup-
ture [21, 24]. Changes associated with anterior suture lines are common in older rats
[20, 25, 26], and opacities involving the anterior suture lines appear to be common
in spontaneously hypertensive rats [27]. Lesions of the posterior cortex may occur
in the rat, especially young rats that have focal opacities associated with remnants
of hyaloid vessels [20, 21]. Posterior capsular cataract appears as one or more small
granular plaques and is common in older animals [21]. Swollen lens fibers are
observed in a peripheral arcuate pattern in Sherman rats and as striations in the
anterior cortex in Sprague-Dawley rats [20, 26, 28].

Other laboratory animals may develop spontaneous lenticular opacities. Hamsters
have few spontaneous opacities, but spontaneous opacities of anterior cortex and
nucleus occur in young hamsters, and striations within the cortex and posterior cor-
tical cataract occurs with advancing age in hamsters [21]. Congenital cataracts are
reported in the guinea pig [29]. Posterior cortical pinpoint lens opacities have been
described in the Gottingen minipig and Yucatan micropig [30].

In Beagles, anterior and posterior suture opacities have been described in ani-
mals at approximately 15 weeks to 3 years[31-36]. Bilateral vacuoles or punctate
opacities near suture lines at the periphery of the posterior cortex occur in young
laboratory beagles, and age-related lenticular changes are well characterized in
laboratory beagle dogs [21]. Posterior sutures may be pronounced in very young



6 Toxicologic Pathology of the Eye: Lens and Posterior Segment 223

dogs [31, 32] and in older dogs [21, 33]. Cataracts that occur in young beagles often
involve the posterior aspect of the lens and may be pinpoint [21, 34]. Findings
include posterior polar subcapsular streaks or small plaques [35]. Posterior capsular
and cortical opacities increase with age in the beagle dog [21, 33, 36].

With the continuous production of lens fibers, there is constant compression of
the lenticular nucleus, and the optical density of the nucleus increases slowly with
age (i.e., nuclear sclerosis) [20, 26]. Nuclear sclerosis must be differentiated from
nuclear cataract. Nuclear cataract can occur, especially in rodents, and is more com-
mon in mice than rats. Spontaneous nuclear cataracts are rare in rats but do occur in
Sprague-Dawley rats. Unilateral nuclear cataract has been reported as age-related in
Sprague-Dawley rats. Inherited nuclear cataracts also occur in Sprague-Dawley rats
[21, 27, 37]. Nuclear opacities occur in spontaneous hypertensive rats of the
Okomoto strain, and nuclear cataract has been observed in hamsters [21]. A nonpro-
gressive focal opacity of the fetal nucleus has been reported in beagles, but focal
opacities and spontaneous nuclear cataracts are rare [25]. Focal nuclear opacities
occur in Gottingen minipig [38], dog, Sprague-Dawley rat, and Yucatan micropig.
Increases in nuclear densities after 1 year have been reported in the rat [25].

Granulomatous inflammation focused on the lens occurs in rabbits, especially dwarf
rabbits, and occurs with rupture of the lens capsule (i.e., phacoclastic uveitis) [39].
Although not always detected in the affected globe, Encephalitozoon cuniculi is thought
to be the cause. Although the pathogenesis is not completely understood, vertical
transmission occurring during lens development is a possible source of the infection.

Aging associated with cataract formation has been reviewed [40] and is thought to
be the net result of oxidative stress [24]. Oxidative stress decreases superoxide dis-
mutase and GSH activities, increases free radical formation, and increases protein
aggregation [40-42]. The Emory mouse is a model for age-related cataract in humans.

6.2.4 Lenticular Toxicity

Only a few substances have been shown to cause cataract in humans, but many com-
pounds have been shown to cause cataract in animals [18, 43—45]. This may be due
to the large number of compounds tested in animals. Cataract may be caused by
many different mechanisms and may be induced in laboratory animals by various
factors [18, 46, 47]. Factors influencing cataract formation include aging, disrupted
metabolism, nutritional deficiency, and exposure to oxygen radicals, X-ray radiation,
microwave radiation, gamma radiation, and UVA or UVB light [18, 46, 48, 49].
“Sugar” cataract is produced by high concentrations of galactose, xylose, or glu-
cose and has been demonstrated in rats [18, 48]. These sugars are converted to sugar
alcohols which become trapped in the lens and osmotically attract water into the
lens. This results in excessive hydration, swelling of cells and fibers, and fluid
between fibers. High lens glucose is metabolized by aldose reductase pathway to
sorbitol, and increased amounts of sorbitol causes hyperosmotic stress on lens fibers
with the potential for cataract. The high blood glucose conditions of diabetes mellitus
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or induced by administration of alloxan or streptozotocin cause persistent hypergly-
cemia and eventually a “sugar” cataract in rats and rhesus monkeys [48, 50]. Polyol
(sugar alcohols such as sorbitol and xylitol) accumulation and protein glycation in
diabetic mice have been described as well [41]. In addition to increased sugars,
tryptophan deficiency can cause cataract in the rat [51].

Several compounds cause cataract. Acetaminophen causes cataract by decreasing
GSH levels [18]. Naphthalene causes cataract through a P450-glutathione-dependent
mechanism [52] and is cataractogenic and retinotoxic (retinal edema) in the rabbit
[53]. Diquat induces the production of free radicals and structural changes in lens
fibers in the rat and dog [50]. Repeated subcutaneous injections of buthionine sulfoxi-
mine causes osmotic swelling along suture boundaries in the anterior cortex but
eventually spreads to the rest of the lens [24]. Administration of phenylalanine or
chlorophenylalanine results in a protein disturbance and cataract [50]. Disruption of
lipid metabolism may result in cataract. Triparanol inhibits cholesterol synthesis and
thus cell membrane production [48]. Administration of aminopyridine inhibits
oxidosqualene cyclase and blocks cholesterol synthesis at hydroxymethylglutaryl-
coenzyme A (HMGCoA). The result is necrosis and swelling of fibers at equator [50].
U18666A, an inhibitor of enzymatic reduction of desmosterol to cholesterol, produces
permanent nuclear cataract. Agents that cause hypolipemia, such as styryl-hexahy-
droindolinol and AY-9944, have been associated with cataracts [54].

Cataract formation may have multiple causes. Selenite causes nuclear cataract in
young rats [55]. Inhibition of enzymes or disruption in protein metabolism causes
cataract and may be due to compounds such as chlorophenylalanine, phenylhydra-
zopropionitrile, mimosine, and naphthalene [18]. Administration of naphthoqui-
none inhibits Na/K-ATPase leading to an electrolyte disturbance and osmotic
swelling of lens fibers [50]. Radiomimetic cataracts are similar to those produced by
radiation [18]. Compounds that produce this effect include busulfan, dibromoman-
nitol, dimethylaminostyrylquinoline, iodoacetate, nitrogen mustard, tretamine, and
triaziquone. Posterior subcapsular cataract is produced by a variety of glucocorti-
coids in humans, but these are difficult to replicate in animals [18]. Uncoupling of
oxidative phosphorylation caused by 2,4-dinitrophenol produces cataract in humans,
but not in the dog and rat [50].

6.2.5 Lenticular Epithelial Alterations

Changes in uniformity, such as swelling of lens fibers and variation in shapes of lens
cells, may be noted in the germative zone before opacity occurs. Lenticular epithe-
lial cells may undergo focal hyperplasia in older rats. Administration of 4-dieth-
ylaminoethoxy-a-ethyl-benzhydrol to rats caused inflammation of the cornea and
anterior uvea with secondary lenticular epithelial proliferation followed by pykno-
sis and fiber degeneration. Perturbation of cell division may occur following ioniz-
ing radiation or the administration of 4-p-dimethylaminostyryl and busulfan [50].
UV light is a possible factor in age-related cataracts because UVB radiation
causes epithelium to undergo apoptosis and hyperplasia, as well as anterior suture
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disintegration. Vacuolation of lens epithelium occurs following administration of
SK&F 86466, an alpha2 adrenoreceptor antagonist. Antineoplastic antimitotic
agents affect mitotically active cells in the germative zone of lens epithelium with
changes noted at the equator [18]. Lenticular epithelial cells may undergo focal
proliferation in the aged rat or following surgery or trauma (Fig. 6.2).

Neoplasms of the lens do not appear to occur spontaneously in laboratory
animals.

6.2.6 Lens Capsule Alterations

The lens capsule is continuously produced by the anterior lens epithelium, such that the
anterior capsule will increase in thickness with age and may be notably thicker than
the posterior capsule. With intraocular surgical techniques in preclinical studies, there
is the potential for nicks in the lens capsule, which may result in adjacent opacities and
lens fiber changes. Infrequently, intravitreal injections of some soluble therapeutics
may diffuse into the lens capsule and produce abnormal staining, although producing
no ophthalmologic changes. One example is basophilic staining of the lens capsule and
optic disc following intravitreal injection of oligonucleotides (Figs. 6.3 and 6.4).

Fig. 6.3 Lenses from rabbits on an intravitreal injection study. (a) The soluble test article tended
to accumulate in the lens capsule and caused basophilic staining. (b) Lens capsule of a vehicle-
treated rabbit was unremarkable. No abnormal ophthalmic examinations findings were observed.
H&E. 20x objective
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Fig. 6.4 The optic disc from the same rabbit in Fig. 6.3a. The inner limiting membrane was
basophilic. No funduscopic examination correlates were observed. H&E. 5x objective

6.3 Vitreous Body

The vitreous humor is a transparent, jellylike material that fills the vitreous chamber
[3, 5, 13, 56]. Alterations of the vitreous may be congenital, spontaneous, or iatro-
genic associated with drug administration.

6.3.1 Spontaneous Vitreal Alterations

Many of the spontaneous background findings involving the vitreous body are vari-
ous types of remnants of embryological structures, especially the hyaloid vessels.
The embryologic vessels surrounding the developing lens (the tunica vasculosa lentis),
hyaloid vessels, or both may persist. If there is a proliferation of connective tissue
in addition to the blood vessels, the finding is classified as persistent hyperplastic
primary vitreous (PHPV). This finding has been reported in the Sprague-Dawley rat
[57]. Persistent hyaloid vessels have been reported in rats [20, 25, 57-60], Swiss
mice [22], Gottingen minipigs [38], and Yucatan micropigs [61] but is a common
congenital finding in many species. Persistent hyaloid vessels are rare in laboratory
primates [53]. In the rat, there are patent hyaloid arteries that persist up to 6 days of
age and close between 1 and 3 weeks [20]. Remnants of the hyaloid vessels are still
present at 6 weeks in a majority (60%) of rats with a few (2%) containing blood. By
the age of 26 weeks, a few (5-6%) of the rats have hyaloid remnants and an occa-
sional rat (1%) will have a hyaloid remnant at 1 year of age.
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Intravitreal hemorrhage is rare in dogs but common in rats [53]. Vascularization
of the vitreous may cause intravitreal bleeding which may lead to vitreal traction
bands on the retina. When hyaloid vessels are patent, blood extends into the vitreous.
This is the main cause of vitreous hemorrhage reported in the mouse [Crl:CD1(ICR)
BR] [22] and rat [20, 57, 58]. Erythrocytes are engulfed by phagocytic cells resulting
in brown-pigmented cells in the vitreous [57]. Persistent hyperplastic vitreous causes
defects in the posterior lens capsule which may result in a posterior polar cataract
[53]. Preretinal arteriolar loops which extend into the vitreous are uncommon findings
in beagles and can be detected during the pretest study period. They are caused by a
defect in the inner limiting membrane of the retina [53].

In humans, rheological (the gel-liquid state of the vitreous) changes may occur
in the central vitreous. A liquefaction process may occur in dogs and may cause
separation of the posterior cortex from the retinal inner limiting membrane, predis-
posing to retinal tears and rhegmatogenous retinal detachment [5]. Hyaluronic acid
provides viscoelasticity but also acts as a barrier to the diffusion of macromolecules
into the vitreous, unless that barrier is disrupted by trauma. The vitreous is a storage
site for retinal metabolites and protects the lens and retina from toxic compounds.
Pathologic processes leading to decreased hyaluronic acid concentration and vitreal
liquefaction will affect the nutrient supply, waste removal, and drug delivery in the
posterior segment. In most species, holes and liquefaction (i.e., syneresis) occur in
older individuals, especially in the central or intermediate zones [5].

Asteroid bodies or asteroid hyalosis are small, opaque bodies consisting of
calcium-lipid complexes within the vitreous. These have been described in beagles
3-8 years of age [21, 33, 62]. Fibrosis and calcification of the vitreous are occasion-
ally seen in the rat, mouse, and hamster [21].

6.3.2 latrogenic Vitreal Findings

Most of the changes in the vitreous in ophthalmic studies are iatrogenic and due to
the administration of a compound or device to treat the retina [63]. These findings
include inflammation, plasmoid vitreous, hemorrhage, liquefaction, and displace-
ment (possibly causing retinal detachment). Inflammatory infiltrates often consist of
macrophages, which will phagocytose and attempt to clear poorly soluble materials
via migration out the optic nerve. Inflammatory infiltrates and hemorrhage may lead
to progressive neovascularization [21]. The vitreous may prolapse through intravit-
real injection tracks.

6.3.3 Toxicologic Vitreal Findings

In addition to the physical changes associated with the intravitreal administration of
a compound, there may be a toxic effect involving the vitreous and the adjacent
structures (i.e., the lens and retina). Intravitreal injection of commercially available
ketorolac tromethamine in rabbits resulted in retinal toxicity [64].
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6.4 Retina

There are many references covering the embryology, anatomy, physiology, and bio-
chemistry of the retina, and retinal anatomy is also covered elsewhere in this book
[3,5, 13, 65]. In general, the retinal structure is similar among species, but there are
a few differences in ocular anatomy among laboratory animal species, for example,
the macula in primates [5, 66]. The retina consists of the inner transparent sensory
(neurosensory) retina and the outer retinal pigmented epithelium (RPE) separated
by a potential space, the subretinal space. Axons of retinal ganglion cells converge
to form the optic nerve. The peripheral sensory retina abruptly becomes the inner
ciliary epithelium and the RPE abruptly becomes the pigmented ciliary epithelium
at the ora ciliaris (ora serrata in humans and nonhuman primates).

The layers of the retina, from external to internal, are the RPE, the photoreceptor
layer (i.e., layer of rods and cones), the outer limiting membrane (OLM), the outer
nuclear layer (ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL),
the inner plexiform layer (IPL), the ganglion cell layer (GCL), the nerve fiber layer
(NFL), and the inner limiting membrane (ILM).

Generally, morphologic changes in the retina are permanent, so early detection
of toxicity is important [67]. The primary methods of clinically evaluating the retina
for toxicity are indirect ophthalmoscopy (fundoscopy) and flash electroretinogram
(ERG), although clinical evaluation may also involve fluorescein angiography, con-
focal scanning laser tomography, ultrasonography, and optical coherence tomogra-
phy [2, 53, 66, 68, 69].

Terms used to describe changes in the retina should be descriptive and accurate.
For example, the outer displacement of a photoreceptor nucleus into the layer of
inner and outer segments should be referred to as photoreceptor displaced nuclei
which may be normal or may be one of several changes that may cumulatively be
referred to as retinal degeneration. Since the retina is composed of many different
types of cells, the use of retinal degeneration may be a vague term. For one study,
retinal degeneration might represent loss of ganglion cells, and in another study,
retinal degeneration might represent changes associated with photoreceptors. Use
of precise diagnostic terms for retinal findings helps to eliminate confusion.

6.4.1 Spontaneous Retinal Alterations

Retinal findings generally involve retinal vessels, photoreceptors, or ganglion cells.
Spontaneous findings need to be differentiated from treatment-related toxicities.
Vascular findings are often a reflection of a systemic condition such as spontaneous
preretinal arteriolar loops in dogs or possibly alterations associated with atheroscle-
rosis such as calcification or changes associated with hypertension leading to hem-
orrhage or edema. Occasionally, spontaneous retinal changes are observed without
a clear pathogenesis (Fig. 6.5).
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Fig. 6.5 Retina from a monkey. Fovea is to the /eft. On prestudy ophthalmic examination, a retinal
“scar” was identified adjacent to the fovea. The retina has loss of cells in the outer nuclear layer
and inner nuclear layer. The photoreceptor, inner plexiform, and outer plexiform layers are focally
thinned. The outer plexiform layer has a focus of mineralization. H&E. 10x objective

Alterations involving photoreceptors include dysplasia, dystrophy, and degener-
ation. The term retinal dysplasia is used to describe focal or multifocal disorganiza-
tion of the sensory retina due to faulty development and is usually characterized by
retinal rosettes, abnormal alignment of photoreceptor cells, and possibly cellular
degeneration [70]. Retinal folds are occasionally diagnosed as retinal dysplasia
clinically and microscopically, but should be given a separate diagnosis. Since the
retina of the rat at birth is considered to be equivalent in development to the human
retina at 4-5 months gestation, it is possible to create experimental developmental
findings in the eyes of rat pups [70]. For example, retinal dysplasia has been pro-
duced by administration of cytosine arabinose, cycasin, N-methyl-N-nitrosourea
(NMU), and trimethyltin [37, 70-72]. Spontaneous retinal dysplasia occurs in many
laboratory animals, especially rats and rabbits, but does occur rarely in laboratory
beagles [53]. In the rat, retinal dysplasia generally consists of unilateral linear eleva-
tions of the retina of varied lengths [37]. Sprague-Dawley rats have different types
of retinal dysplasia. Retinal dysplasia may be unilateral or bilateral and character-
ized by focal or occasionally diffuse absence of outer layers of the sensory retina.
This form occurs more frequently in males and increases in incidence with age [73].
Another form of retinal dysplasia occurs in Sprague-Dawley rats at 7-10 weeks of
age and is referred to as linear retinopathy, retinochoroidal degeneration or atrophy,
retinal dysplasia or dystrophy, or choroid defect [21, 25, 37, 57, 73, 74]. The finding
is generally unilateral and consists of thinning from focal loss of the outer layers of
the sensory retina with direct abutment of the INL to the choroid or even sclera.
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Inherited retinal degeneration is a condition that generally affects photorecep-
tors, the RPE, or both and varies in the time of onset with a tendency to progress in
severity. The hereditary condition occurs in several strains of mice, including sev-
eral mutant and transgenic mouse strains, rats, and monkeys, but is rarely observed
in hamsters and laboratory beagles [21, 22, 53, 75-80, 81-85]. One example is reti-
nal dystrophy in the Royal College of Surgeons (RCS) rat that has a spontaneous
mutation for a gene that encodes a receptor critical for phagocytosis of shed outer
segments [80, 84, 85]. The RCS rat lacks the ability to phagocytose shed discs,
resulting in photoreceptor loss, reduced numbers of nuclei in the ONL, and debris
between the RPE and photoreceptors [77]. Other examples of retinal dystrophy
include Wag/Rij and Osborne-Mendel stains of rats [53, 78, 84].

Treatment-related degeneration of photoreceptors needs to be differentiated from
spontaneous (including inherited) retinal degeneration, especially senile retinal
degeneration, a condition characterized by the gradual decrease in the number of
photoreceptors, especially rods, and thinning of the ONL with age for all of the
laboratory animal species, especially rodents [66]. Since rodents have a relatively
short lifespan in comparison to other laboratory animals, it is easier to observe
senile retinal degeneration in these species. Senile retinal degeneration can affect
enough of the retina such that retinal atrophy is the preferred term. Changes can
advance to a degree that the retina consists of just a fibrous layer with glial cells and
occasional neurons [21, 24, 74, 86-92]. Age-related effects have been reported in
various laboratory animals including aged CD-1 and B6C3F1 mice, and in albino
rats including Chbb/THOM strain, Fischer 344, Sprague-Dawley, and Wistar-Furth
rats [21, 74, 86-92]. For example, the ONL in F344 rats decreases in cellular thick-
ness from 12 cells thick at 3 months to less than 8 cells thick at 18 months [90]. In
Wistar rats, the incidence of senile retinal atrophy can reach 10% in both males and
females at 2 years [88].

