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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
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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.



11

Comparative Ocular Anatomy in Commonly Used Laboratory Animals

1

Ioyeq e[ Jo £s9)1n0d el sudf 18D
weiderp siy) ur aoeyns raddn oy ST SU9[ oY} JO 908 JOLIdIUE JY ], JOLI)S0d 0} JOLI)UE PAINSEaW YISUI [BIXY .

[scly (€1 86'C 1116 [19]¢'8 [col L9 [ocl 6L [ov] L8°€ levl ST H(Uu) S| [eIxy
e

N - o (&) o o o adeyg

uewinyg JdHN Sidury JeD Soq nqqey 1Y ISNOJA saroadg

suorsuawip pue adeys sud[ aanereduio) 9° IqeL,



12 M. Vézina

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)
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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.
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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-
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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)
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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
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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].
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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.


http://www.reichert.com/product_details.cfm?skuId=3006&skuTk=1042101943
http://www.ellex.com/corp/products/diagnostic-ultrasound/eye-cubed

3 Emerging Imaging Technologies for Assessing Ocular Toxicity... 81

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 