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I. Introduction 1

. INTRODUCTION

Animal models are important organisms in many areas of science. They play a key
role in experimental ophthalmology because they help to understand a variety of
genetical, developmental, and disease mechanisms and to develop new
pharmaceutical and gene therapies. Especially mice are valuable models to identify
the genes involved in vision because of the availability of diverse genetically modified
strains and the ease with which single gene mutants can be generated.

The retina as part of the brain offers the opportunity to directly visualize changes
associated with neurodegenerative disorders and vascular alterations. There are
both morphological and functional approaches to characterize disease phenotypes,
to monitor disease progression, and to evaluate the responsiveness to therapy,
which can either be performed in living animals (in vivo) or in respective ocular tissue
(in vitro).

Whereas most functional tests, namely electroretinography (ERG), are performed in
vivo, practically all morphological methods, like histology, are so far performed in
vitro. The current need to sacrifice animals for histological examinations at different
time points interferes with the ability to follow up disease processes and to monitor
therapeutic or side effects during the preclinical assessment of novel genetical and
pharmaceutical therapy strategies over time in the same individuals.

Optical coherence tomography (OCT) is a novel technique to assess retinal
morphology in vivo. Commercially available OCTs have been designed for clinical
investigations in human ophthalmology. In this work, the establishment of a
commercially available OCT for the in vivo analysis of mouse models of retinal

degenerations is reported.
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. REVIEW

1. Proper use of animals in science

Animal experiments have facilitated numerous advances in fundamental scientific
knowledge and most of the benefits of modern medicine. The humane treatment of
animals in research is considered important to overcome existing conflicts between
demands of science and medicine on one hand, and ethical considerations on the
other hand. These considerations resulted in the concept of the three R's:

Replacement, Reduction and Refinement.

1.1 Background

The idea of a more humane treatment of animals used in science was first given
serious consideration less than half a century ago (Russel and Burch 1959). Russel
and Burch performed a scientific study of humane techniques in laboratory animal
experiments. In 1959, they published “The principles of humane experimental
technique”, in which they define and explain humane science.

The three R's are based equally on ethical consideration of animals in the laboratory
setting and the recognition that, if the researcher in experimental design and
implementation appropriately applies these principles, this results in a situation that is
likely to produce more robust scientific results (Goldberg and Locke 2004). The
rationale for incorporating the three R's is commonly neither altruism nor public
relations. Rather, methodological improvements are sought as a means to overcome
the technical limitations inherent in current animal models. To practicing scientists,
these more elegant and relevant methods represent technical progress and are
considered to be additional or advanced, rather than alternative methods (Richmond
2002).

1.2 The concept of the three R’s

Animal welfare may be improved by procedures which completely replace the need
for animal experiments (replacement), reduce the number of animals required
(reduction), or diminish the amount of pain or distress suffered by the animals
needed (refinement) (Balls 1983).
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1.2.1 Replacement alternatives

Replacement alternatives encompass those methods that permit a given purpose to
be achieved without conducting experiments or other scientific procedures on living
animals. Russell and Burch (1959) distinguished between relative replacement, e.g.
the humane killing of a vertebrate animal to provide cells, tissues, or organs for in
vitro studies, and absolute replacement in which the use of animals would not be
needed at all, e.g. the culture of human invertebrate cells and tissues.

The range of replacement alternative methods and approaches includes improved
storage, exchange and use of information about previous animal experiments to
avoid unnecessary repetition of animal procedures, use of physical and chemical
techniqgues and predictions based upon the physical and chemical properties in
molecules, use of mathematical and computer models, use of organisms with limited
sentience such as invertebrates, plants and microorganisms, use of in vitro methods
including subcellular fractions, tissue slices, cell suspensions and perfused organs,
and human studies including use of human volunteers, postmarketing surveillance,
and epidemiology. In many areas of biomedical sciences, in vitro methods are
increasingly used as the methods of choice to replace animal studies because they
offer the best scientific approach.

Russell and Burch (1959) warned that the fidelity of mammals as models for man is
greatly overestimated; however, replacement alternative methods must be based on

good science, and extravagant claims that cannot be substantiated must be avoided.

1.2.2 Reduction alternatives

Reduction alternatives describe methods to obtain comparable levels of information
from the use of fewer animals in scientific procedures or to obtain more scientifically
valuable information from a given number of animals, for that in the long run, fewer
animals are needed to complete a given research project or test.

The number of animals used should be the minimum necessary to test the

experimental hypothesis and to give statistically usable results.