Since the peripheral retina is thinner than the central retina, degeneration associ-
ated with aging is more noticeable in this region and may begin with microcystoid
changes in the RPE. Changes typical of senile peripheral retinal degeneration
include retinal thinning with a loss of nuclei in the ONL and INL, fusion of the
nuclear layers, displacement of photoreceptor nuclei into the inner and outer seg-
ment layers, hypertrophy of the RPE, and possibly migration of RPE cells or mac-
rophages into the sensory retina [21, 53, 79, 87, 90, 93]. Infiltration of heavily
pigmented cells into the subretinal space may be detached RPE cells or possibly
macrophages.

Some strains of mice, especially those background strains used for knockin/
knockout transgenic studies such as FVB mice, carry a photoreceptor gene mutation
(rd/rd) that leads to progressive retinal atrophy with age [75, 82] (Fig. 6.6). Selection
of an appropriate strain is important if the eye is to be a focus of interest in these
engineered animal models [94].

The normal, gradual loss of photoreceptors with age may be detected by the
displacement of photoreceptor nuclei into the inner and outer segment layers in
normal retinas of humans and laboratory animals including monkeys, pigs, cats,
dogs, rabbits, guinea pigs, rats, mice, and hamsters [93, 95]. Displaced photoreceptor
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Fig. 6.6 Eye from an FVB mouse. The retina has loss of the photoreceptor and outer nuclear
layers due to a mutation in a photoreceptor gene. H&E. 10x objective

nuclei (PDN) are generally low in number and contain a normal density of chromatin,
but the number may vary. Occasionally, nuclei are small with condensed chromatin
and referred to as pyknotic nuclei (especially in nonhuman primates). These PDN
are distributed over the entire retina but more frequently in the periphery. They have
a tendency to be more frequent in the retina of very young rats, rats exposed to high
ambient light intensities, aged rats, or in globes with ocular disease (e.g., senile
macular degeneration or cataract), or in the retina of individuals with systemic dis-
orders (e.g., diabetes mellitus and septicemia). The nuclei eventually undergo
degeneration and are removed by the RPE. Since PDN may or may not be occurring
with other findings in the retina, PDN may be a separate diagnosis.

A condition to consider when evaluating the retina of albino animals for toxicity,
especially from long-term studies, is phototoxic or light-induced retinopathy. The
exact mechanism of light-induced retinal degeneration is unknown but may involve
phototransduction or oxidative mechanisms with free radical liberation in the pho-
toreceptor outer segments [96]. The primary ocular mechanism for controlling light
exposure is constriction of the pupil by the pigmented iris [66, 97, 98]. Light-
induced retinal degeneration has been reported in pigmented rats when pupils are
dilated and in pigs exposed to constant illumination for at least 1 month when their
pupil size remained relatively large with constant illumination [97, 99].
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Uveal pigmentation of nonalbino animals, especially of the iris, absorbs light and
protects the retina from light-induced damage [100-104]. This condition has been
described in rats, mice, monkeys, rabbits, and miniature pigs [22, 46, 57, 99, 100,
104-108]. In rats, females have a tendency to be more affected than males. Exposure
to light contributes to the natural aging process, but short-exposure to high light
intensity or long exposure to low levels of artificial lighting may cause photoreceptor
degeneration [87]. For example, photoreceptor degeneration is more pronounced in
rats housed under light intensity of 32 foot-candles than rats housed under light
intensity of 1 foot-candle, but even though the overall room light intensity may be
within the acceptable limits, the light exposure of animals on the top of a cage rack
has greater light exposure than animals on the bottom of the cage rack [87, 88, 90,
100, 103, 109, 110]. In long-term toxicology studies, age-related and light-associated
retinal lesions are common. Therefore, it is critical that a light intensity (12 h
light/12 h dark) of 60-200 lux not be exceeded [66, 87, 90, 111, 112]. In addition to
light intensity, other factors that influence the development of phototoxic retinopa-
thy include wavelength, duration of exposure, length of time for dark-adaptation,
age of initial exposure, maturity of the retina, body temperature, albinism, decreased
prior daily light exposure, changes in light/dark cycle length, and diet including a
deficiency or excess of vitamin A or deficiency of vitamin E or taurine [21, 46, 53,
66, 91, 100, 101, 113, 114]. In general, light-induced retinal degeneration is more
prominent in the central retina, and rods are more sensitive than cones. Alterations
include a decrease in the thickness of the ONL; disorganization and thinning of the
layers of outer segments and inner segments; the presence of normal appearing or
darkly stained, pyknotic photoreceptor nuclei in the layers of the outer and inner
segments and in the subretinal space; and possibly astrocyte proliferation and Miiller
cell activation [100, 112, 115]. Normally, the ONL is thicker than the INL, but with
light-induced retinopathy, the thickness of the ONL may appear similar to the thick-
ness of the INL, and the layer of inner and outer segments will appear thinner and
disorganized. The ONL gradually thins and eventually disappears.

A common change occurring especially in dogs, monkeys, and humans is periph-
eral cystoid retinal degeneration (Fig. 6.7) [39, 53]. It is described as a normal
change in virtually all human patients by 8 years of age and consists of single to
multiple vacuoles in the peripheral retina in the INL, IPL, and OPL [116]. This
finding is noted in the superior nasal quadrant of dogs as early as 8 weeks and in the
peripheral temporal retina of monkeys with age. This background change should be
distinguished from retinoschisis, which is splitting of the retinal layers [39, 53].

Ganglion cells are lost as a spontaneous condition in rhesus and cynomolgus
monkeys as part of idiopathic optic neuropathy. Loss of ganglion cells in the macu-
lar region correlates with loss of axons in the temporal aspect of the optic nerve
[117,118].

The sensory retina may focally bulge inward with the photoreceptors possibly
separating from the underlying RPE forming a retinal fold [37]. Spontaneous retinal
folds have been reported in many species of laboratory animals including mice, rats,
(Sprague-Dawley, Wistar), rabbits, and dogs, especially young animals [22, 53, 57].
In young animals, when present histologically, these may be Lange’s folds, which
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Fig. 6.7 Peripheral retina from a dog with peripheral cystoid retinal degeneration. Multiple cyst-
like spaces expand the retina with loss of layers and organization. H&E. 10x objective

are artifactual folds related to fixation [119, 120]. Some retinal folds may be recog-
nized during the prestudy examination and appear as short gray to brown lines in the
nontapetal area of the canine fundus or short gray or white lines [53, 66]. This
finding is common in young beagles and may decrease with age. Folds usually
affect outer layers of the retina and, in rabbits, they occur in the region of the med-
ullary rays [53]. They may be associated with preretinal traction membranes or
subretinal hemorrhage and develop into focal retinal detachment [33, 53]. Retinal
folds may be congenital in Sheffield-Wistar rats and associated with microphthal-
mia or other intraocular anomalies. Depending on the plane of histologic section,
retinal folds may resemble a rosette [121].

Spontaneous retinal detachment is uncommon in laboratory animals but may
occur rarely in B6C3F1 mice, rats (Sprague-Dawley), dogs, and laboratory mon-
keys [24, 53, 57]. Funduscopically, retinal detachment appears as a gray membrane
and may be associated with preretinal traction membranes, rhegmatogenous change
associated with retinal holes or tears, or the presence of fluid or hemorrhage within
the subretinal space [53]. Traction membranes may develop secondarily to disrup-
tions of the vitreous body and be due to contraction bands of organized tissue within
the vitreous or be due to neovascular disease or intraocular surgery. Serous or exu-
dative retinal detachment consists of fluid in the subretinal space and may develop
secondarily to hypertension. Other causes include retinal detachment secondary to
buphthalmos, caused by glaucoma, trauma, and the administration of compounds.
Dithizone causes retinal edema and exudation, leading to secondary retinal detach-
ment, and administration of diphenyl thiocarbazone causes retinal detachment in
the dog, but not in cat, rat, rabbit, or monkey [18, 53].
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Fig. 6.8 Rabbit retina with focal gliosis expanding the nerve fiber layer. Retinal gliosis is infre-
quent and of unknown origin. H&E. 20x objective

True retinal detachment needs to be differentiated from artifactual retinal
detachment. In addition to obvious causes, such as traction membranes and the
presence of fluid or hemorrhage in the subretinal space, the RPE cells are hyper-
trophied and individualized, giving them a “tombstone” appearance when the
retinal detachment is not artifactual. With time, retinal detachment will result in
photoreceptor degeneration.

6.4.2 Retinal Inflammation, Trauma, and Gliosis

Retinal inflammation may occur spontaneously or may be induced experimentally.
Spontaneous inflammation of the retina is rare in laboratory animals but may occur
as a unilateral finding secondary to trauma [53, 122]. Retinal inflammation usually
occurs secondarily to inflammation of the choroid and results in retinal degenera-
tion. For example, multifocal serous chorioretinitis has been reported in the beagle
dog with focal retinal detachment and focal loss of photoreceptors. Experimentally
in mice, there are virally induced retinitis models and autoimmune disease models
induced by immunization with retinal S-antigen or interphotoreceptor retinoid-
binding protein [24]. The latter model involves an infiltration of neutrophils and
mononuclear inflammatory cells in the retina.

Retinal gliosis has been observed as a focal finding localized around the optic
disc and is confined entirely to the retina in rats (Fig. 6.8) [123]. The finding consists
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Fig. 6.9 Retinal degeneration in a rabbit 2 weeks after phacoemulsification lensectomy using
hydrodissection. There is loss of photoreceptors which is thought to be associated in the surgical
procedure. H&E. 10x objective

of an expanded NFL containing cells with elongated nuclei, fibrillar eosinophilic
cytoplasm, and indistinct membranes. These cells are positive for anti-glial fibrillary
acidic protein (GFAP) indicating their origin as glial cells [123].

Focal retinal degeneration can occur as a consequence of surgical trauma from
procedures such as phacoemulsification lensectomy (Fig. 6.9).

6.4.3 Retinal Pigment Epithelium Alterations

Changes in the RPE have been reviewed [124, 125]. Because of the functional rela-
tionship between the RPE and photoreceptor cells, photoreceptor changes are fre-
quently secondary to RPE changes. Toxicity-related alterations involving the RPE
must be differentiated from artifacts. For example, the presence of crystalloid bod-
ies between RPE and tapetum lucidum is an artifact observed in control beagles
considered to be associated with glutaraldehyde fixation.

There are several morphologic changes that can be observed in the RPE. One
common change is hypertrophy. Hypertrophy may be diffuse and uniform, pos-
sibly due to an increase in smooth endoplasmic reticulum from increased meta-
bolic activity of the cells or focal with or without an apparent cause. Focal
hypertrophy of RPE cells is often associated with retinal detachment (Fig. 6.10),
retinal folds, or trauma. The affected RPE cells appear individualized with a
domed apical portion (“tombstone” appearance). Additional changes in the RPE
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Fig. 6.10 Retinal pigment epithelium from a control dog on a 3-month oral toxicity study. The
retina was noted to have tears early in the study and had completely detached by the end of the
study. Cause of tears and detachment were undetermined. The underlying RPE has undergone
hypertrophy and hyperplasia, demonstrating the classic “tombstoning” appearance. H&E. 20x
objective

include retraction of apical pigment granules, loss of polarity, hyperplasia, migration
into the subretinal space or sensory retina, accumulation of deposits or cellular
components, degeneration, fibroblastic or osteoblastic metaplasia, and the formation
of subretinal membranes.

Since the RPE engulfs and degrades photoreceptor outer segments, lipofuscin
may accumulate with age [125]. As this occurs, the number of melanin granules
decreases. This change is especially noticed as a spontaneous finding in the RPE of
rabbits, especially Dutch belted rabbits (Fig. 6.11). The brown deposits which accu-
mulate within the cytoplasm of rabbits have the ultrastructural appearance of lipo-
fuscin. Affected cells often occur around the optic disc or under the most peripheral
retina, but may be present in other locations. Eventually, the cells extend into the
subretinal space and become disassociated with outer segments. There is often con-
current focal retinal detachment with degeneration.

Loss of cellular polarity, loss of apical villi, and depigmentation occur when the
RPE cells are responding to injury or may be observed as a spontaneous change in
the retinas of rabbits. Injured RPE cells retract melanosomes from the apical pro-
cesses and become rounded, giving the appearance of hypertrophy. Rounded RPE
may migrate into the subretinal space. RPE cells have a distinct morphology with
apical microvilli and basal infoldings. Loss of apical microvilli may be indicative of
impaired phagocytosis of photoreceptor discs, and there may be a reduced number
of phagolysosomes. Depigmentation is usually from a fusion of melanosomes, and
a loss of basal infoldings may be indicative of impaired transport processes.
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Fig. 6.11 Peripheral retina from a rabbit. There are multiple hypertrophied retinal pigment epithe-
lial cells with granular cytoplams due to lipofuscin, occurring as a spontaneous change. H&E. 20x
objective

RPE cells may undergo hyperplasia with or without metaplasia in response to
stimuli that include injuries, chronic inflammation, and long-standing retinal detach-
ment with traction. Hyperplastic RPE cells appear immature with limited differen-
tiation and may form multiple layers between the choroid and the photoreceptor
layer. RPE cells also have the potential to differentiate into fibroblasts and secrete a
collagenous extracellular matrix forming a membrane between the RPE and Bruch’s
membrane, which may consist of multiple cell layers interspersed between collagen-
rich extracellular matrix. The membranes may be vascularized or nonvascularized.

Deposits of extracellular matrix components may accumulate between the RPE
and Bruch’s membrane in monkeys [125] and other species (Fig. 6.12). These
deposits are similar to drusen which occur as a degenerative change in the human
eye. Drusen-like bodies consisting of subretinal concretions on Bruch’s membrane
can occur in the macula of nonhuman primates as an aging change and may be
associated with focal retinal detachment [66, 126, 127] (Fig. 6.13).

6.4.4 Retinal Toxicity: General

Retinal and RPE changes associated with various drug and chemical toxicities have
previously been reviewed [1, 18, 44, 86, 128, 129]. Alterations involving the sensory
retina consist of vascular changes, degeneration of ganglion cells, degeneration of
photoreceptors, degeneration of other neurons, and reactive glial cells. Miiller cells
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Fig. 6.12 Rabbit peripheral retina with a drusen-like deposit located below the photoreceptor
layer and associated with the RPE. H&E. 40x objective

Fig. 6.13 Drusen-like deposits from the same dog as in Fig. 6.10. The drusen-like deposit is in an
area of focal retinal detachment. Note that the drusen-like deposit in this animal appears to be sur-
rounded by RPE cells. H&E. 10x objective



6 Toxicologic Pathology of the Eye: Lens and Posterior Segment 239

Fig. 6.14 Segmental retinal degeneration in a rabbit following an intravitreal injection. H&E. 10x
objective

may be a target of toxicity, such as in D, L a-aminoadipic acid toxicity, with changes
consisting of cytoplasmic vacuolation and necrosis [130]. Some compounds, such
as trimethyltin, fenthion, and D,L-2-amino-3-phosphonopropionate, may produce
alterations in more than one type of retinal cell [18, 44] (Fig. 6.14). Trimethyltin
most frequently and most severely affects the inner segments of photoreceptors
resulting in intracytoplasmic, membrane-bound vacuoles and dense bodies, but
changes are also present in ganglion cells and neurons of the INL [131]. D,L-2-
amino-3-phosphonopropionate is structurally related to aspartate, an excitatory
amino acid neurotransmitter, and causes severe degeneration of all retinal layers of
the neonatal rat.

The predicative value of retinal findings in laboratory animals with respect to the
determination of ocular toxicity may vary between rodent and nonrodent species
and between animals and humans [132]. For example, enrofloxacin is an antimicro-
bial agent that has interspecies differences in sensitivity to retinal toxicity [133,
134]. Changes include acute blindness, ophthalmoscopic evidence of increased
tapetal reflectivity, attenuation and loss of retinal blood vessels, and changes in
tapetal coloration [133, 134].

Retinal lesions in animals may be difficult to correlate to retinal lesions in humans.
Some drugs (e.g., ethambutol) that cause retinal lesions in laboratory animals do not
appear to cause visual disturbances or retinal changes in humans [135]. The toxicity
may be related to melanin binding. Drugs that bind to melanosomes can alter ion
composition, especially calcium. Melanin may also have biochemical differences
among species. Melanin in the RPE of hamsters is ultrastructurally different than the
melanin in mice and this difference may account for interspecies differences in
retinal toxicity [136].



240 K.A. Schafer and J.A. Render

Fig. 6.15 Retinal changes in a monkey given an intravitreal injection. Degenerative changes
include disruption of the external limiting membrane with extension of the outer nuclear layer
nuclei into the photoreceptor layer. In addtion, there is vacuolation of the outer plexiform layer,
and vacuolation of the inner nuclear layer. H&E. 40x objective

Vigabatrin (gamma-vinyl GABA), an enzyme-activated, irreversible inhibitor of
GABA transferase, is associated with visual disturbance in human patients. Patients
treated with vigabatrin had peripheral field visual defects, but the macula was spared
[137]. The precise pathology was unclear [138]. In a preclinical 90-day rat study,
there was mild disorganization of the ONL and displacement of photoreceptor
nuclei. These changes were more prominent in the periphery of the retina and
occurred as dose-related findings in albino Sprague-Dawley rats, but not in the
retina of pigmented Lister-Hooded rats [50, 137]. It is thought that vigabatrin is
detoxified by melanin [139, 140].

The most common finding in the retina associated with toxicity is, which may
consist of apoptosis, necrosis, and atrophy and may be associated with vacuola-
tion and inflammation (Fig. 6.15). Retinal degeneration is a term generally used
to describe a loss of retinal tissue, but needs further definition in a toxicity study
as to the actual change, the portion of the retina involved, and the extent of involve-
ment. In general, toxicities have an effect on the inner retina, principally the gan-
glion cells, or on the outer retina, principally the photoreceptors or RPE, and
toxicities can be observed in a variety of laboratory animals [141]. Initial degen-
erative changes may result in a shortening of the outer segments. This change can
be a reversible change as long as the photoreceptor is still viable. Generally, this
acute phase of outer retinal degeneration is not detected clinically and may not be
noted microscopically. Retinal degeneration is more easily detected after there is
more advanced shortening and disorganization of the inner and outer segments of
photoreceptors, especially with thinning of the ONL due to loss of photoreceptor
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nuclei. Microscopic findings of degeneration are similar to those mentioned for
spontaneous photoreceptor degeneration and may include mitochondrial swelling,
disorientation of outer segment membrane discs, and disruption of the photore-
ceptor cells with vacuolation. Retinal degeneration may occur as a spontaneous
(hereditary, aging, exposure to light nutritive deficiency, or following inflammation
or trauma) or iatrogenic (e.g., laser) finding and must be differentiated from toxicity.
Cellular and humoral autoimmune mechanisms may also contribute to retinal
degeneration [142].

6.4.5 Retinal Toxicity: Vascular Alterations

Changes in the retinal vasculature associated with toxicity include necrosis, vascu-
lar proliferation, microaneurysm, vessel thickening, or calcification and may lead to
retinal hemorrhage or edema. Retinal hemorrhage associated with toxicity must be
differentiated from other causes such as coagulopathies, retinal hypertension, vas-
cular disease, ocular trauma, or chest compression during handling of rodents [37].
Retinal vascular changes may be evaluated clinically by vascular angiography and
microscopically by trypsin digestion of whole mounts of the retina [143]. Examples
of vascular toxicity include vascular proliferation within the subretinal space due
to urethane anesthesia and retinal edema due to administration of naphthalene to
rabbits [53].

6.4.6 Retinal Toxicity: Ganglion Cells

Ganglion cell degeneration leading to loss of ganglion cells may be directly due to
toxicity, but may be a spontaneous condition or secondary to glaucoma. Examples
of toxicity include carbon disulfide or doxorubicin [144, 145]. Doxorubicin toxicity
causes an inhibition of slow transport resulting in neurofilamentous axonal swelling
and necrosis [145].

Toxicity mainly involving the ganglion cells occurs with monosodium glutamate
(humans) and ethambutol (rats and humans) [135]. Glutamate causes neuronal
depolarization resulting in an influx of sodium, calcium, and chloride, resulting in
cell swelling and necrosis with loss of cells in the GCL and the INL and vacuolation
in plexiform layers in the rat and mouse [146—148]. Intravitreal injection of excit-
atory amino acids such as monosodium glutamate into the eyes of rats produced
ultrastructural alterations including swelling of the nucleus, cytoplasmic matrix,
mitochondria, and dendritic processes of ganglion cells. Later there was loss of
cytoplasmic components, nuclear pyknosis and cell shrinkage, and phagocytosis of
degenerated dendritic processes by Miiller cells [147]. The severity of alterations
produced in the retina of mice by parenteral administration of glutamate increased
with age up to the tenth postnatal day, but beyond 10 days of age, lesions were
difficult to produce even with lethal doses.
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Overstimulation of the N-methyl-D-aspartate (NMDA) type of glutamate recep-
tor results in a loss of ganglion cells and their axons and eventually a reduction in
the IPL. This loss in ganglion cells is mediated through an influx of extracellular
calcium through voltage-gated calcium channels. NMDA and glutamate receptors
have also been implicated in toxicity associated with retinal ischemia and the release
of nitric oxide by endothelial cells. Ethambutol toxicity is characterized by bilateral,
focal axonal swellings within the optic nerves of rats and visual disturbances in
human patients. It is mediated through an excitotoxic pathway [135, 138].

With loss of ganglion cells there is degeneration of the optic nerve best appreci-
ated by microscopic examination of a cross section.

Additional retinal cells may be involved in toxicity such as cells in the INL due
to sodium L-glutamate or domoic acid, amacrine cells due to kainic acid, and mul-
tiple cell types due to AY9944 or L-cystine [146, 149, 150]. Not all species have
ganglion cell involvement. For example, methanol toxicity produces ganglion cell
injury in humans and nonhuman primates, but not in the rabbit or dog [53].

Chloroquine inhibits lysosomal enzyme activity or protein synthesis in ganglion
cells, photoreceptors, and RPE in humans and animals [53, 138, 151-153]. Melanin
binding facilitates the concentration and accumulation of chloroquine within the
RPE. However, binding of drug to melanin may also serve as a protective mecha-
nism [138, 151-153]. The effects of chloroquine may be irreversible after cessation
[154]. Chloroquine adversely affects the retina of humans, rats, cats, dogs, rabbits,
pigs, and monkeys and results in intracellular accumulations of membranous phos-
pholipid inclusions (myeloid bodies) within ganglion cells and to lesser degree pho-
toreceptors and RPE cells. Quinine in the dog leads to ganglion cell destruction and
retinal atrophy, while the rabbit is less sensitive [53, 138, 151-153, 154].

Vacuolation of ganglion cells is associated with drug-induced lipidosis.
Degenerative changes can occur in ganglion cells, neurons with nuclei in the INL,
Muller cells, and RPE cells and associated drugs include anorectics, antidepressants,
antimalarials, antihistamines, hypocholesterolemic agents, and immunostimulants.
Involved animals include rabbits, mice, cats, dogs, monkeys, and guinea pigs.

6.4.7 Retinal Toxicity: Photoreceptors

Retinal degeneration associated with various drug and chemical toxicities has been
reviewed [18, 129]. Compounds primarily affecting the photoreceptor cells include
aminophenoxyalkane, chloroquine, fluoride, iodate, iodoacetate, piperidylchloro-
phenothiazine, and vitamin A. Methyl 2-(ureidooxy) propionate (MUP) produces
fragmentation and disorganization of the outer segments with outward migration of
photoreceptor cell nuclei and phagocytosis of photoreceptor debris by RPE [156].
Urethane produced changes in the photoreceptors that resembled hereditary retinal
degeneration [31] including fragmentation and vacuolation of outer segments of
photoreceptor cells and accumulation of debris and macrophages. With time there
was depletion of melanosomes in the RPE and extension of vascularized tufts or
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proliferating RPE into the sensory retina. Ethylenimine and 4,4'-diaminosiphenyl-
methane caused selective atrophy of rods and cones in the retina of the cat but not
in several other laboratory animal species. Single administration of NMU in adult
mice or rabbits causes photoreceptor degeneration by apoptosis [157]. Intrauterine
exposure to NMU in mice results in retinal rosette formation [83].

The mechanism of chemically induced retinal degeneration varies with com-
pound and species. For example, D,L-(p-trifluoromethylenyl) isopropylamine
hydrochloride causes anoxia in the choroid of dogs resulting in degenerative changes
in the photoreceptors and the RPE [158]. Rose Bengal injures the endothelium of
the choroid and choriocapillaris causing occlusion and eventual ischemic damage to
the RPE.

The site and severity of injury within the retina may also vary due to the high
degree of subspecialization among neurons of the different retinal layers [131]. It
may be difficult to determine the primary cell type affected by a compound based
on morphology alone.

Because spontaneous lesions also occur in the retina of laboratory animals and
may be similar to those produced by toxicity, it is sometimes difficult to separate
chemically induced retinal changes from senile or genetic disorders or light-induced
retinopathy. For some compounds, the only manifestation of toxicity may be an
increase in the incidence or an earlier age of onset of spontaneous lesions [21].

6.4.8 Toxicity: Retinal Pigment Epithelium

Alterations in the RPE due to toxicity are similar to the previously discussed
spontaneous findings in the RPE [124, 125]. These include intracellular accumula-
tions, loss of polarity with dedifferentiation, depigmentation, degeneration, necrosis,
atrophy, hyperplasia, migration into the subretinal space, formation of subretinal
membranes, and metaplasia. Effects on the RPE may be primary with secondary
effects on photoreceptors or secondary to primary effects involving the photorecep-
tors. Real alterations involving the RPE must be differentiated from artifacts.

Chlorpromazine causes pigmentary changes in the RPE as well as the cornea and
lens and may be the result of drug interactions with ultraviolet light [151, 152].
Phenothiazine derivatives cause pigmentary changes throughout the eye, including
the RPE, cornea, lens, retina, conjunctiva, sclera, eyelids, pupils, and lacrimal system.
Phenothiazine binding to melanin, especially in the choroid, is retinotoxic. Accu-
mulation of phenothiazine or its derivatives (piperidylchlorophenothiazine, thior-
idazine, chlorpromazine) in the RPE [159] causes clinical retinopathy in man and
retinal toxicity in cats, but not rabbits, rats, guinea pigs, or dogs. The primary retinal
target is photoreceptors, especially rods with excessive shedding of photoreceptor
outer segments. The RPE accumulates lipofuscin and melanolysosomes and eventu-
ally atrophies.

In addition to species considerations, ocular pigmentation may influence retino-
toxicity of some compounds in rodents. For example, in chronic lead retinopathy in
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rats, pathologic changes in the retina were less severe in pigmented rats than a non-
pigmented strain [160]. Albino animals have an absence of melanin and this absence
may make them more or less susceptible than pigmented animals [66]. Compounds
are routinely evaluated for their tendency to bind to melanin, and those that do are
examined for their potential to cause retinal toxicity based on the presence of mela-
nin in the human eye. However, mere binding to melanin by a drug does not mean
that it will cause toxicity, and in fact it may provide protection. Nonetheless, pig-
mented animals are often used in ocular research in order to assess as best as pos-
sible potential melanin-associated toxicity in humans.

There are various compounds that affect the RPE, including antiproliferative
drugs, calcium channel blockers, carbonic anhydrase inhibitors, metabolic inhibi-
tors that affect functions such as ion transport, interphotoreceptor cell matrix pro-
duction, carbohydrate synthesis, protein synthesis, and lysosomal enzyme activity
[18, 44, 129]. Copper and iron can accumulate within the RPE. Ferrous ions pro-
mote the formation of peroxidation damage. Changes in RPE cells following treat-
ment with high dose of desferrioxamine in rats and rabbits include loss of villi from
the apical surface, patchy depigmentation, vacuolation of the cytoplasm, swelling
and calcification of mitochondria, and disorganization of the plasma membrane
[161]. Bruch’s membrane adjacent to the degenerating RPE cells was thickened.

Other compounds that affect the RPE by disrupting the normal interactions
between the photoreceptor outer segments include aminophenoxyalkane, fluoride,
iodate, naphthalene, and aspartate [18, 159, 162]. Examples of toxicities in which
both the RPE and photoreceptors have changes include zinc chelators, vitamin A,
4,4"-methylenedianiline, naphthol, nitroaniline, and aluminum chloride [126, 163—165].
Zinc chelators in rats produce non-membrane-bound, electron opaque, scalloped
inclusions in basal cytoplasm of RPE [165]. Vitamin A produces increased lipid
droplets and mitochondrial degeneration in rats. Compounds that interfere with
phagocytosis of photoreceptor outer segment disc include colchicine, adenylate
cyclase drugs, or nonsteroidal anti-inflammatory drugs that modulate prostaglan-
din-mediated immune responses.

Quinolines or drugs containing a quinoline ring affect the retina, RPE, cornea,
and lens. The effects are due to inhibition of lysosomal enzyme activity or protein
synthesis [139, 151, 152, 166] and are progressive after cessation [154]. The RPE
has a specific toxicity associated with melanin binding that facilitates concentration
in the RPE of drug to melanin. This may also serve as a protective mechanism.
Functionally quinolines compromise the RPE and lead to breakdown of the outer
blood-retinal barrier [53].

RPE deposits can consist of lipids. Oxalate crystals from hyperoxaluria due to
renal failure or subcutaneous dibutyl oxalate can occur in the RPE [125]. Zinc che-
lators produce non-membrane-bound electron opaque cytoplasmic inclusions in the
RPE [163]. 2-Aminoxy propionic acid causes disruption of the photoreceptor outer
segments and secondary increases in lysosomal bodies and phagosomes in the RPE
in rats [156].

Degeneration of the RPE is characterized by swelling and vacuolation of mito-
chondria and the endoplasmic reticulum. This progresses to disintegration and loss
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of the cells resulting in atrophy due to the missing RPE cells. RPE cells may undergo
degeneration with aging but also may undergo degeneration and necrosis due to
trauma, sensory retinal detachment, and toxicity followed by hyperplasia [167].
Thinning of the RPE with loss of photoreceptor outer segments occurs with
intraperitoneal administration of aluminum chloride in rats [165]. Necrosis of RPE
cells occurs following systemic administration of aminophenoxyalkanes [162, 168].
Intravenous administration of sodium fluoride and sodium or potassium iodate
causes primary degeneration to the RPE with secondary changes in the photorecep-
tors. Systemic lead toxicity is characterized by swelling and lipofuscin accumula-
tion in RPE of rabbits with eventual photoreceptor degeneration and alterations in
the blood-retinal barrier [125].

6.4.9 Retinal Vacuolation

Vacuolation is a degenerative change that can occur in various cells in the retina
or in various retinal layers. For example, hexachlorophene causes vacuolation
and degeneration of the photoreceptor outer segments [53, 129, 169]. Cationic
amphiphilic drugs result in an accumulation of phospholipids in the RPE (retinal
lipidosis) and appear as lamellated or crystalloid cytoplasmic inclusions. These
drugs include amiodarone, chloroamitriptyline, chlorphentermine, clomipramine,
imipramine, iprindole, aminoglycosides, and other compounds that interfere
with enzymatic degradation of phospholipids and are partially reversible upon
discontinuation of treatment [126, 170-173]. There may be cell type specificity
of cationic amphiphilic drug toxicity. For example, chloroquine and 4,4'diethy-
aminoethoxyhexestrol mainly affect neurons and Muller cells, while triparanol
affects the RPE and Muller cells, and chlorcyclizine affects both RPE and sen-
sory retinal cells. This variability may be due to the varying affinity for particular
polar lipids. The RPE is particularly at risk because of its role in phagocytosis
and processing of large amounts of membranous material from tips of rod outer
segments [172]. The role of phospholipidosis of the RPE in causing visual
impairment in humans is unclear.

6.4.10 Retinal Neoplasia

Primary neoplasia of the retina (retinoblastoma) has not been reported to occur
spontaneously in laboratory animals but has been induced experimentally in the rat
following intraocular injection of nickel sulfide [174, 176] and in transgenic mice [175].
Neoplasms induced by nickel sulfide contain mitotic figures and pseudorosettes
(Homer Wright type). The retinoblastoma in transgenic mice had rosettes and pseu-
dorosettes of small cells consistent with photoreceptor cells. In addition to primary
neoplasia, the retina may be infiltrated by neoplastic cells from neoplasms of other
tissues.
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6.5 Optic Nerve

The optic nerve is composed of axons of retinal ganglion cells, glial cells, and septa
from the pia mater. Ganglion cell axons converge to form the optic disc (optic
papilla, optic nerve head) and then traverses the lamina cribrosa (bulbar or intraocu-
lar optic nerve), pass through the orbit (retrobulbar or intraorbital optic nerve), and
pass through the optic foramen (intracanalicular optic nerve) to become the intra-
cranial optic nerve. Fibers from the left and right optic nerves come together at the
optic chiasm. Axons continue as the optic tracts and eventually synapse with neu-
rons in locations such as the lateral geniculate body and rostral colliculus [5].

The optic disc has a slight and variable peripheral elevation and a variable central
depression (physiologic cup). The physiologic cup is present in dogs but prominent
in rabbits. Based on this anatomical structure, a microscopic examination includes
a section through the optic disc and a cross section of retrobulbar optic nerve.

6.5.1 Developmental Abnormalities of the Optic Nerve

Spontaneous changes are often congenital anomalies but may develop after birth.
Congenital changes can be detected on a prestudy examination and may include
conditions such as a decreased size from congenital aplasia, hypoplasia, or dyspla-
sia; cavitation from congenital coloboma; and depression of the optic disc from
congenital glaucoma. Aplasia or hypoplasia of the optic nerve has been reported in
beagles, rats, and mice [53]. Congenital aplasia or hypoplasia usually occurs as a
unilateral finding in rats. Microscopically, optic nerve hypoplasia is characterized
by the absence of the inner layers of the retina, especially the GCL. Optic nerve
dysplasia has been reported in Sprague-Dawley rats [177]. Cavitation of the optic
disc, with or without involvement of adjacent structures, is indicative of congenital
posterior coloboma. Posterior coloboma occurs in young Sprague-Dawley rats [57],
but in the rat, coloboma may also involve the iris and may be associated with
microphthalmia as an inherited trait [53]. Coloboma must be distinguished from a
central depression of the optic disc that occurs as a result of degeneration from
glaucoma, and the anterior segment should be examined to determine if this change
is primary or secondary.

6.5.2 Degeneration, Inflammation, and Edema
of the Optic Nerve

Changes that may occur during a study include degeneration, inflammation, and
optic disc edema (papilledema). The main spontaneous background finding of the
optic nerve is degeneration. In Wistar rats, degeneration may be unilateral and con-
sists of loss of axons and gliosis of the optic nerve and the optic tracts [178].
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Fig. 6.16 Longitudinal section of an optic nerve from a monkey with asymmetric optic nerve
atrophy. The temporal portion of the nerve (right) has a relatively increased cellularity due to a loss
of axons. H&E. 2.5x objective

Various types of optic nerve abnormalities are observed in rhesus monkeys [53],
but most cases of optic atrophy occur in young rhesus monkeys and are unilateral,
not progressive, and found during routine exam of fundus [53]. In monkeys, optic
nerve degeneration is manifested in rhesus and cynomolgus monkeys as idiopathic
optic neuropathy [117, 118] (Figs. 6.16 and 6.17). This condition is characterized
by reduction of nuclei within the macular region of the temporal retinal ganglion
cell layer, thinning of the temporal retinal nerve fiber layer due to axonal loss,
temporal pallor of optic disc, loss of axons and gliosis of the temporal optic nerve,
and spaces within the INL of the temporal retina. This condition is similar to the
condition described by Rubin in primates, “leukoencephalomyelosis” [53]. This
condition was characterized by papillomacular degeneration and pallor of the optic
disc with or without other neurologic or systemic disease. It was bilateral and almost
symmetrical [53].

Degeneration of the optic nerve is generally the result of a loss of ganglion cells
in the retina and causes include glaucoma, aging, and toxicities. Optic nerve altera-
tions associated with glaucoma includes necrosis with malacia, gliosis, and the for-
mation of a cup within the optic disc [39]. Optic nerve fibers decrease with age in
animals and humans [179]. For example, there is a decrease in the number of nerve
fibers, increased number of astrocytes, and an increase in meningeal membranes
in the optic nerve of Sprague-Dawley rats as they age [180]. With loss of ganglion
cells, there is degeneration of the optic nerve that is best appreciated by examination
of a cross section microscopically.
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Fig. 6.17 Cross section of an optic nerve from a monkey with asymmetric optic nerve atrophy
involving temporal portion of the nerve H&E. 2.5x objective

Toxic optic neuropathy has been reported with numerous compounds in humans
and many compounds in laboratory animals [18, 181]. Changes observed during a
study may include degeneration, edema, and inflammation. Administration of
ethambutol resulted in bilateral focal axonal swelling without demyelination in the
optic chiasm and optic tracts of albino rats [136, 182] with changes also occurring
in monkeys [183]. Other compounds causing optic nerve degeneration include clio-
quinol and organophosphate pesticides in dogs [183—185]. Other degenerative
changes include a loss of axons in the optic nerve and optic chiasm with reactive
gliosis and vascular endothelial proliferation. These changes may occur following
ionizing radiation [186].

Terms for inflammation of the optic nerve and papilla are optic neuritis and optic
papillitis, respectively. During an ophthalmic examination, optic neuritis might be a
term used when the optic disc is indistinct. Microscopically, there are usually no
inflammatory cells present, and possibly no changes present; therefore, the term
should be avoided.

Although not specifically inflammation, macrophages bearing test article may be
observed within the optic nerve in intravitreal ocular toxicology studies (Fig. 6.18).
Poorly soluble materials in the vitreous will be phagocytosed by macrophages and
carried out of the eye via the optic nerve to the vessels of the optic nerve. Because
of this route of clearance, ophthalmitis rarely occurs without concurrent optic
neuritis [187].

Papilledema is edema of the optic disc or optic papilla and is characterized by a
projection of the optic disc into the vitreous chamber. Papilledema may or may not
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Fig. 6.18 Optic nerve from a rabbit given an intravitreal injection of a poorly soluble excipient.
The vessel in the optic nerve is surrounded by macrophages containing the excipient as an apparent
clearance mechanism. H&E. 20x objective

have accompanying destruction of axons and myelin. The term, optic disc swelling,
may be a better descriptive term to use initially because in addition to edema, optic
disc swelling can be due to accumulation of neurofilaments. This change occurs
with the administration of 3,f'-iminodipropionitrile to guinea pigs, dogs, and pri-
mates [188]. The finding can be secondary to increased intracranial pressure due to
an intracranial mass or the result of constriction of the optic foramen from a vitamin
A deficiency, or an orbital mass. Vitamin A deficiency causes constriction of the
optic foramen and papilledema with pallor of the optic disc [53]. Papilledema and
optic neuritis have been induced by intradermal injection of spinal cord emulsified
with Freund’s adjuvant [189]. Examples of papilledema from toxicity include sali-
cylanilide, rafoxanide in the dog, and male fern (Dryopteris filix-mas) in cattle
[53, 190]. Papilledema can be induced in humans and primates with administration
of methanol, but not in lower mammals due to differences in metabolism.