1.2.3 Refinement alternatives

Refinement alternatives cover those methods that eliminate or minimize potential
pain and distress or enhance animal well-being. Distress is an aversive state in which
an animal is unable to adapt completely to stressors and the resulting stress and

therefore shows maladaptive behaviour. The stressors may induce physiological,
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psychological and environmental stress. Pain results from potential or actual tissue
damage, such as that caused by injury, surgery or disease and can lead to distress
(Institute for Laboratory Animal Research 1992, Flecknell 1994, Morton and
Townsend 1995).

Assessments of animal pain and distress are currently based on subjective
evaluation of abnormal behaviour and appearance. Proper evaluation of pain relies
largely on the ability to understand the behaviour and needs of each species of
laboratory animals. Therefore it is advisable for investigators to assume that a
procedure that inflicts pain and distress on humans will inflict pain and distress on
animals. To implement the refinement prong of the three R’s it is not enough to
simply administer analgesics or anaesthesia to animals in pain. Every procedure in
the experimental protocol must be considered from the perspective of the need to
reduce or eliminate pain and distress. Thus, noninvasive experiments are finding

their way into the laboratory.

1.3 Current guidelines for animal use in science

Current legislation in Europe and the United States mandates the incorporation of the
three R's (Council Directive 86/609/EEC 1986, U.S. Animal Welfare Act). It regulates
that all proposed use of laboratory animals should be subject to review to determine
whether such use appears to be justifiable both scientifically and ethically. Such laws
not only approve Russell's and Burch's concept (1959) but place legal and moral
obligations on everybody concerned to replace, to reduce and to refine laboratory
animal experimentation whenever and wherever possible. Full implementation of this
newly developed legislation depends on scientists’ ability to understand animal
welfare issues and to accept the legitimacy of the publics’ interest in the conduct of
science.

Within the scientific community, fulfillment of the three R’'s paradigm has
necessitated a re-evaluation of the extent and manner in which animals are used.
Thus, laboratory animal usage proposed for scientific studies now warrants prior
consideration of factors such as relevance, ethical concerns, potential benefits, and
scientific justification. Furthermore, legal and moral accountability to the principles of
the three R's has compelled consideration of alternative methods that have the
potential to achieve replacement, reduction and refinement of laboratory animal
experimentation.

There is a general agreement that the best animal welfare results in the best science.


http://frwebgate.access.gpo.gov/cgi-bin/usc.cgi?ACTION=BROWSE&TITLE=7USCC54
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Thus, “alternative” methods enabling reduction, refinement and/ or replacement are

in reality often more scientifically “advanced” and valid methods (Richmond 2002).

1.4 Current guidelines for animal use in eye research (ARVO)

All experiments in ophthalmological research including those presented in this work
were performed according to the “Statement for the Use of Animals in Ophthalmic
and Visual Research” of the Association for Research in Vision and Ophthalmology
(ARVO).

The fundamental principle of the ARVO statement is that animals must not be
subjected to avoidable distress or discomfort. The investigator's first concern must
therefore be to avoid the use of animals whenever possible.

Nevertheless, the work with living animals is essential to continued progress in many
areas of clinical and basic research on vision, because its aim is to understand the
structure and function of complex and intricately connected biological systems.
Therefore, the proper use of animals in research contributes honorably and
essentially to the improvement of human and animal lives.

ARVO provides guidelines intended for the investigator responsible for the humane
care and use of animals in vision research, because the concern for the humane
treatment of animals obliges to establish that the potential benefits to human and

animal health outweigh the cost in animal lives (ARVO 2009).



Il. Review 6

2. The visual system

The visual system as part of the central nervous system enables organisms to see.
Vision originates in the photoreceptors of the retina, a layer of cells at the back of the
eye. This information is then processed by a network of horizontal, bipolar and
amacrine cells. Ganglion cells further process these signals and send the information
to the brain via the optic nerve, which consists of their axons. The optic nerves of
both eyes meet and partially cross at the optic chiasm at the base of the
hypothalamus. At this point the information coming from both eyes is combined and
then splits according to the visual field in a right and left optic tract. The optic tract
wraps around the midbrain and reaches the lateral geniculate nucleus (LGN), where
all the axons form synapses. The LGN is a sensory relay nucleus in the thalamus,
whose neurons form the optic radiation and pass the visual information on to the
primary visual cortex. The visual cortex is responsible for processing the visual

image. It is located at the posterior end of the brain above the cerebellum.

2.1 Anatomy of the eye

The eyes of all vertebrate animals are constructed upon a common architectural plan
(Rodieck 1998). They are composed of three concentric tunics or layers (1-sclera
and cornea; 2-iris, ciliary body and choroid; 3-retina) and three chambers of fluid
(anterior chamber, posterior chamber; vitreous) (Detwiler 1955) (Fig.1).