6.5.3 Optic Nerve Neoplasia

Neoplasia of the optic nerve is rare in laboratory animals but reported in rats [191].
Spontaneous neoplasms include glioma, ganglioneuroma, and meningioma. Benign
and malignant orbital schwannomas have been reported to be associated with
the optic nerve. Astrocytoma has been induced by administration of a nickel
compound.
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Abstract Development of ocular products and novel delivery systems for the treatment
of retinal and other ocular conditions is an active area of drug development. In the
United States of America (USA), regulatory expectations for the nonclinical studies
needed to support clinical development of ocular products are not yet defined in a
guidance document. Similar to other drugs, however, therapeutics directly adminis-
tered to the eye undergo safety evaluation in nonclinical studies to support clinical
trials and, ultimately, drug approval. The nonclinical testing strategy for an ocular
drug (i.e., drugs applied directly onto or into the eye) will be impacted by a number
of indication-specific factors including route of administration; extent of systemic
exposure, which may be relatively limited especially for some sustained-release
delivery systems; and whether the drug is a new molecular entity (NME) or an already
approved drug. The nonclinical programs to support development and approval of
ocular drugs, therefore, will variably differ from nonclinical programs for drugs
administered orally or via other systemic routes. A regulatory perspective on the
types of nonclinical safety and toxicity studies appropriate for ocular therapeutics is
outlined in this chapter.
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7.1 Introduction

Development of ocular products (i.e., products administered directly on or into the
eye), which include both drugs and novel delivery systems for the treatment of
retinal and other ocular conditions, is an active area of drug development. Over 30
drugs have been approved by the US Food and Drug Administration (FDA) from
2004 to 2011 and are delineated in Table 7.1. The approved products include NME:s,
new formulations, new indications, new manufacturers, and new combinations, with the
designation identified under New Drug Application (NDA) chemical type in Table 7.1.
As shown in Fig. 7.1, most of the recent FDA approvals, almost 50%, were for
reformulations of previously approved drugs as opposed to NMEs.

A number of clinical trials for therapeutics to treat ocular conditions are ongoing.
In April 2011, ClinicalTrials.gov, a website offering up-to-date information on fed-
erally and privately supported clinical trials, listed clinical trials for approximately
150 ocular diseases. A partial list of clinical trials that were open in April 2011 is
shown in Table 7.2. The clinical trials include those that are recruiting participants,
will be doing so in the future, or are evaluating drugs available for individuals with
a serious disease who cannot participate in clinical trials (e.g., a patient who might
not live sufficiently close to a clinical trial site). The clinical trials include new enti-
ties that have not yet been approved as well as approved drugs.

In the USA, regulatory expectations for the nonclinical studies needed to support
the safety of ocular products are not yet defined in a dedicated guidance document.
Similar to other drugs, however, therapeutics administered directly on or into the eye
undergo safety evaluation in nonclinical studies to support clinical trials and drug
approval. Reports from the nonclinical studies are submitted to the US FDA, initially
as part of Investigational New Drug (IND) applications to allow the conduct of clinical
trials, then ultimately as part of NDAs or Biologics License Applications (BLA) to gain
approval for marketing. Also similar to drugs for other indications, drugs for ophthalmic
application include new molecular/new biologic entities as well as reformulations of
drugs that have already been approved for both ocular and other routes of administration.
The nonclinical testing strategy for an ocular drug, however, will be impacted by a
number of indication or drug-specific factors, including route of administration
(e.g., topical, intravitreal) and extent of systemic exposure. The route- and indication-
specific factors result in nonclinical programs for ocular drugs that variably differ from
the programs for compounds administered orally or via other systemic routes. Additionally,
the ocular product class itself can influence the type of nonclinical program consi-
dered appropriate to support safety. Specifically, a more robust nonclinical program
might be appropriate for a class of compounds with a novel mechanism of action vs.
compounds for which the mechanism of action has been well characterized.

This chapter provides a regulatory perspective on the types of nonclinical safety
and toxicity studies needed to support development of ocular therapeutics. This chap-
ter focuses on FDA/Center for Drug Evaluation and Research’s (CDER) regulatory
expectations for the nonclinical development of ophthalmic drugs that are adminis-
tered via an ocular route, such as topical application or intravitreal injection.
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Approved Ophthalmic Drugs 2004-2011
3%

New Formulation

a

New Molecular Entity

|

|

© New Manufacturer
B New Combination
|

New Indication

2 Includes both small molecules and biologics

Fig. 7.1 Approved ophthalmic drugs from 2004 to 2011. A total of 33 drugs were reviewed and
categorized according to NDA chemical type

Table 7.2 Open clinical trials for drugs intended to treat ocular
conditions (small molecules and biologics)

Indication Number of clinical trials
Conjunctival diseases 72
Diabetic retinopathy 70
Dry eye syndrome 36
Macular degeneration 147
Ocular hypertension 121

7.2 Overview of the Drug Development Process

In the USA as well as in other countries, it is illegal to test new drugs in or to market
new drugs to humans without prior approval from the US FDA or the appropriate
regulatory body. In order to support the development and approval of drugs, including
drugs to treat ocular disease, companies need to present data to the FDA to demon-
strate the safety and efficacy of the products being investigated. Generating and
reviewing the data required to develop a drug is a multidisciplinary process from
both the company and FDA perspective. Drug development involves input from
experts in clinical trial design and data evaluation, chemistry and manufacturing,
biostatistics, microbiology, and pharmacology/toxicology.

Multiple drug candidates are screened using various assays in the discovery phase
of drug development, from which the lead candidate is selected for further develop-
ment. Nonclinical pharmacology and toxicology studies are needed to support the
initiation of clinical trials with the identified drug candidate, and additional nonclini-
cal studies are conducted throughout the drug development process to support the
various clinical development phases. Clinical trials are divided into three basic phases
as defined in regulations [1], specifically Phases 1, 2, and 3 (Table 7.3).



7 Nonclinical Regulatory Aspects for Ophthalmic Drugs 265

Table 7.3 Phases of clinical trials

Phase 1 Phase 2 Phase 3
Closely monitored Closely monitored Intended to gather information
Conducted in patients Evaluate the effectiveness of a relating to efficacy and safety
or normal volunteers drug for a given indication(s) to allow characterization of
in patients with the disease risk vs. benefit
Determine pharmaco- Establish short-term side effects ~ Several hundred to several
kinetics, metabolism and risks thousand subjects

and/or pharmacology,
and potential side
effects of escalating
doses and, if possible,
obtain early evidence
of efficacy
Generally 20-80 subjects  Usually no more than several
hundred subjects

In order to initiate a Phase 1 clinical trial, sponsors (i.e., the companies develop-
ing drugs) submit an IND to the FDA. The INDs contain data from the appropriate
nonclinical studies, a protocol for the proposed clinical trial, information defining
the manufacture of the drug, as well as other pertinent information. If the FDA
agrees that the data outlined in the IND support the safety of the proposed clinical
trial, sponsors can initiate their clinical program. If the FDA does not agree that the
IND adequately supports safety, the company’s program is placed on clinical hold
(i.e., clinical trials cannot proceed in the USA) until the safety concern is resolved
to the satisfaction of the FDA. As clinical trials progress, sponsors continue to
submit nonclinical studies and other information to FDA for review and comment.
Once the sponsor has completed all of the appropriate studies to support approval of
their drug for marketing, they submit an NDA or BLA for small molecules and
biologics, respectively (small molecules vs. biologics are addressed in Sect. 7.6).
The properties of approved drugs, including indication, dosing regimen, and poten-
tial adverse effects, are described in the approved package insert, which is also
referred to as labeling. Nonclinical data, primarily those obtained from genotoxic-
ity, reproductive toxicology, and carcinogenicity studies, are included in the
labeling.

The different types of nonclinical studies and their timing within the drug devel-
opment process are defined in Sect. 7.7. As noted, sponsors need to present
nonclinical and clinical data as well as chemistry and manufacturing data to the
FDA to support the safety and efficacy of the products being investigated. A team of
reviewers at FDA/CDER evaluates the data contained in the INDs and NDAs/BLAs.
The team members include the following: medical officers (i.e., clinicians with
appropriate expertise in the given indication), nonclinical pharmacology/toxicology
reviewers, chemists, clinical pharmacologists, microbiologists, and biostatisticians.
The nonclinical pharmacology/toxicology reviewers generally hold PhDs in phar-
macology, toxicology, or another life science.

It is possible for sponsors to meet with the FDA throughout the drug develop-
ment process [2]. The types of FDA meetings, which are identified as Types A, B,
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Table 7.4 Meetings with FDA

Type A Dispute resolution meetings

Meetings to discuss clinical holds

Special protocol assessment meetings

Should be scheduled within 30 days of FDA’s receipt for request
Type B Pre-IND meeting

Certain end-of-phase 1 meetings

End-of-phase 2 meetings

Pre-NDA/BLA meeting

Should be scheduled within 60 days of FDA’s receipt of a request
Type C Any meeting other than type A or B

Should be scheduled to occur within 75 days of FDA’s receipt of a request

and C, are described in Table 7.4. Sponsors submit formal requests for each of the
meetings. If the meeting is granted by the FDA, sponsors will provide the FDA
with a meeting package outlining the intent of the meeting, the questions that the
sponsor is requesting the FDA to address, and the appropriate background information
and relevant data. During the pre-IND meeting, sponsors can present their IND-
enabling plan (i.e., nonclinical studies conducted to support the safety of clinical
trial[s] proposed in the initial submission) with FDA. During the end-of-Phase 2
meeting, sponsors can review completed nonclinical studies and present their
plan to support Phase 3 clinical trials and marketing. At the pre-NDA/BLA meeting,
the sponsor should confirm with FDA that there are no gaps in their nonclinical
program.

7.3 Regulation of Ophthalmic Products

In the USA, the FDA is responsible for the regulation of all classes of ophthalmic
drugs. Additionally, FDA is responsible for the regulation of devices that are
being used to deliver ophthalmic drugs. The centers, offices, and divisions within
FDA that are responsible for the regulation of ophthalmic products are depicted
in Fig. 7.2.

The FDA/CDER is responsible for the regulation of the majority of the ophthal-
mic drug products. The scope of the drugs that FDA/CDER regulates encompasses
small molecules, biologics, synthetic peptides, and oligonucleotides. The biologics
are comprised primarily of monoclonal antibodies and their fragments, as well as
recombinant human proteins such as cytokines and fusion proteins. Like many other
organizations, FDA/CDER undergoes periodic reorganizations. Due to workload
and other considerations, the ophthalmic drug products have been combined into a
division with other drug classes (based on indication) as opposed to being in their
own division. Since approximately 1990, the ophthalmic drugs have been paired
with five different groups. Although the clinical ophthalmic review staff generally
remains the same with the reorganizations, there are often changes in the nonclinical
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Fig. 7.2 The centers, offices, and divisions within FDA responsible for the regulation of ophthalmic
products

reviewers. Consequently, there may be a loss of consistency with regard to nonclini-
cal expectations and review practices for the ophthalmic drug products.

Pharmaceutical and biopharmaceutical companies are actively pursuing drug
candidates from the various drug classifications (e.g., small molecules, biologics,
devices) for the treatment of ocular diseases ranging from conjunctival and cor-
neal disorders to retinal diseases. In order to facilitate delivery of ophthalmic drug
products, especially to the posterior chamber of the eye, companies are develop-
ing devices and other novel delivery systems or are forming partnerships with
companies capable of developing delivery systems. As noted, devices are regu-
lated by the FDA Center for Devices and Radiological Health (CDRH). If the
therapeutic product consists of a drug that utilizes a device for delivery, the prod-
uct may be designated as a drug-device combination. The regulatory review of
drug-device combinations often involves interaction between CDER and CDRH [3].
If the principle therapeutic moiety is the drug component, however, CDER will
typically be the lead center evaluating the product. Combination products are dis-
cussed in greater detail in Sect. 7.8.2.

7.4 Nonclinical Guidance Documents and Good
Laboratory Practice Regulation

The FDA/CDER’s expectations for each of the review disciplines referenced in
Sect. 7.2 are defined in guidance documents. Guidance documents can be grouped
into two basic categories, those generated within FDA/CDER and those generated
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Table 7.5 Selected FDA guidance documents pertaining to nonclinical testing to support clinical
drug development

Selected FDA nonclinical guidance documents

Estimating the maximum safe starting dose in initial clinical trials for therapeutics
in adult healthy subjects (2005)

Genotoxic and carcinogenic impurities in drug substances and products: recommended
approaches (Draft, 2008)

Immunotoxicology evaluation of investigational new drugs (2002)

Nonclinical safety evaluation of drug or biologic combinations (2006)

Nonclinical safety evaluation of reformulated drug products and products intended
for administration by an alternate route (Draft, 2008)

Table 7.6 ICH guidance pertaining to nonclinical testing to support clinical drug development

ICH guidance documents

ICH S1A; The need for long-term rodent carcinogenicity studies of pharmaceuticals (1996)

ICH S1B; Testing for carcinogenicity of pharmaceuticals (1998)

ICH S1C(R2); Dose selection for carcinogenicity studies of pharmaceuticals (2008)

ICH S2(R1); Genotoxicity testing and data interpretation for pharmaceuticals intended for human
use (2011)

ICH S3A; Toxicokinetics: the assessment of systemic exposure in toxicity studies (1995)

ICH S3B; Pharmacokinetics: guidance for repeated dose tissue distribution studies (1995)

ICH S4A; Duration of chronic toxicity testing in animals (1999)

ICH S5A; Detection of toxicity to reproduction for medicinal products (1994)*

ICH S5B; Detection of toxicity to reproduction for medicinal products: addendum on toxicity to
male fertility (1996)*

ICH S6(R1); Addendum: preclinical safety evaluation of biotechnology-derived
pharmaceuticals (2011)

ICH S7A; Safety pharmacology studies for human pharmaceuticals (2001)

ICH S7B; Nonclinical evaluation of the potential for delayed ventricular repolarization
(QT interval prolongation) by human pharmaceuticals (2005)

ICH S8; Immunotoxicity studies for human pharmaceuticals (2006)

ICH S9; Nonclinical evaluation for anticancer pharmaceuticals (2010)

ICH M3(R2); Nonclinical safety studies for the conduct of human clinical trials and marketing
authorization for pharmaceuticals (2010)

2On the ICH website, the ICH S5A and S5B guidances are combined into a single document.
The content of SS5A and S5B, however, were not changed upon combination

under the International Conference on Harmonisation (ICH) process. Both the
FDA/CDER and ICH guidances can be found on the FDA website at http://www.fda.
gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm.
The FDA/CDER nonclinical guidance documents generally are prepared by a work-
ing group consisting of the nonclinical pharmacology and toxicology reviewers
within CDER. A partial list of FDA guidance documents is provided in Table 7.5.

The ICH process involves an international cooperative effort to globally harmonize
regulatory expectations for drug development. A list of ICH guidances pertaining to
nonclinical development is listed in Table 7.6.
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Nonclinical studies intended to support the safety of clinical trials, such as
general toxicology and safety pharmacology studies, need to be conducted in
compliance with good laboratory practice (GLP). Primary pharmacology and phar-
macokinetic (PK) studies, including absorption, distribution, metabolism, and
excretion (ADME) studies, are not required to be conducted according to GLP. It is
not uncommon, however, for PK and ADME studies to be conducted in accordance
with GLP regulations. Requirements for meeting GLP compliance are defined in the
Code of Federal Regulations, 21 CFR 58 [4]. The GLP requirement pertains to all
aspects of a nonclinical toxicology study. For example, it requires the following:

1. That there is a study director who has overall responsibility for the conduct of the
study

2. That there is a quality assurance unit at the testing facility to monitor each
study

3. That there is an analytical method for determining the concentration of test article
in the dosing solution(s) used to treat the animals

Contract research organizations (CROs) that conduct nonclinical studies to support
drug development and pharmaceutical and biopharmaceutical companies conduct-
ing such studies themselves should be capable of conducting studies in compliance
with GLP. Because a detailed discussion of GLP compliance is beyond the scope of
this chapter, readers are encouraged to refer to the cited CFR for additional
information.

7.5 Types of Drug Products

Drug products that are either under development or approved can be divided into the
following different categories: NMEs, combination drug products, and reformula-
tions. Before considering the various categories in more detail, it is important to
define the difference between drug substance and drug product. The former term
refers to the unformulated active ingredient, while the latter refers to the complete
dosage form. In addition to the drug substance, the drug product contains excipients
that are typically inert substances used to create a suitable clinical formulation for
the drug. Excipients include fillers, extenders, diluents, solvents, emulsifiers,
preservatives, flavors, absorption enhancers, sustained-release matrices, and color-
ing agents [5].

An NME is defined as an active ingredient that has never been marketed in the
USA in any form. If the NME is a chemically synthesized small molecule, it is
referred to as a new chemical entity (NCE). On the other hand, if the NME is a
biotechnology-derived protein, such as a monoclonal antibody, it is referred to as a
new biological entity (NBE).

As drugs are undergoing development or after they are approved, sponsors might
choose to further develop the drug as a combination product. Combination products
can be subdivided into three categories: fixed-dose combination (FDC), co-packaged,
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Table 7.7 Definition of combination product designation

Fixed-dose Two or more separate active ingredients combined in
combination a single-dosage form
Co-packaged Two or more separate drug products packaged together
in their final dosage form
Adjunctive therapy A patient is maintained on a second drug product that is

used in conjunction with the primary treatment.
Relative doses are not fixed, and the different drugs
or biologics may or may not be given at the same
time. They may be co-packaged

and adjunctive therapies [6]. The combination product designations are defined in
Table 7.7. Nonclinical considerations for combination ocular products are provided in
Sect. 7.8.2.

In addition to developing combination products, sponsors might choose to refor-
mulate a drug product. Reformulation may or may not be associated with a change
in route of administration. Generally, additional nonclinical studies are needed to
address a change in formulation, especially if it is associated with a change in route
of administration. Nonclinical considerations for reformulated ocular drug products
are addressed in FDA Guidance for Industry and Review Staff, Nonclinical Safety
Evaluation of Reformulated Drug Products and Products Intended for Administration
by an Alternate Route [7] and discussed in Sect. 7.8.1.

Both drug substances and drug products can contain impurities. Impurities are
defined as any component that is not the drug substance or an excipient in the drug
product. They can include by-products, starting materials, degradants, reagents,
ligands, and catalysts. The FDA/CDER nonclinical reviewers work closely with the
chemistry reviewers in the center to ensure that the safety of impurities is adequately
evaluated. Impurities in the drug substance and drug product, including residual
solvents, are addressed in ICH guidance documents [8—10]. In addition, the draft
FDA guidance, Genotoxic and Carcinogenic Impurities in Drug Substances and
Products: Recommended Approaches, addresses a specific concern with respect to
impurities [11].

7.6 Biologics vs. Small Molecules and Species Selection

Before considering the types of nonclinical studies needed to support the develop-
ment of the ophthalmic drugs, it is important to consider differences between
chemically synthesized small molecules and biologics. Biologics have properties
that distinguish them from small molecules and influence their nonclinical testing
strategy. A detailed discussion of the nonclinical development of biologics is
beyond the scope of this chapter but is provided in the ICH S6(R1), Preclinical
Safety Evaluation of Biotechnology-derived Pharmaceuticals [12]. Additionally, a
detailed discussion relating to multiple aspects of biologics development can be
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Table 7.8 Comparison of small molecules vs. biologics

Small molecules

Biologics

Chemically synthesized organic molecule
Greater potential for off-target effects due to
the potential for chemical impurities,

Proteins obtained from living cells
Highly targeted, due to lack of chemical
impurities and active/reactive

active/reactive metabolites, extensive
distribution in the body, and activity at
multiple receptors or enzymes

Generally active and, therefore, potentially
toxic in many species

metabolites and decreased potential for
extensive distribution as a result of large
molecular weight

Activity and toxicity generally limited to
animals possessing the intended receptor
or epitope (i.e., pharmacologically
relevant animal model/species)

Pharmacokinetic and pharmacologic Primarily pharmacologic considerations when
considerations when selecting species selecting relevant species for nonclinical
for nonclinical studies studies

Generally no or negligible potential for Animals can frequently mount an immune
immunogenicity response (immunogenicity) to biologics

found in the text entitled Preclinical Safety Evaluation of Biopharmaceuticals [13].
A summary of the key differences between biologics and small molecules is pro-
vided in Table 7.8.

Nonclinical studies for both small molecules and biologics should be conducted
in species that are relevant for extrapolation to humans. Relevance can be estab-
lished based on pharmacology, metabolism, and anatomical considerations.
Pharmacological relevance, which refers to a drug’s ability to bind to the intended
receptor or other target and elicit the intended pharmacological effect, tends to be
more of an issue with biologics but may apply to small molecules as well. The ICH
guidance for biologics, ICH S6(R1), clearly states that toxicology studies in nonrel-
evant species can be misleading and are discouraged [12]. In the case of chemically
synthesized small molecules, relevance can be defined, at least in part, by metabo-
lism. A cross-species metabolic stability test that includes metabolic profiling
should be conducted using an appropriate in vitro system, such as isolated hepato-
cytes from humans and laboratory animals, prior to selecting species for toxicology
studies of a small molecule.

Ocular anatomical considerations of the various species used in toxicology studies,
which may factor into species selection, are addressed in detail in Chap. 1 of this
text. With few exceptions, ocular toxicology studies are conducted in nonrodents
(e.g., rabbits, dogs, monkeys, and pigs) due to eye size and other anatomical consid-
erations. Although the eyes of rabbits and dogs differ from those of humans, they
are routinely used for ocular toxicology studies. Monkey eyes most closely resemble
the human eye, and monkeys are often considered the most appropriate species for
intravitreal and other treatments administered to the posterior segment of the eye.
They are, however, used less frequently than rabbits or dogs due, at least in part, to
cost and ethical issues.

Systemic bioavailability refers to the amount of drug absorbed into the systemic
circulation following oral or parenteral administration relative to that achieved
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following intravenous (iv) administration. While bioavailability does not truly
define relevance per se, it can be used to select the most appropriate species espe-
cially for orally administered compounds. It is generally only a minor consideration
for ophthalmic drugs.

7.7 Types of Nonclinical Studies Needed for New Molecular
Entities Intended for Ophthalmic Indications

Pharmacology and toxicology studies, which are conducted in laboratory animals
and/or in vitro systems, are frequently referred to as nonclinical or preclinical to
distinguish them from the clinical trials conducted in humans. Even though selected
sections of some of the available guidance documents apply to ophthalmic drugs,
there are no published guidance documents dedicated to ophthalmic drugs per se.
In 1998, FDA/CDER’s Division of Anti-inflammatory, Analgesic, and Ophthalmic
Drug Products presented a poster at the Society of Toxicology meeting on nonclinical
development of ophthalmic drug products, which focused on drugs applied topically
to the eye. The poster presentation was followed in 1999 by one that addressed
intravitreal drug products. Although the abstracts and handouts from these sessions
are dated, sponsors still use the documents to some extent as references for the
nonclinical development of ophthalmic drug products. Since 1999, FDA/CDER’s
pharmacologists/toxicologists have presented their expectations at various scientific
meetings, such as Society of Toxicology and other venues, but they have not yet
published a guidance document on the topic.

The ICH M3(R2) guidance document defines the types of nonclinical studies
needed to support drug development in general and when the studies should be
conducted in the development process [14]. The need for the various studies as part
of the nonclinical development strategy for ophthalmic drug products vs. a systemi-
cally administered drug is summarized in Table 7.9.

A discussion of the different types of studies delineated in Table 7.9 is provided
in Sects. 7.7.1,7.7.2, 7.7.3,7.7.4, 7.7.5, 7.7.6, 7.7.7, 7.7.8 and 7.7.9. Information
from the FDA/CDER nonclinical pharmacology/toxicology reviews for Macugen,
Nevanac, Durezol, Besivance, Bepreve, and Lastacaft, six NCEs approved from
2004 through 2010, as well as Lucentis, an NBE, was included in the discussion to
provide examples. Bepreve and Nevanac were approved in Japan as orally adminis-
tered drugs prior to their approval in the USA. Similarly, Durezol was approved in
Japan and Europe as a topical formulation for dermatological indications prior to
US approval. Information from the nonclinical reviews can be useful and informa-
tive in defining nonclinical programs for other NMEs. There are, however, limita-
tions that should be kept in mind when reviewing the information. For example, it
is not always apparent whether a sponsor conducted studies on their own initiative
or based on FDA request nor is it always apparent whether the drug was previously
in development for another route of administration or indication that might have
influenced the available nonclinical data and/or nonclinical strategy.
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Table 7.9 Comparison of nonclinical studies designed to support an ophthalmic drug vs. a drug
administered orally or parenterally

Needed for systemically

Study type Needed for ophthalmic drug administered drug
Pharmacology Yes Yes
In vitro metabolic stability Yes Yes
and plasma protein
binding for humans and
animals
Pharmacokinetics Yes Yes
Safety pharmacology Often no Yes
Genotoxicity Yes (generally limited to small  Yes (generally limited to small

General toxicology

Reproductive toxicology
Fertility

Embryo-fetal development
Pre-, postnatal development
Photosafety
Carcinogenicity

Tissue cross-reactivity

molecules)

Yes (generally using an ocular
and systemic route of
administration)

Potential for waiver
Generally yes
Potential for a waiver
Yes

Potential for a waiver

Yes (generally limited to
monoclonal antibodies)

molecules)

Yes (generally limited to the
clinical route of
administration)

Yes

Yes

Yes

Yes

Yes (if needed)

Yes (generally limited to
monoclonal antibodies)

7.7.1 Pharmacology

Pharmacology studies can be divided into three categories: primary pharmacody-
namics, secondary pharmacodynamics, and safety pharmacology. Primary and sec-
ondary pharmacodynamics studies are conducted for ocular as well as systemically
administered drugs. In contrast, the need for stand-alone safety pharmacology studies
is generally limited to systemically administered drugs. The need to conduct studies
to evaluate potential drug-drug pharmacodynamic interactions for ophthalmic drug
products is generally limited, and a determination as to whether the studies are indi-
cated should be on a case-by-case basis.

Primary pharmacodynamics studies explore the pharmacology of a drug in
relation to its intended therapeutic effect and can include both in vitro and in vivo
studies. The studies are designed to define the mechanism of action of a compound
as well as efficacy in animal models of disease, when available. Secondary pharma-
codynamics studies, on the other hand, explore the pharmacology of a drug outside
of its intended therapeutic effect. Safety pharmacology studies investigate the poten-
tial for undesirable effects of a drug on physiological functions, such as cardiovas-
cular (CV), respiratory, and central nervous system (CNS) function [15].

The regulatory expectations for primary and secondary pharmacodynamics studies
are not well defined, but the studies are intended to provide a basis for predicting
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clinical efficacy. Primary and secondary pharmacodynamics studies do not gener-
ally need to be conducted in compliance with GLP. Most companies conduct at least
a limited battery of in vitro and in vivo primary pharmacodynamic studies designed
to define a compound’s mechanism(s) of action, characterize intended target
specificity and selectivity, and demonstrate activity in relevant animal models of
disease when available. The types of studies conducted are dependent upon the
proposed target of the compound and the clinical indication being pursued. For
example, the sponsoring company for Lastacaft (alcaftadine), an antihistamine indi-
cated for prevention of itching associated with allergic conjunctivitis, conducted
in vitro experiments demonstrating the binding of the drug to H, and H, receptors
and mast cell stabilization following IgE binding. Additionally, they demonstrated
evidence of efficacy in animal models of allergy [16].

As noted, the potential for secondary pharmacodynamic effects is generally more
of an issue for a small molecule compared to a biologic due to the potential for
off-target effects as a result of chemical impurities, active or reactive metabolites,
frequently extensive distribution in the body, and greater promiscuity with respect
to selectivity. It is not unusual for companies to conduct an in vitro screen of poten-
tial activity at a number of receptors and enzymes.

Safety pharmacology studies investigate the potential adverse effects of a com-
pound on physiological systems, primarily the CV and respiratory systems and
the CNS (i.e., systems acutely essential to support life). Indeed, an assessment of
these three functions constitutes the core battery of safety pharmacology studies
that should generally be conducted prior to human exposure [15]. Typically, CV
safety pharmacology studies are conducted in conscious, unrestrained nonrodents
outfitted with implanted telemetry devices. The respiratory studies are usually
conducted in rats using plethysmography. The CNS studies are typically con-
ducted in rats as well. Other systems, such as renal and gastrointestinal, may be
evaluated as well, but these are considered supplemental studies that should be
conducted on a case-by-case basis after considering nonclinical and clinical
data.

Safety pharmacology studies are conducted in compliance with GLP. The ICH S7A
guidance entitled Safety Pharmacology Studies for Human Pharmaceuticals
addresses the scope and conduct of the studies and identifies situations in which
safety pharmacology studies might not be needed [15]. The guidance states that the
studies might not be needed for locally applied compounds, such as ophthalmic
drugs, for which the pharmacology is well characterized and systemic exposure or
distribution to other tissues is low.

Consistent with this guidance, the core battery of safety pharmacology studies
was not conducted using the typical methods for any of the six NCEs approved from
2004 through 2010, with the exception of Macugen. It was not apparent from the
nonclinical review for Macugen whether the sponsor conducted the studies on their
own initiative or if FDA requested them [17]. The review for Nevanac [18] indicated
that although stand-alone studies were conducted to assess CNS, CV, and respira-
tory function, the methods used were not always standard. For other drugs, assess-
ment of safety pharmacology parameters was limited to endpoints routinely included
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in repeat-dose toxicology studies (e.g., electrocardiograms [ECG] in nonrodent
species) or stand-alone studies of only selected physiological functions. For exam-
ple, an assessment of CNS/behavioral and CV function, but not respiratory func-
tion, was conducted for Lastacaft [16], and a non-GLP CV study in anesthetized
dogs was performed for Bepreve [19].

The position stated in ICH S7A that safety pharmacology studies may not be
warranted for topically administered compounds, including ophthalmics, is fur-
ther supported by the nonclinical review for Besivance (besifloxacin). In that
document [20], the nonclinical reviewer stated that safety pharmacology data
were not relevant for besifloxacin because systemic exposure following clinical
ocular dosing is very low. In addition, the review for Bepreve [19] indicated that
the available safety pharmacology data (e.g., standard toxicology endpoints, non-
GLP CV study) were adequate because the systemic exposure following ocular
administration is low.

The timing recommendation for the conduct of safety pharmacology studies is
prior to initiation of clinical trials. If the intended ophthalmic drug is an NME and
first in class, the potential liability with respect to safety pharmacology following
systemic exposure is not known. In addition, no clinical data are available to
determine if the level of exposure observed in the animal ocular toxicity studies
extrapolates to humans. For a first-in-class NME ophthalmic drug, therefore,
safety pharmacology assessment may be warranted even if systemic exposure is
anticipated to be very low and even if not specifically requested by the FDA. The
assessment may be conducted, however, in a well-designed nonclinical toxicol-
ogy study and not as a stand-alone study, an approach that is consistent with ICH
M3(R2) [14].

There are scenarios for which clinical data are not necessarily needed to deter-
mine whether or not nonclinical safety pharmacology studies are warranted. A deci-
sion regarding the need for safety pharmacology studies can be made based on
nonclinical PK or toxicology data. Specifically, a sponsor might consider conduct-
ing safety pharmacology if systemic exposure following ocular administration is
higher than anticipated in animals or if systemic effects are observed in ocular toxi-
cology studies.

7.7.2 In Vitro Metabolic Stability and Plasma
Protein Binding for Humans and Animals

The ICH M3(R2) guidance recommends that in vitro metabolic and plasma protein
binding data be evaluated prior to initiating clinical trials [14]. The in vitro meta-
bolic studies can be conducted with hepatocytes, microsomal preparations, or, infre-
quently, liver slices and the protein binding studies with plasma. The species
evaluated should include humans as well as the animal species utilized in nonclini-
cal toxicology studies. The studies are often conducted using radiolabeled drug.
Considering the relatively low systemic exposure that results from ocular routes of
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administration, the relevance of the above studies to ophthalmic drugs may not
always be entirely clear. However, considering that systemic effects can occur when
drugs are administered via the ocular route (e.g., Timoptic) [21] and the studies are
recommended prior to having exposure data in humans, it is generally considered
appropriate to conduct the studies.

7.7.3 Pharmacokinetics/Toxicokinetics

In the case of compounds dosed via ocular routes of administration, PK evaluation
should encompass assessment of systemic exposure (i.e., blood, plasma, or serum
levels) as well as distribution and levels in ocular tissues (e.g., cornea, conjunctiva,
sclera, iris, ciliary body, lens, vitreous, retina, optic nerve, and aqueous humor) for
a given drug. Assessment of systemic exposure should be included as part of the
nonclinical toxicology studies regardless of the route of administration. The expo-
sure data generated in toxicology studies are referred to as toxicokinetics (TK).
Blood should be obtained at selected time points during the course of the nonclini-
cal toxicology study, typically following the first and last dose administration of the
compound to the animals. The time points at which the samples are obtained as well
as the number of time points selected should be adequate to characterize the kinetics
of the drug, to determine the maximum drug concentration (C_ ), and to calculate
the half-life. Selection of time points can be particularly challenging for ophthalmic
drugs that have a sustained release from depot formulations or following adminis-
tration of a drug-device combination. It is important to continue sampling for an
adequate duration following administration of the sustained-release product to dem-
onstrate when the drug is apparently cleared from the systemic circulation and eye.
Apparent clearance from the systemic circulation does not necessarily reflect clear-
ance of test article from the eye, especially for depot drugs administered by intravit-
real injection. Consequently, characterization of ocular distribution is needed to define
the kinetics and clearance of the drug from the eye. For logistical reasons, it is most
appropriate to assess ocular distribution in a study specifically designed for that pur-
pose. Using radiolabeled compounds for the studies conducted with small molecular
weight drugs results in increased sensitivity; however, the use of radioactive com-
pounds is not needed from a regulatory perspective. Although more sensitive, radiola-
beled studies potentially have limitations if only the radioactivity levels are quantitated
but the radiolabeled moieties are not characterized. It is also important to emphasize
that although distribution studies can be applicable to biologics, data generated using
radiolabeled proteins might be difficult to interpret because radiolabeled amino acids
can be incorporated into endogenous proteins and peptides. If systemic distribution
has been shown to be negligible, systemic distribution studies are not warranted.
According to ICH M3(R2), systemic exposure data in the species used in general
toxicology studies generally should be evaluated prior to the initiation of clinical trials,
but further PK studies (e.g., absorption, distribution, metabolism, and excretion) are
generally not needed until prior to Phase 3 clinical trials [14]. Notably, FDA generally
expects that ocular distribution studies be conducted prior to initiating clinical trials.
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Table 7.10 Genotoxicity testing strategies — ICH S2(R1) recommendations

Option Testing battery

1. Bacterial test for gene mutations in bacteria
An in vitro cytogenetic test for chromosomal damage or an in vitro mouse lymphoma
Tk gene mutation assay
In vivo test for genotoxicity, generally a test for chromosomal damage using rodent
hematopoietic cells, either for micronuclei or for chromosomal aberrations in
metaphase cells
2. Bacterial test for gene mutation in bacteria
An in vivo test for genotoxicity with 2 different tissues, usually an assay for
micronuclei using rodent hematopoietic cells and a second in vivo assay
(typically, this would be a DNA strand breakage assay in liver, unless otherwise
justified); assays may be incorporated into repeat-dose toxicity study if
dose/exposure is adequate

It is generally considered that the melanin-binding capability of a drug should
be assessed. If a drug binds to melanin, then PK and toxicology studies should
include a species with pigmented eyes. Evaluation of the nonclinical reviews for
the six ophthalmic NCEs demonstrated that in addition to conducting standard
melanin-binding assays, class effects and/or results of tissue distribution studies can
be used to investigate the potential for melanin binding [16, 18-20].

7.7.4  Genotoxicity

The need for genotoxicity studies is generally limited to small molecules and applies
to both ocular and systemically administered drugs. Testing may not be limited,
however, to the active ingredient. It can be extended to excipients and impurities,
which are discussed later in this chapter. The recently released ICH guidance docu-
ment for genotoxicity testing, ICH S2(R1), Guidance on Genotoxicity Testing and
Data Interpretation for Pharmaceuticals Intended for Human Use, outlines two
options for the standard genotoxicity battery as well as details relating to various
aspects of the genotoxicity assays [22]. The two options are shown in Table 7.10.
In general, the companies developing the six NCEs conducted the genotoxicity
studies defined in Option 1 of Table 7.10. To ensure adequate exposure in the in vivo
studies, animals were dosed parenterally and not by the intended ophthalmic route of
administration. In some cases, however, additional studies were conducted. For exam-
ple, unscheduled DNA synthesis (UDS) was assessed for Besivance [20]. The rationale
for the study being conducted was not clear but may have been related to a genotoxicity
profile that the FDA reviewer classified as typical for fluoroquinolones. Specifically,
Besivance was positive for mutagenicity in some bacterial strains, was clastogenic in
Chinese hamster ovary cells, and was positive in the in vivo mouse micronucleus assay.
As noted by the FDA reviewer, however, the UDS assay is particularly insensitive.
Genotoxicity assays with major metabolites and a Syrian hamster embryo (SHE) cell
assay were conducted with Macugen and the metabolites even though the standard
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Table 7.11 Length of nonclinical toxicology to support clinical trials of various durations?

Recommended minimum duration of repeat-dose

Maximum duration toxicity studies to support clinical trials

of clinical trial Rodents Nonrodents

Up to 2 weeks 2 weeks® 2 weeks®

Between 2 weeks and 6 months Same as clinical trial Same as clinical trial
>6 months 6 months 9 months®

“Table as presented in ICH M3(R2)

°In the USA, extended single-dose studies can be used to support single-dose clinical trials. In an
extended single-dose study, animals receive a single dose. One group of animals is sacrificed
within 24-72 h following dosing and a second group following a 14-day recovery period.
Additionally, clinical studies of less than 14 days can be supported using toxicology studies of the
same duration as the proposed clinical study

*According to ICH M3(R2), studies of 6-month duration in nonrodents are considered acceptable
in Europe. Conditions under which 6-month studies would be appropriate in the USA or Japan are
addressed in ICH M3(R2). It should be noted that according to ICH S6(R1), 6 months is consid-
ered a sufficient maximum duration for biologics

battery of genotoxicity assays was negative for Macugen. The studies were conducted
to support a request for waiver of carcinogenicity, which was granted by the FDA [17].

Because biologics are proteins, it is not expected that they will interact with
DNA or other chromosomal material. That position is presented in the ICH S6(R1)
guidance [12]. Consistent with the guidance, genotoxicity studies were not
conducted to support the approval of Lucentis [23], a recombinant humanized
monoclonal antibody fragment.

7.7.5 General Toxicology Studies

General toxicology studies are needed for ocular as well as systemically adminis-
tered drugs. In order to support the development of ophthalmic drug products,
general toxicology studies need to be conducted using two routes of administration,
the intended ocular route and a systemic route (e.g., oral, iv). In the case of systemi-
cally administered drugs, the route of administration used in toxicology studies is
generally limited to the intended clinical route. The purpose of the ocular toxicol-
ogy study is to assess ocular and systemic toxicity following treatment via the
clinically relevant ocular route of administration. Systemic exposure following
administration of the drug by the ocular route is generally very low or negligible,
precluding adequate characterization of the systemic toxicity profile. Thus, in order
to define the systemic toxicity of an ophthalmic drug, studies are conducted using
an oral or parenteral route.

Toxicology studies are needed throughout the drug development process to
support the various phases of clinical trials. As defined in the ICH M3(R2) guidance
document [14] and as outlined in Table 7.11, the duration of the toxicology study
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Table 7.12 Duration of the nonclinical toxicology studies to support marketing approval®

Duration of indicated treatment Rodent Nonrodent
Up to 2 weeks 1 month 1 month
>2 weeks to 1 month 3 months 3 months
>1-3 months 6 months 6 months
>3 months 6 months 9 months®

“Table as presented in ICH M3(R2)

®According to ICH M3(R2), studies of 6-month duration in nonrodents are considered acceptable
in Europe. Conditions under which 6-month studies would be appropriate in the USA or Japan are
addressed in ICH M3(R2). It should be noted that according to ICH S6(R1), the guidance for bio-
logics, 6 months is considered a sufficient maximum duration for biologics

needed to support clinical development increases with the duration of the clinical
trial. As indicated in Table 7.11, there are regional differences in the recommended
duration of nonclinical toxicology studies.

In general for the USA, the duration of the nonclinical toxicology study needs to
be at least of comparable duration to the clinical trial it is designed to support for
either ocular toxicity studies or studies to assess systemic toxicity of an ophthalmic
drug (i.e., drug administered by the oral or parenteral route). In addition, FDA
will typically expect to see a 9-month chronic toxicity study in a nonrodent for
small molecules, with the acceptability of a 6-month study the exception rather
than the rule.

The maximum duration of the nonclinical toxicology studies required to support
marketing of a drug regardless of administration route is dependent on the duration
of treatment and is outlined in Table 7.12. The three regions, USA, Europe, and
Japan, are in general agreement with the appropriate duration of the toxicology
studies except for the recommended duration of the chronic nonrodent study.

The FDA/CDER does not have a guidance document addressing the nonclinical
toxicology study design. However, there are documents, such as the FDA’s Center
for Food Safety and Applied Nutrition’s Redbook [24], the OECD (Organisation for
Economic Co-operation and Development) guidelines [25-27], as well as other
publications [28, 29], that address the topic. Briefly, such studies should be con-
ducted in compliance with GLP. Nonclinical toxicology studies generally consist of
four groups: a control or vehicle group and three treatment groups receiving a low,
mid, and high dose of the test article. The dosing frequency and duration (Tables 7.11
and 7.12) should be appropriate for the intended clinical usage. Toxicity is assessed
based on clinical observation, body weight, food consumption, ECG (nonrodents
only), ophthalmic examination, clinical pathology (hematology, clinical chemistry,
coagulation, and urinalysis), gross necropsy, organ weight, and histopathology data.
To confirm exposure and define the TK profile, blood samples are obtained at appro-
priate time points after dosing and analyzed for serum or plasma levels of drug.
In addition, dosing formulations are analyzed at various time points throughout the
study to demonstrate that the formulations are properly prepared and that the animals
are being dosed at the intended dose levels.
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7.7.5.1 Systemic Toxicology Studies for Ocular Drug Products

As noted, the toxicity profile of the compound cannot generally be fully character-
ized in ocular toxicology studies because systemic exposure following ocular
administration of compounds is typically low. The nonclinical development
program for ophthalmic drugs that are NCEs/NBEs, therefore, includes toxicity
studies conducted using a systemic route of administration, such as oral or iv. In
general, the oral route of administration may be more appropriate for compounds
applied topically to the eyes because such compounds are frequently swallowed
and ultimately end up in the gastrointestinal tract. On the other hand, the iv route
is generally considered more appropriate for compounds injected into the posterior
chamber of the eye because such compounds have relatively direct access to the
bloodstream. The repeat-dose systemic toxicology studies for Lastacaft, Besivance,
Bepreve, and Nevanac, all of which are applied topically to the eyes, were conducted
using the oral route of administration [16, 18-20]. In the case of Macugen, which
is administered via intravitreal injection, the systemic studies were conducted via
the iv route [17].

The number of species that has been requested by the FDA for evaluation of
general toxicology has changed over the years. At one time, a single species, typi-
cally a rodent, was considered adequate to address the systemic toxicity following
the oral or parenteral administration of an ophthalmic drug. More recently, however,
general toxicology studies in a rodent and nonrodent species have been required to
support the development of an ophthalmic drug. The FDA may accept limiting sys-
temic toxicity studies to a single species, possibly rodent, if (1) the compound being
evaluated belongs to a class with an established safety profile, (2) toxicity in a single
species following adequate systemic exposure is of low order, and/or (3) systemic
exposure following ocular administration is shown to be low. In the case of Lastacaft,
Besivance, and Bepreve, the rat and dog were used for systemic toxicology studies
[16, 19, 20]. In contrast, only rats were used for repeat-dose systemic toxicology for
Macugen and Nevanac [17, 18]. No systemic toxicity studies were conducted for
Lucentis, which is administered intravitreally [23]. As discussed in Sect. 7.10,
scientific justification for a nonclinical testing strategy utilizing a single species for
an NCE/NBE should be presented to the FDA early in the development program
(e.g., at a pre-IND meeting) to obtain concurrence with the approach.

The frequency of administration should be appropriate for the frequency of
dosing in the clinic and should factor in the duration of exposure following dosing
in the clinic vs. nonclinical setting. For example, if monthly injections into the eye
could potentially result in sustained release of the compound, then the frequency of
administration in the systemic toxicology study should be increased accordingly to
either mimic or, preferably, to exaggerate the potential duration of exposure. In the
case of Macugen, which is injected into patients’ eyes every six weeks, rats received
daily iv injections for 13 weeks [17].

The formulation used in systemic toxicology studies should be appropriate for
the route of administration. It is not necessary, and is frequently not feasible, to test
the ophthalmic formulation via a systemic route of administration. If the ophthalmic
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formulation contains novel excipients (i.e., excipients that are not in approved oph-
thalmic products), however, it may be necessary to conduct toxicity studies with the
excipient (discussed in Sect. 7.8.3).

7.7.5.2 QOcular Toxicology Studies

Ocular toxicology studies are conducted to define the ocular and systemic effects of
a compound following ocular administration. A number of factors, including spe-
cies selection, method of compound administration, and endpoints for assessing
toxicity, need to be considered when planning ocular toxicology studies.

As for systemic toxicology, the number of species that has been requested by
the FDA for ocular toxicology studies has changed over the years. Previously, a
single species, typically a nonrodent, was considered adequate to address poten-
tial ocular toxicity. Currently, ocular toxicology studies for an NME are generally
conducted in two nonrodent species, but there can be exceptions. Factors to con-
sider when choosing the number of species include the nature of the compound,
mechanism of action, and indication. Using two species would likely be required
by the FDA for compounds having one or more of the following properties: (1) first
in a chemical class to be tested, (2) an NME (but not first in class), and/or (3) a
novel mechanism of action. In contrast, one species might be more appropriate for
compounds belonging to a class known to have a favorable safety profile or in
the case of an NBE for which there is only a single pharmacologically relevant
species.

A number of factors should be considered when selecting a species for ocular
toxicology studies, including melanin binding, anatomical considerations, and, in
the case of biologics, species specificity. If a compound binds to melanin, then ocu-
lar toxicology studies should be conducted in species with pigmented eyes. For
compounds to be injected or implanted into the eye, as in the case of device-based
delivery platforms, one of the primary considerations is the size of the eye.
Specifically, the eye of the selected species needs to be large enough to accommo-
date the mode of administration being used. In the case of biologics, species
specificity should be considered. Based on ICH S6(R1), toxicology studies with
biologics should be limited to relevant animal models, defined as animals in which
the biologic is active due to the presence of a receptor or, in the case of a mono-
clonal antibody or antibody fragment, the epitope [12]. Techniques for identifying a
relevant animal model for a biologic include flow cytometry, immunohistochemistry,
and/or functional assays. The approach(es) used should be customized to the
biologic.

Generally, ocular toxicology studies are conducted in one or two nonrodent
species, such as rabbit, monkey, dog, or pig. Although dogs have a tapetum (refer
to Chap. 1 of this text for additional information), an anatomical feature that dis-
tinguishes them from humans, rabbits, monkeys, and pigs, it does not preclude
use of the dog in ocular toxicology studies conducted for regulatory purposes.
Indeed, dogs were used in combination with rabbits for the ocular toxicology
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studies conducted to support the development and approval of Besivance, Bepreve,
and Durezol [19, 20, 30] and in combination with rabbits and monkeys to support
the same for Macugen [17]. Dogs were not used for the ocular toxicology studies
conducted for Lastacaft, Nevanac, or Lucentis [16, 18, 23]. While rodents might
be appropriate for ocular toxicology studies being conducted early in the drug
development process (i.e., screening studies), they are not appropriate models for
ocular studies intended to support the safety of clinical trials due, in part, to the
small size of their eyes. Although the nonhuman primate may be considered to be
the most appropriate animal model for ocular toxicology studies because of simi-
larities to the human eye, their use was very limited for the six NCEs approved
from 2004 to 2010. Nonhuman primates were used to assess ocular toxicity in
only two NCEs, Macugen and Nevanac. The maximum duration of the ocular
toxicity studies in the nonhuman primates was three months with studies of longer
duration for Macugen conducted in the rabbit and/or dog [17, 18]. Nonhuman
primates were not used in the other four of the six drugs [16, 19, 20, 30]. Generally
ocular toxicity studies were conducted in two species [18-20, 30]. The exceptions
were Macugen, for which ocular toxicity studies were conducted in three species
[17], the rabbit, dog, and monkey, and Lastacaft, which utilized a single species,
the rabbit [16]. The ocular toxicology studies for Lucentis, an NBE, were limited
to monkeys [23].

Route and frequency of administration, duration of treatment, and the formula-
tion to be tested should be considered when planning and conducting ocular toxicol-
ogy studies. The route of administration should be the same as that being used in the
clinic. The frequency of administration should at least be equal to that intended for
the clinical usage. The appropriate duration for these studies is comparable to that
outlined in the ICH M3(R2) guidance document [14] for general toxicology studies
(Tables 7.11 and 7.12).

The clinical formulation should be used in the ocular toxicology studies as well
as a formulation in which the concentration of active compound exceeds that in
the clinical formulation (i.e., enriched formulations), if possible. The goal of
utilizing enriched formulations is to exaggerate the exposure that will occur in the
clinic. If it is not technically feasible to enrich a formulation, the frequency of
administration used in the ocular toxicology studies should be increased to exag-
gerate the clinical treatment regimen. For example, in the 4- and 13-week ocular
toxicology studies conducted with Bepreve in the rabbit and dog, respectively,
and in the 26-week study conducted in dogs, the active ingredient was adminis-
tered as a 1.5% solution, which is the same as the clinical formulation. However,
the dosing frequency was up to eight times daily as compared to twice daily in the
clinic [19]. In the case of device-based delivery systems, the amount of compound
delivered should be increased to the extent feasible. Possible approaches for
achieving this goal include not only increasing the drug concentration in the
device but increasing the number of devices implanted relative to the clinical
regimen.

It is not unusual for the clinical formulation to evolve over the course of develop-
ment. Depending on the nature of the change (e.g., excipient that potentially alters
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Table 7.13 Standard endpoints evaluated in nonclinical ocular
toxicity studies

Ocular endpoints Systemic endpoints
Gross observations Observations
Slit lamp biomicroscopy Body weight
Funduscopy Food consumption
Tonometry Clinical pathology
Electroretinography Necropsy
Histopathology Organ weights
Histopathology
Toxicokinetics

Immunogenicity (biologics)

the PK of the drug), additional studies to assess the ocular toxicity of the formula-
tion may be required. The nonclinical studies, which may include short-term ocular
toxicity studies that evaluate toxicity and/or PK following ocular administration, are
designed to bridge (i.e., termed bridging studies) to the existing nonclinical toxicity
data.

Ocular toxicology studies include endpoints for assessing both ocular and
systemic toxicity. The endpoints typically evaluated as a minimum are shown in
Table 7.13. Depending on the duration of the study, the ocular endpoints, with the
exception of histopathology, are generally evaluated at multiple time points. The
methodologies for specifically characterizing the ocular toxicity of a drug in the
nonclinical studies are discussed in detail in Chaps. 2, 3, 4, 5, and 6.

7.7.6  Reproductive Toxicology Studies

Reproductive toxicology studies address the effects of compounds on all phases
of reproduction, ranging from fertility through postnatal development. The stud-
ies, which are described in detail in the ICH S5 documents [31, 32], can be
divided into three phases: (1) fertility and early embryonic development
(Segment I), (2) embryo-fetal development (Segment II), and (3) pre- and post-
natal development (Segment III). In general, all stages of reproduction need to
be assessed for systemically administered drugs. There is, however, the poten-
tial for flexibility with ocular drugs due to the potential for limited systemic
exposure. For biologics administered via the ocular route of administration,
pharmacological relevance can impact the manner in which reproductive toxi-
cology is assessed. Reproductive toxicology testing for biologics is addressed in
ICH S6(R1) [12].

Reproductive toxicology studies conducted to support the safety of ophthalmic
drugs should use a systemic route of administration. Embryo-fetal development
studies generally are needed for all NCEs, regardless of the level of systemic


http://dx.doi.org/10.1007/978-1-62703-164-6_2
http://dx.doi.org/10.1007/978-1-62703-164-6_3
http://dx.doi.org/10.1007/978-1-62703-164-6_4
http://dx.doi.org/10.1007/978-1-62703-164-6_5
http://dx.doi.org/10.1007/978-1-62703-164-6_6

284 A.B. Weir and S.D. Wilson

exposure following ocular administration. It might be possible under certain cir-
cumstances, however, to obtain concurrence from the FDA that fertility and early
embryonic development and/or pre- and postnatal development studies are not
warranted. Factors that should be considered when determining whether the Segment
I and III studies are needed include, but are not limited to:

1. Nature of the compound — for example, first in class vs. a member of an estab-
lished class, cause for concern

2. Mechanism of action — for example, novel and/or not well defined vs. well
understood

3. Systemic exposure following ocular administration, specifically clinical exposure
relative to exposure levels causing toxicity in systemic nonclinical toxicology
studies

4. Toxicity profile relative to systemic exposure

5. Clinical indication, with the studies less likely to be needed when the compound
is intended to treat a serious condition with limited treatment options or in a
geriatric patient population

In order to obtain concurrence that the studies are not needed, a request for a
waiver should be submitted to FDA/CDER’s Division of Transplant and Ophthal-
mology Drug Products.

Although there is the potential to obtain a waiver for all reproductive studies
except the embryo-fetal development studies, the full battery of reproductive toxic-
ity studies were conducted for all of the NCEs [16, 18-20, 30] except for Macugen.
In the case of Macugen, reproductive toxicology testing, specifically embryo-fetal
development, was limited to a GLP study conducted in mice using iv administration
and a non-GLP study in rabbits using intravitreal administration [17]. It was not
evident from the pharmacology/toxicology reviews whether the decision to conduct
Segment I, I1, and III studies was driven by specific FDA requests/recommendations
or whether it was an internal decision by the sponsor. No reproductive toxicology
studies were conducted for the US approval of Lucentis [23].

7.7.7 Photosafety

Photosafety, while an area of varying concern for regulatory authorities and the
pharmaceutical industry for over 30 years, has garnered more attention from both
groups in the last several years. The interest is reflected in the issuance of the FDA
photosafety guidance document [33], the inclusion of photosafety evaluation in
ICH M3(R2) [14], and, most recently, the planned development of the ICH S10
photosafety guidance document [34]. Whether ocular photosafety evaluations will
be addressed in ICH S10 and the potential impact of any such inclusion on ophthalmic
drug development is not known. Most nonclinical evaluations of ocular phototoxic-
ity have been performed for drugs that are intended to be administered via the oral
or iv route, and there has historically been little interest in photosafety evaluation of
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drugs administered by topical instillation or intravitreal administration. The stan-
dard thinking for topical instillation was that the residence time on the eye of a drug
administered by topical installation is very brief and evaluation for photosafety
could potentially be performed using a standard dosing regimen and study design.
Consequently, there has generally been minimal to no concern for the potential
phototoxicity of topically instilled ophthalmic drugs. Interest in photosafety
evaluation with topical instillation, however, has recently increased, and the concern
can be successfully evaluated in a nonclinical rat model. In addition, the develop-
ment of methods for photosafety evaluation of drugs administered by the intravit-
real route is under way, in response to requests from industry to evaluate drugs
administered following drug administration by this route (Learn, Personal
Communication, April 2012).

7.7.8 Carcinogenicity Studies

The conditions under which carcinogenicity studies are needed are addressed in the
ICH S1A guidance document [35]. Carcinogenicity studies generally are required
for compounds when the expected clinical use is continuous for at least six months
or for drugs used in a chronic intermittent manner. With regard to pharmaceuticals
administered via the ocular route, ICH S1A states that unless there is a cause for
concern and/or notable systemic exposure occurs following ocular administration,
carcinogenicity studies are not warranted. Cause for concern can result from dem-
onstration of carcinogenic potential relevant to humans in the product class, a struc-
tural alert suggestive of carcinogenic risk, evidence of preneoplastic lesions in
repeat-dose toxicity studies, and/or long-term tissue retention of parent compound
and/or metabolite resulting in pathophysiological responses. As for the reproductive
toxicology studies, a request for a waiver of the carcinogenicity studies for a chroni-
cally administered ophthalmic drug should be submitted to FDA/CDER’s Division
of Transplant and Ophthalmology Products. The factors that should be considered
when preparing the scientific justification for a waiver are the same as defined for
reproductive toxicology studies with the exception of drugs to be used in the elderly.
The FDA/CDER generally expects carcinogenicity studies to be conducted for
drugs to be used in the elderly.

No carcinogenicity studies were conducted for three of the six identified NCEs
that did not meet the criteria outlined in ICH S1A for conducting the studies [35],
specifically Besivance, Durezol, and Nevanac [18, 20, 30]. Of the three NCEs
intended for chronic use, Lastacaft, Bepreve, and Macugen, carcinogenicity studies
were conducted for Bepreve only [19]. According to the nonclinical reviews for
Macugen and Lastacaft, carcinogenicity studies were waived. The rationale for
granting the waiver for Lastacaft was based on negative results in an extensive panel
of genetic toxicology studies, an expectation of intermittent clinical dosing, low
carcinogenicity potential for the antihistamine class, lack of carcinogenicity concern
for the drug and its major metabolite based on structural alert analysis, an absence
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of preneoplastic lesions in the oral repeated dose toxicology studies, no indication
of long-term retention in tissues, and low systemic exposure following topical
ocular administration [16]. In the review for Macugen, the pharmacology/toxicology
reviewer indicated that the waiver was based on the “drug’s property,” negative
results in a SHE cell assay, and results of the other nonclinical studies that were
conducted [17].

Standard 2-year carcinogenicity assays in rodents can be of limited value for bio-
logics because rodents are frequently not a relevant model or may develop antidrug
antibodies that preclude long-term testing. In addition, assessment of carcinogenic
potential in rodents using a homologous protein is considered of limited value. If an
assessment of the carcinogenic potential is needed for a biologic based on duration
of treatment and patient population, ICH S6(R1) recommends that the strategy could
be based on a weight of evidence approach using data from a variety of sources [12].
Data to be considered can include published data, information on class effects,
detailed information on target biology and mechanism of action, in vitro data, data
from chronic toxicity studies, and clinical data. As for a small molecule, the magni-
tude of systemic exposure in patients will be a factor in determining the need for
carcinogenicity assessment. Carcinogenicity was not assessed for Lucentis. However,
a rationale was not provided in the FDA/CDER pharmacology/toxicology review of
the BLA for Lucentis [23].

7.7.9 Tissue Cross-Reactivity

Tissue cross-reactivity (TCR) studies utilize immunohistochemistry to define the
binding of monoclonal antibodies to their targets. The TCR studies can be con-
ducted using frozen sections of human and animal tissues to define potential target
organs and to identify a relevant species for nonclinical testing. Guidance relating to
TCR studies can be found in ICH S6(R1) [12]. A tissue cross-reactivity study was
conducted with human tissues to support the clinical development and approval of
Lucentis [23].

7.8 Nonclinical Approaches for Reformulated Drugs,
Combination Drug Products, Excipients,
and Impurities

7.8.1 Reformulated Products

As demonstrated in Table 7.1 and Fig. 7.1, a significant proportion of approved
ophthalmic drugs, almost 50%, are reformulations of previously approved drug
substances. In March 2008, FDA/CDER published a draft guidance defining the
nonclinical expectations for reformulated drug products and products intended for
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use by an alternate route of administration [7]. The following recommendation is
provided regarding ocular drug products:

If the active ingredient has not been used by the ocular route, then toxicity studies in two
species with complete eye and systemic evaluation of the appropriate duration should be
carried out with the new formulation. In certain cases, studies in one most appropriate
species may be adequate. Optimal design of these studies would include the evaluation of
ocular and systemic PK. Ocular toxicity can be assessed using slit lamp biomicroscopy
(with fluorescein staining), tonometry and histopathology. Nonclinical ocular toxicology
studies generally should be conducted with vehicle control and complete formulation
groups.

The guidance, however, does not define cases in which one species might be
appropriate nor does it address the expectations for drugs that have already been
approved for use via the ocular route.

The pharmacology/toxicology reviews for reformulated ocular drugs provide
insight into the different strategies that have been successfully used to gain approval
for reformulated ocular drugs. Reformulated ophthalmic drugs can be grouped into
two basic categories. The first category includes drugs that are already approved for
an ophthalmic indication but are being reformulated to alter the properties of an
already-approved product (e.g., enhance ocular bioavailability, change to a more
appropriate preservative). The second category includes drugs already approved for
use via an oral, subcutaneous (sc), iv, or other nonocular route. Regardless of the
category, bridging studies will likely be needed and often include ocular PK and
toxicology studies in at least one species.

An example of a drug that would fall into the first category is Trivaris, triamcinolone
acetonide injectable suspension (80 mg/mL), which was approved by the FDA in 2008.
According to the FDA summary review, an injectable triamcinolone-containing
formulation using benzyl alcohol as a preservative, Kenalog-40, has been used to
treat ocular inflammatory conditions that are not responsive to topical steroids [36].
While the Kenalog-40 formulation had an acceptable safety profile, a rare associa-
tion between the benzyl alcohol preservative and noninfectious endophthalmitis has
been noted. Trivaris is a preservative-free formulation of triamcinolone acetonide
developed for intravitreal use. To support development and approval of the reformu-
lated product, the sponsor that developed Trivaris conducted an ocular PK study
and a 3-month ocular toxicology study in New Zealand white (NZW) rabbits with
triamcinolone acetonide [37].

An example of a drug that would fall into the second category is AzaSite,
1% azithromycin solution, approved by the FDA in 2007 for the treatment of bacterial
conjunctivitis caused by susceptible bacterial strains. Previously, systemic formula-
tions of azithromycin have been approved [38]. In order to support the development
and approval of AzaSite, the sponsor conducted ocular PK studies in NZW rabbits,
ocular toxicology studies with AzaSite 1% for up to one month in Dutch-belted
rabbits, and an ocular toxicology with vehicle excipients for up to 52 weeks in NZW
rabbits [39].

It should be remembered that each reformulated product is unique and has its
own potential concerns. The approaches used in the two examples cited, therefore,
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might not be appropriate for all reformulated products. While, as noted, the non-
clinical reviews for reformulated products provide insight into possible approaches,
it is recommended that FDA be consulted for each individual product.

7.8.2 Combination Products

Nonclinical approaches for evaluation of combination drugs are addressed in
FDA/CDER’s guidance document entitled Nonclinical Safety Evaluation of Drug
or Biologic Combinations and in ICH M3(R2) [6, 14]. Although neither document
specifically addresses ophthalmic drug products, the concepts in both are applicable.
Both documents provide information for sponsors to consider in determining
whether a combination toxicology study is needed. For example, according to
ICH M3(R2):

Nonclinical combination toxicology studies generally are not recommended to support
small clinical trials of relatively short duration (e.g., phase 2 clinical trials up to 3 months
in duration) for two late stage products for which there are no significant toxicological
concerns based on available data even if there is not adequate clinical experience with co-
administration. However, nonclinical combination toxicology studies, generally limited to
a single relevant species, are recommended before larger-scale or long-term combination
studies and for marketing.

Combination drug products may be comprised of either one or more approved
drugs, one or more NCEs/NBEs, or an approved product(s) plus one or more
NCESs/NBEs. The FDA guidance suggests that in addition to the available nonclinical
package for the various components of the combination drug product, there are a
number of factors that will impact whether or not additional nonclinical studies are
warranted. The other factors include previous human experience with the combina-
tion; the potential for a pharmacodynamic, PK, toxic, or chemical interaction; the
seriousness, reversibility, and/or monitorability of any potential interaction; and
the margin of safety for each drug in the combination. The design of any additional
nonclinical studies will be dependent on the intended clinical usage, with a single
species acceptable based on similarity of toxicity profile across species and rele-
vance to or concordance with humans. The sponsor will need to provide a scientific
justification to the FDA and obtain concurrence for the proposed nonclinical
strategy [6].

Two combination products for ophthalmic use approved since 2004 were
identified. The products include Zylet, a combination of loteprednol etabonate and
tobramycin for treatment of steroid-responsive ocular inflammatory conditions,
and Combigan, a combination of brimonidine tartrate and timolol maleate for the
reduction of increased intraocular pressure associated with glaucoma or ocular
hypertension. In the case of Zylet, the sponsor conducted a 14-day and 6-month ocular
toxicology study in Dutch-belted rabbits in addition to a pharmacology study and
ocular distribution studies in NZW and Dutch-belted rabbits, respectively [40].
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Similarly, the sponsor for Combigan conducted a 6-month ocular toxicity study in
NZW rabbits as well as several absorption and distribution studies. A 1- and
3-month toxicology study was conducted primarily to qualify, or characterize
the toxicity profile of, the levels of a new impurity at the proposed specification
limits. The studies, however, included both stressed (i.e., stored under accelerated
conditions of 40°C and 20% relative humidity for 7 months) and non-stressed
combination test article. Evaluation of impurities is discussed in more detail in
Sect. 7.8.4. The FDA reviewer concluded that no pharmacology studies were war-
ranted for Combigan because there was extensive clinical use of the two drugs
being prescribed together to reduce intraocular pressure [41]. It is unclear from the
reviews as to whether the ocular toxicology studies conducted for Zylet and
Combigan were required by the FDA but may be warranted, in part, due to the
inherent sensitivity of the eye as a target organ for both nonspecific and specific
toxicity effects.

7.8.3 Excipients

Guidance relating to the need to assess in nonclinical studies the toxicity of excipi-
ents, also referred to as inactives to distinguish them from the drug substance, can
be found in FDA’s Nonclinical Studies for the Safety Evaluation of Excipients [5].
Information on inactive ingredients present in FDA-approved drug products can be
found in a listing of inactive ingredients on the FDA website (http://www.accessdata.
fda.gov/scripts/cder/iig/index.cfm). According to information provided on the website,
once an inactive ingredient appears in an approved product for a particular route of
administration, the inactive is no longer considered novel. When using the information
from the inactive ingredients website, it is important to consider the concentration
of the inactive being used in the drug being developed compared to the concen-
tration in the approved product(s) administered by the relevant route.

As part of the review process of any submission, the FDA/CDER nonclinical
reviewer ensures that the sponsor has adequately addressed the safety of excipients. For
example, in the nonclinical review for Durezol, the reviewer noted that the inactive
ingredients in the formulation, castor oil and polysorbate 80, had a history of ocular
use or were tested in rabbit eyes. The reviewer concluded that the inactives were accept-
able for use at the proposed concentrations. It is unclear whether the test article used in
the 4-week ocular toxicity in NZW rabbits was the intended clinical formulation, but
the sponsor conducted a 7-day ocular irritation study with polysorbate 80 in NZW
rabbits at a concentration comparable to that present in the clinical formulation [30].

If an excipient is novel, the toxicity profile will need to be fully characterized. In
general, as outlined in FDA Guidance Nonclinical Safety Studies for the Safety
Evaluation of Pharmaceutical Excipients [5], the evaluation of a novel excipient is
similar to that for an NME, although the risk-benefit considerations are notably dif-
ferent for an inactive ingredient vs. a therapeutic agent.
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7.8.4 Impurities

As with other routes of administration, there are impurity thresholds for drugs
administered by the ocular route. The ICH Q3 guidance documents address impuri-
ties in a general sense and propose a nonclinical approach for qualifying impurities
[8, 9]. The proposed levels requiring qualification, while applicable to drugs admin-
istered orally or by iv, intramuscular, or sc injection, for example, may not be appli-
cable to ophthalmic drugs. If the level of the impurity in the clinical or to-be-marketed
ophthalmic formulation exceeds what was assessed in the nonclinical ocular toxic-
ity studies, additional qualification in nonclinical studies may be required. Advice
from the FDA is recommended to determine the acceptability of impurity levels and
the need for additional studies to qualify any impurity.

The FDA has developed a draft guidance that defines approaches for assessing
the genotoxic and carcinogenic potential of impurities and steps to be taken if such
an impurity is identified [11]. Additionally, ICH is in the process of developing a
guidance document for genotoxic impurities, which is scheduled to be completed
in 2013 [42].

As noted, the impurity profile of the drug product (e.g., chemical characteristics
and levels present) used in the nonclinical toxicology studies should ideally be the
same or higher as that proposed for clinical trials. During the course of drug devel-
opment, however, changes in manufacturing and other events can occur that can
result in the need to conduct additional studies to qualify impurities. For example,
the sponsoring company for Combigan conducted a 1- and 3-month ocular toxicol-
ogy study in NZW rabbits, a bacterial mutation assay, and a chromosomal aberra-
tion assay to address the safety of an impurity [41]. Toxicology studies conducted
to qualify impurities can be limited to the impurity. More commonly, however, and
especially for general toxicology studies, the test article is comprised of the drug
substance containing exaggerated levels of the impurity. The test article used to
qualify the impurity of concern for Combigan was the drug substance with exagger-
ated levels of the impurity.

7.9 Extrapolation of Nonclinical Data to Clinical Trials
and Use in Labeling

Data generated in nonclinical toxicology studies are used to support the safety of
clinical trials and marketing approval. Specifically, the studies define the toxicity
profile of a compound, which includes identifying target organs, dose-response rela-
tionships for adverse effects, and reversibility or delayed onset of effects. The toxic-
ity profile obtained in nonclinical studies aids in the design of the clinical trials with
respect to appropriate monitoring, exclusion of vulnerable patients from the clinical
trial, and/or limiting dose escalation and/or dosing duration. The goal is to avoid
toxic doses and ensure that the trial can adequately identify possible adverse events.
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Different approaches, identified in the reviews of the six NCEs approved between
2004 and 2010 and discussed in Sect. 7.7, were used to define the ocular safety
factor for extrapolating nonclinical data to humans [16, 19, 20, 30]. The approaches
include a direct comparison of the nonclinical and clinical dosing regimens without
calculating a safety factor per se as well as a comparison of the nonclinical ocular
no observed effect level (NOEL) to the clinical dose after normalizing doses to vit-
real volume or conjunctival surface area. Of the two approaches, dose normalization
for the relevant ocular compartment provides a more scientifically reasonable
approach for extrapolating data across species with regard to ocular effects. The no
observed adverse effect level (NOAEL), however, is considered a more appropriate
dose for comparison than the NOEL since not all drug effects are necessarily
adverse. The rationale for the approach used to calculate safety margins was not
always clear, and other approaches likely could have been justified. In some cases,
multiple approaches might be appropriate. Regardless of the approach, the route of
administration and ocular distribution of the compound should be considered when
selecting the best approach for extrapolating nonclinical data to humans.

In contrast to the ocular safety, calculating a systemic safety factor is more
straightforward. Two basic approaches can be used, comparing the NOAEL dose
from nonclinical studies to the clinical dose based on either a body weight or sur-
face area dose equivalency or by comparing systemic drug exposure achieved in
animals at the NOAEL to that achieved in patients. In general, the preferred method
is a comparison of systemic drug exposure (generally area under the curve) when
the data are available. The default method for small molecules in the absence of
exposure data is a surface area dose equivalency unless body weight comparisons
can be justified. For biologics, however, the appropriate method depends upon a
number of factors, including the molecular weight of the protein.

7.10 Scientific and Regulatory Advice

Companies developing ophthalmic drug products face a number of challenges in the
nonclinical arena. First, FDA/CDER has not released a guidance document for the
nonclinical development of ophthalmic drugs. As noted, however, certain FDA and
ICH guidance documents address selected issues relevant to ophthalmic drugs.
Second, there are a number of issues unique to the ocular route of delivery that need
to be addressed during the drug development process. For example, the number of
species considered appropriate for ocular and systemic general toxicology studies
can vary depending upon the nature of the compound being developed. Additionally,
the scope of the studies required to support the development of ophthalmic drugs
(e.g., whether reproductive toxicology or carcinogenicity studies are needed) is
dependent on a number of factors such as extent of systemic exposure or whether
the product is a first-in-class NME or is in a class for which the pharmacology and
toxicology are generally well understood. Third, scientific knowledge and under-
standing with respect to drug development is continually evolving, and regulatory
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decisions may be based on proprietary data to which only the FDA has access.
Finally, the various available guidance documents may appear to be somewhat
vague or ambiguous, in part, because it is not possible to address all scenarios that
arise during drug development but also in an effort to accommodate scientific
advances as they relate to drug development.

Companies need to balance their development timeline with the time needed to
obtain regulatory guidance and concurrence on the nonclinical testing strategy
throughout the development process. Development timelines, however, are often
aggressive. Companies, therefore, may also need to balance their development time-
line with the regulatory risk of not obtaining FDA concurrence for a proposed non-
clinical strategy, especially if the strategy is not standard or if the drug being
evaluated presents nonstandard concerns or issues. Ideally, timelines should allow
for the preparation of requests for FDA recommendations/advice or waivers and for
FDA/CDER’s evaluation and responses to requests for guidance or waivers.
Importantly, companies should also factor in the time required to conduct additional
study(ies) if concurrence for a nonclinical approach is not obtained or a waiver is
not granted. In order to successfully meet drug development challenges, companies
should consider the following approaches: (1) be familiar with the available guid-
ance documents that contain information relevant to ophthalmic drugs, (2) take
advantage of meetings with FDA/CDER (e.g., pre-IND and end-of-phase 2 meet-
ings), (3) provide complete justification and rationale for nonclinical development
plans in regulatory submissions, (4) include someone with expertise in nonclinical
development in interactions with FDA/CDER, and (5) be prepared to negotiate with
FDA/CDER.
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Chapter 8

Ocular Toxicity Regulatory Considerations
for Nondrug Food and Drug Administration
(FDA) Products and the Environmental
Protection Agency (EPA)

Christopher Bartlett

Abstract The regulatory requirements for ocular toxicity of nondrug FDA
products and the EPA are designed to identify the hazard of the material and ensure
that labels have the proper use instructions and warnings. This is different from the
Food, Drug, and Cosmetic Act (FDCA) process for drug development which is
designed to determine the risk based on the exposure of the investigational drug.
The regulatory guidance for cosmetics falls under the FDCA and is focused on
ensuring that manufacturers produce safe products with proper use instructions and
eye warnings. Other consumer products are regulated by the Consumer Product
Safety Commission (CPSC) under the Federal Hazardous Substances Act (FHSA).
The Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) is responsible
for registering pesticides and ensuring safe and proper use. Development of new
industrial chemicals is regulated by the Toxic Substances Control Act (TSCA).
The regulatory guidelines associated with these acts provide recommendations to
use the Draize eye test for evaluation of ocular toxicity. However, each regulatory
guidance for different substance categories has slightly different guidance for the
Draize eye test methodology, the interpretation of the results, and conclusions based
on the results. While the standard test to evaluate ocular toxicity has been the Draize
eye test since the 1940s, significant efforts are currently under way to develop and
validate alternative assays to identify ocular toxicity hazard, replace the Draize eye
test, and modify the regulatory landscape.
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8.1 Introduction

In the previous chapter, regulatory considerations for drug products that are
regulated by the FDA’s Center for Drug Evaluation and Research (CDER) were
presented. With the exception of drug products, the FDA permits the majority of
consumer products (e.g., cosmetics) to be marketed without premarket authorization
but has set forth guidance under the FDCA that requires products to be safe and
“prohibits the marketing of adulterated or misbranded cosmetics in interstate
commerce” [1]. This requires the manufacturer to comply with monographs and
guidance published by the FDA Center for Food Safety and Applied Nutrition
(CFSAN) and substantiate the safety of the product prior to marketing. Supporting
the safety of a product often requires ocular toxicity testing to define the ocular
hazard of the product and ensure proper labeling to protect consumers and workers
from potential ocular hazards. For example, a cosmetic manufacturer developing a
new eyeliner is responsible for testing the product to demonstrate that it is safe for
the intended use and providing a label with the product that has an ingredient list,
use instructions, and appropriate warnings.

Household products are regulated by the Consumer Product Safety Commission
(CPSC) under the authority of the Consumer Product Safety Act (CPSA) [2].
The CPSC is committed to protecting consumers and families from products that
pose a fire, electrical, chemical, or mechanical hazard or can injure children.

Similar to the FDA drug process, the EPA requires premarket approval for
pesticides/antimicrobial products under Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) [3]. The focus of this premarket approval process by the
EPA is to characterize the hazards associated with the use of the substances. Part
of defining the hazard of a substance is to define the ocular hazard. Based on test
results characterizing the ocular hazard of a substance, the EPA has established
language for the use instructions and warnings permitted on the labels.

Industrial chemicals regulated under the Toxic Substances Control Act
(TSCA) require a premanufacture notification be submitted to EPA, which pro-
vides the agency the opportunity to review and manage the potential risk of the
material [4]. These premanufacture notifications require submission of all of the
product chemistry and test data generated from the chemical. While no specific
requirements are set forth, ocular toxicity testing is often analyzed for these
chemicals.

Ocular toxicity tests are one of the four most commonly conducted product
safety tests [5]. The Draize eye test [6] is the only acceptable ocular toxicity
test for regulatory purposes and is the standard that all regulatory agencies use
for evaluation of ocular toxicity hazard. However, each agency uses the results
of the test slightly differently and classifies the potential for hazard using dif-
ferent schemes. It is important to know which regulations govern a specific
product in order to follow the appropriate Draize eye testing scheme, based on the
material’s chemical properties, to ensure a product has been properly categorized
and labeled.
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8.2 Regulatory Overview

In 1938, the US congress issued the Federal Food, Drug, and Cosmetic Act (FDCA)
which extended regulatory control to cosmetics in response to the public display of
blinding that occurred as a result of administration of an aniline-based eyelash dye.
The regulation required manufacturers to assess product safety prior to marketing of
products. The Draize eye test was developed by the Dermal and Ocular Toxicity
branch in the FDA’s Division of Pharmacology in 1940 for the toxicological
appraisal of a given compound or preparation intended for therapeutic, cosmetic, or
other topical use. It has been the standard recommended by the FDA to assess
cosmetic products since its development. These testing procedures were adopted by
the Consumer Product Safety Commission (CPSC) in 1972 [7].

As described in Table 8.1 below, agencies such as the FDA and EPA, have been
created in the USA in part to promote the general welfare of US citizens by protecting
them from harmful exposures to consumer and other products [7]. In the twentieth
century, several additional acts (FIFRA, TSCA, Federal Hazardous Substances Act
(FHSA) have given regulatory authority to the agencies beyond the FDA and EPA
to ensure the safety of chemicals and consumer products. While these regulations
do not mandate any testing, they do require assurance of a product’s safety. Product
safety is substantiated by conducting toxicology tests. Animals have long been used
to evaluate and predict potential adverse effects from human exposure, and the
Draize rabbit eye test was developed to support ocular toxicity testing and hazard
identification. All of the agencies with consumer product regulatory responsibilities
use the Draize eye test as the standard assay with some variance in the guidance on
how to conduct the assay [1-4].

8.2.1 Testing Guidelines

Several agencies, EPA, FDA, CPSC, and OSHA, have designated specific test
guidelines for assessing ocular toxicity (Table 8.2). All of the testing guidelines
provide standards for conducting the Draize eye test, but, due to variations in the

Table 8.1 US laws that govern ocular toxicity of nondrug FDA products and the EPA [7]

Legislation Agency Substance/product

FDCA (1938) Department of Health and Human Pharmaceuticals and cosmetics
Services (FDA)

FIFRA (1947) EPA Pesticides

FHSA (1964) Department of Agriculture Agriculture and industrial

and TSCA (1977) and EPA products

CPSA (1972) Consumer Product Safety Household products

Commission

OSHA (1970) Department of Labor (OSHA) Occupational materials
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Table 8.2 Current regulations that require ocular safety testing [9]

Agency Authority created Regulation Test guideline
EPA FIFRA (1947), TSCA (1977) 40 CFR 156 OPPTS 870.2400
CPSC FHSA (1964) 16 CFR 1500 16 CFR 1500.42
FDA FDCA (1938) 21 CFR 501-523 16 CFR 1500.42
OSHA OHSA (1970) 29 CFR 1910 16 CFR 1500.42

Table 8.3 Comparison summary of testing guidelines [9]

Test method EPA (TG OPPTS FHSA (16 CFR
component 870.2400) 1500.42) OECD (TG 405)
Number of animals 1 to screen for corrosive, 1 Animal based 1 Animal based on
used to make then n>2 on Maximum Maximum score
decision score in any in any animal
animal on on any day
any day
Quantity intesteye 0.1 mlor0.1 g 0.1mlor0.1g 0.1mlor0.1g
Observation times 1,24,48,72 h, and daily  24,48,and 72 h 1, 24,48, 72 h, and daily
thereafter until lesions thereafter until lesions
clear or 21 days clear or 21 days
Post-dosing 24 h unless substance is 24 h Liquids: 24 h
irrigation shown to be irritating Solids: 1 h

nature of concern over the different regulated products, the guidelines for conducting
the assay vary among the agencies. The Organization for Economic Cooperation
and Development (OECD) has standardized methods for a number of toxicology
tests, including the Draize eye test [8]. In general, 0.1 mL (liquid) or 0.1 g (solid) is
placed on the conjunctival sac of one eye of the rabbit, and the other eye serves as
an untreated control. Observations are made, and irritation is scored 1, 24, 48, and
72 h postexposure and daily thereafter until the lesion clears or for 21 days. Irritation
is measured by observing corneal opacity, iritis, and conjunctival redness and
swelling. Optional assessments can also be conducted using light microscopy or
fluorescein, but in practice these assessments are rarely conducted [9].

While all three testing guidelines that accompany current regulations are based on
the Draize rabbit eye test [6], differences exist in the assay methodologies. OPPTS
870.2400 follows the OECD Test Guideline, TG 405 for Draize eye testing, more
closely than 16 CFR 1500.42. EPA guidance requires studies to be carried out for
21 days to evaluate for reversible/irreversible effects, while FHSA only requires 3 days
of observation. Other differences in the assay guidance are described in Table 8.3.

8.2.2 Hazard Classification Schemes and Labeling
Requirements

The desired outcome of ocular toxicity testing based on the testing guidelines
defined by regulatory agencies is to classify the ocular hazard of the substance.
This allows for the material to be assigned to a group within the agencies’ hazard
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Table 8.4 Ocular toxicity assays and regulatory conclusions

Assay Test type Assay endpoint Prediction utility
Bovine corneal opacity Isolated eye assay Barrier function —  Conjuctival endpoints
and permeability fluorescein
permeability
EpiOcular 3D epithelial cell models Cytotoxicity Cytotoxicity/irritation
HET-CAM/CAMVA Chicken egg membrane  Vascular effects Corneal lesions
and iritis

classification scheme and ensures proper labeling of a material and to provide
instructions and warnings. As described above, the Draize eye test is still the test
standard recommended by the different regulatory guidelines/guidances, but the
interpretation of the results and the subsequent classification schemes vary among
the agencies. The Draize eye test is necessary for materials like pesticides that require
premarket authorization and hazard and labeling classification, while some industries
like personal care products that do not require premarket approval or standardized
classification and labeling have greater flexibility in substantiating ocular safety.
While a push for alternative assays is ongoing and will be discussed in a later
section, no alternative assays are used for hazard classification and labeling.

8.2.2.1 Cosmetics

Cosmetics marketed in the United States are regulated by the FDCA and the Fair
Packaging and Labeling Act (FPLA) [1]. Cosmetic products and ingredients are not
subject to premarket approval with the exception of colorants, which must meet
approved standards in CFR, and certain banned materials. Therefore, cosmetic firms
are responsible for substantiating the safety of their products and ingredients prior
to marketing. Failure by the cosmetic firm to substantiate safety prior to marketing
puts them in violation of the FDCA and potentially subjects them to penalties or
recalls. In addition to substantiating safety, the FPLA requires the cosmetic not be
misbranded. The label must contain a complete ingredient list, proper warnings,
and use instructions and must not contain false claims. Since substantiating the
safety of cosmetic products prior to marketing is the responsibility of the cosmetic
manufacturer and the specific methodology/approach is not mandated, manufac-
turers have the flexibility to use varying approaches. For example, many cosmetic
firms have moved away from the standard Draize eye test to support ocular
safety and have begun to use in vitro alternative assays like the EpiOcular assay to
substantiate the safety of their products. Table 8.4 lists many of the common in vitro
alternative assays currently in use.

8.2.2.2 Pesticides

As mentioned before, pesticides undergo registration prior to marketing. To ensure
the safe use of pesticides, human health, environmental health, and efficacy data
are required for submission to EPA. Part of the submission is an ocular toxicity
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Table 8.5 EPA classification scheme for ocular toxicity [9]

EPA category  In vivo effect observed

I Corrosive; irreversible corneal involvement or irritation persisting more than 21 days
1I Corneal involvement or irritation clearing in 8-21 days

I Corneal involvement or irritation clearing in <7 days

v Minimal effects clearing within 24 h

Table 8.6 Eye warning labels for EPA classification scheme [9]

EPA

category  Signal word Statements Protective equipment/actions

I Danger Corrosive. Causes Wear protective eyewear, goggles,
irreversible eye face shield, or safety glasses.
damage. Do not get Wash thoroughly with soap and
in eyes or on water after handling and before
clothing eating, drinking, chewing gum,

or using tobacco. Remove and
wash contaminated clothing
prior to reuse
11 Warning Causes substantial but Same as category [
temporary eye injury.
Do not get in eyes or
on clothing

I Caution Causes moderate eye Wear protective eyewear, goggles,
irritation. Avoid face shield, or safety glasses.
contact with eyes or Wash thoroughly with soap and
clothing water after handling and before

eating, drinking, chewing gum,
or using tobacco

v Caution (optional)  None required None required, but may choose
category III

test to determine the ocular hazard of the substance. Animals are tested according
to the EPA test guidance OPPTS 870.2400. The conclusions drawn from the
test result in classification of the substance and provide recommendations for
the product label. In the EPA classification scheme, the most severe response
seen in an animal is used for classification, which means that in a test with
multiple animals, the classification is ultimately based on the most severe
response by one animal. The classification scheme in Table 8.5 demonstrates
how the results of the ocular toxicity test determine the hazard category of the
substance.

The EPA category dictates the language for the warning label of the pesticide.
The language described in the pesticide EPA Label Review Manual [10] is above in
Table 8.6.
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Table 8.7 FHSA classification scheme for ocular toxicity [11]

Positive response for a single
rabbit (=1 of the following

at 24,48, or 72 h) In vivo effect

Corneal ulceration (other First test — If >4/6 of animals are positive, the test is positive. If <1
than a fine stippling) of animal is positive, the test is negative. If 2/6 or 3/6 of animals

Corneal opacity >1 are positive, the test is repeated using a different group of six

Iritis >1 animals.

Conjunctival swelling Second test — If >3/6 of animals are positive, the test is positive.
and/or redness >2 If 0/6 is positive, the test is negative. If 1/6 or 2/6 of animals are

positive, the test is repeated using a different group of six animals.
Third test — Should a third test be needed, the test is positive if >1/6
of animals are positive. If 0/6 is positive, the test is negative.
Note: Classification as an eye irritant hazard can result from as few
as 22% of animals showing a positive response (e.g.,
2/6+1/6+1/6=4/18)

8.2.2.3 Industrial Chemicals

TSCA provides the EPA with the authority to require reporting, record-keeping
and testing requirements, and restrictions relating to chemical substances and/or
mixtures excluding, among others, food, drugs, cosmetics, and pesticides [4].

Section 5 of TSCA mandates the EPA’s New Chemicals Program which helps
manage the potential human health and environmental risk of new chemicals by serving
as a “gatekeeper” that can identify conditions, up to and including a ban on production,
to be placed on the use of a new chemical before it is entered into commerce. Anyone
who plans to manufacture or import a new chemical substance for a nonexempt
(e.g., nonfood, drug, cosmetic, or pesticide) commercial purpose is required by sec-
tion 5 of TSCA to provide EPA with notice before initiating the activity [4].

Regarding ocular toxicity, industrial chemicals can be classified either by the
EPA classification scheme described above or by Occupational Health and Safety
Act (OSHA) which uses FHSA classification system and is more sensitive than the
EPA (see Table 8.7).

8.2.2.4 Household Products

The CPSC is charged with protecting the public from unreasonable risks and injuries
from thousands of consumer products, including household products [2]. CPSC
does this by:

e Developing voluntary standards with industry

* Issuing and enforcing mandatory standards or banning consumer products if no
feasible standard would adequately protect the public

* Obtaining the recall of products or arranging for their repair

e Conducting research on potential product hazards

* Informing and educating consumers through the media, state and local governments,
and private organizations and by responding to consumer inquiries
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Table 8.8 Comparison summary of agency classification schemes [11]

Classification Animals Measurement Corrosive
scheme per test benchmark determination Other
EPA Atleast 3 Maximum score in  Can be determined by Most severe
any animal on one animal screen response used
any day for classification
FHSA 6 Maximum score in =1 animal with Tiered testing
any animal on irreversible possible
any day alterations
GHS Atleast 3 Calculate average = Dependent on injury >1 ~ Requires 2/3 animals
severity over all or 2 animals (see demonstrating
3 time points Table 8.9 — effects positive response

for category 1)

Table 8.9 GHS classification scheme for ocular toxicity [11]

GHS
category In vivo effect

I 21 animal with CO >4 at any time or >2 animals with mean CO >3 or IR >1.5 or
21 animal with CO or IR 21 or CC or CR >2 which is not expected to reverse or does
not fully reverse within 21 days
2A >2 animals with mean CO or IR >1 or CC or CR >2 which fully reverses within 21 days
2B >2 animals with mean CO or IR =1 or CC or CR >2 which fully reverses within 7 days

CC conjunctival chemosis, CO corneal opacity, CR conjunctival redness, IR iritis

Therefore, household product safety must be substantiated to avoid CPSC
enforcement action. The CPSC uses the same test guidance as the FDA (16 CFR
1500.42) and monitors products and institutes enforcement in a similar post market
surveillance manner.

8.2.2.5 Comparison of Classification Schemes

Recent analysis by ICCVAM revealed that 36% of the chemicals currently classified
and labeled as eye irritation hazards by US hazard classification regulations (FHSA,
OSHA, EPA, CPSC) would not be classified and labeled as eye hazards using United
Nations (UN) Globally Harmonized System of Classification and Labeling of
Chemicals (GHS) eye irritation criteria [12]. OSHA has recently proposed to adopt
the GHS criteria to replace the current OSHA Hazard Communication Standard,
and other US agencies are also considering a switch to the less conservative
classification. The reduced eye hazard labeling from using the GHS classification
criteria is attributable to two differences: the number of positive animal responses
required for classification and a significant difference in the criteria that must be met
for eye injuries to be considered positive responses. These differences described in
Table 8.8 lead to reduced classification of eye hazard under the GHS classification
system compared to US regulations.
Table 8.9 describes the specifics of the GHS classification scheme.
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8.3 Current Regulatory Initiatives

While the Draize eye test is the standard, it is not without limitations. It has high
interlaboratory variability, subjective scoring of injury, and imperfect predictive value
for human irritants (correctly predict toxic materials 85% of the time, overestimates
toxicity 10% of the time, and underestimates 5% of the time). However, the most
significant criticism of the Draize eye test has been for causing undue pain and dis-
tress for test animals. In an attempt to meet the goals of the three Rs — refinement,
reduction, and replacement — all of the testing guidelines have also been modified
over time as more information has been collected that can allow for comparisons to
be made between chemical properties and ocular toxicity in order to reduce or refine
the number of animals used. For example, in an attempt to refine the process to
lessen distress and discomfort of the animals, chemicals that are strongly acidic
(pH<2) or alkaline (pH>11.5) are generally excluded from testing as these com-
pounds would likely cause adverse effects to any mucous membrane. Also, the test
has been modified to limit the test volume to refine the assay [8].

Due to the concerns around animal testing, investigation of alternative assays
is under way to replace the Draize eye test. Currently, agencies are collaborating
to validate alternative approaches. This effort is being led by the Interagency
Coordinating Committee on the Validation of Alternative Methods (ICCVAM)
Authorization Act of 2000 (42 U.S.C. 285[-3) which created ICCVAM as a perma-
nent interagency committee of National Institute of Environmental Health Sciences
(NIEHS) under the National Toxicology Program (NTP) Interagency Center for the
Evaluation of Alternative Toxicological Methods (NICEATM) in order to [5]

establish, wherever feasible, guidelines, recommendations, and regulations that promote
the regulatory acceptance of new or revised scientifically valid toxicological tests that pro-
tect human and animal health and the environment while reducing, refining, or replacing
animal tests and ensuring human safety and product effectiveness.

NICEATM-ICCVAM has created a committee representing 15 agencies of the
US government to establish criteria for validating alternative assays to replace whole
animal testing of ocular corrosiveness or irritancy. The 15 agencies are:

Agency for Toxic Substances and Disease Registry (ATSDR)
Consumer Product Safety Commission (CPSC)

Department of Defense (DOD)

Department of Energy (DOE)

Department of the Interior (DOI)

Department of Transportation (DOT)

Environmental Protection Agency (EPA)

Food and Drug Administration (FDA)

¢ Office of the Commissioner

e Center for Drug Evaluation and Research (CDER)

e Center for Devices and Radiological Health (CDRH)

e Center for Food Safety and Applied Nutrition (CFSAN)
e National Center for Toxicological Research (NCTR)
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e Center for Biologics Evaluation and Research (CBER)
* Center for Veterinary Medicine (CVM)

National Cancer Institute (NCI)

National Institute of Environmental Health Sciences (NIEHS)
National Institutes of Health (NIH)

National Institute for Occupational Safety and Health (NIOSH)
National Library of Medicine (NLM)

Occupational Safety and Health Administration (OSHA)

US Department of Agriculture (USDA)

The types of assays under review can be grouped into tissue tests, cell tests, or
nonliving systems (see Table 8.4). While no single in vitro test is accepted as an
alternative to Draize testing, these alternative assays can be used in a tiered testing
system to reduce the number of animals in the testing paradigm [13, 14]. The major
criterion in evaluating an alternative assay is its predictive ability as compared to
existing results of the Draize assay. None of the alternatives reviewed to date have
been determined to have the ability to produce or predict an inflammatory response.
They also do not indicate the course of the injury development or the course of
injury recovery. While the alternative tests are reasonably consistent at identifying
irritant or corrosive substances, they have difficulty with some chemical classes
(surfactants, alcohols, organic solvents, or solids) [13, 14] that have more complex
interactions that are not accurately predicted in an in vitro model.

8.4 Product Development Process and Regulatory
Considerations

While the standard for ocular toxicity testing remains the Draize eye test, animal
testing has come under considerable scrutiny, and the search for acceptable alterna-
tive assays has become a priority for many industries. Cosmetic and personal care
product companies have led the initiative to reduce or eliminate animal testing as
their practices become a source of public criticism. In the late 1970s, it was esti-
mated that eye irritation testing accounted for up to one-fourth of all animals used
in toxicity testing [7]. With the advance of science in the early 1980s, cosmetic
companies began to investigate alternatives as the public exerted pressure on their
corporate conscience. Investigation of in vitro alternative methods led by industry
organizations Cosmetics Europe — The Personal Care Association (previously
COLIPA) and the Personal Care Products Council (previously CTFA) has led to
many viable alternatives (see Table 8.4). In fact, a number of consumer product
companies are able to support the safety of products based on historical data and
in vitro methods.

The most general approach for assessing ocular toxicity in the current regulatory
environment for products that do not require premarket approval is:

1. Review current literature
2. Conduct Quantitative Structure Activity Relationship (QSAR) investigation
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3. In vitro testing
4. Draize testing (if required)

Given the language within the actual regulations, no testing is mandated for
products that do not require premarket registration (e.g., cosmetics) as long as the
manufacturer determines they have the necessary information to support the safety
of the product. Therefore, if the manufacturer feels they have sufficient information
to support the product, they can stop at any of the steps above. In fact, many cosmetic
companies use in vitro testing to substantiate the ocular safety of eye products. This
is different than substances (e.g., pesticides) that require premarket registration in
which they must submit mandated test data for review by the agency and, therefore,
Draize eye testing is necessary.

While the current regulatory standard is the Draize eye test, work led by agencies
such as ICCVAM are attempting to identify alternative ocular toxicity testing assays
and strategies that allow for ensuring the safety of new chemicals and consumer
products while limiting the use of animal testing.
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