The external layer (1), which includes the sclera and cornea, is designed for
protection and also for the entrance and refraction of light. The cornea is a
transparent external surface which covers both pupil and iris. It merges into the
sclera, which is part of the supporting wall of the eyeball and is in continuity with the
dura of the central nervous system.

The anterior chamber, placed between cornea and iris, is filled with aqueous humor.
The intermediate layer (2) is divided into two parts. The anterior part consists of iris
and ciliary body, and the posterior part of the highly vascular and thus nutritive
choroid. The iris is a disc-shaped pigmented contractile membrane whose degree of
pigmentation is responsible for the eye color. It is attached at its margin to the ciliary
body and has a central opening, the pupil. The ciliary body is the part of the eye
between the choroid and the iris to which the ciliary muscle is attached. It is also
highly vascularized and controls the intraocular pressure by the amount of aqueous
humor released into the posterior chamber by ultrafiltration. The choroid is located

between retina and sclera. It is composed of layers of blood vessels that nourish the


http://en.wikipedia.org/wiki/Central_nervous_system
http://en.wikipedia.org/wiki/Visual_perception
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back of the eye.

Sclera

Zonule
fibers

Choroid

Posterior Retina

Chamber

Anterior /

Chamber

Optic nerve

Ciliary body

Retinal vasculature

Fig. 1: Morphology of the eye (modified from Heckenlively and Arden 2006).

The posterior chamber is situated between iris, zonule fibers and lens, and is
connected to the anterior chamber via the pupil.

The lens, which focuses light rays on the retina, is located between iris and vitreous.
A normal lens contains about 65% water and 35% protein (Spalton et al. 1994). The
lens is suspended by zonule fibers attached to the anterior portion of the ciliary body.
These fibers translate any increase or reduction in the tone of the ciliary muscle into
shape changes of the lens, a process called accommodation that allows to form
sharp retinal images of objects at different distances.

The vitreous is located between lens and retina. It is filled with vitreous humor, which
is a jelly-like substance supporting the structure of the eye. Besides, it maintains the
transparency of the eye because it is impervious to debris.

The retina (3) is an outpouching of the central nervous system (CNS) that covers the
back wall of the eye (Rattner et al. 1999). It is inverted, i.e. the receptor elements are
turned away rather than towards the source of illumination (Detwiler 1955). Light
must, therefore, travel all the way through the retina before it reaches and activates

the photosensitive part of the photoreceptor cells.
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2.2

Retinal structure

The retina is part of the brain and has essentially a horizontally layered structure,

consisting of several cell types. The different retinal layers are usually subdivided into

an inner and an outer part.

2.2.1 Overview of the retinal layers (Fig. 2)

a
b

C

the retinal pigment epithelium (RPE)

the outer and inner segments (OS/IS) of photoreceptor cells (1,2)

the outer limiting membrane (OLM), a narrow zone of junctions between Mdller
cells and the ciliar region of photoreceptor outer segments

the outer nuclear layer (ONL), representing photoreceptor cell bodies

the outer plexiform layer (OPL), formed by processes involved in the synaptic

connection between photoreceptor (1,2), bipolar (4), and horizontal cells (3)

0s/I1s

oLMm
ONL

OUTER RETINA

OPL

INL

IPL

INNER RETINA

GCL

NFL
ILM

Fig. 2: Retinal Structure. (A) Functional organization of the vertebrate retina (modified from Wassle

2004). (B) Histology of a murine retina (kindly provided by C. Grimm, Zurich, Switzerland). (1) Rods,

(2) Cones, (3) Horizontal cells, (4) Bipolar cells, (5) Amacrine cells, (6) Ganglion cells. RPE: Retinal

Pigment Epithelium, OS/IS: Outer/Inner Segment, OLM: Outer Limiting Membrane, ONL: Outer

Nuclear Layer, OPL: Outer Plexiform Layer, INL: Inner Nuclear Layer, IPL: Inner Plexiform Layer,

GCL: Ganglion Cell Layer, NFL: Nerve Fiber Layer, ILM: Inner Limiting Membrane.
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f

the inner nuclear layer (INL), representing cell bodies of horizontal (3),

bipolar (4) and amacrine cells (5) and the nuclei of Muller cells

the inner plexiform layer (IPL), formed by processes involved in synaptic
connections between bipolar (4), amacrine (5), and ganglion cells (6)

the ganglion cell layer (GCL), containing cell bodies of ganglion (6) and
“displaced” amacrine cells

the nerve fiber layer (NFL), formed by the axons of ganglion cells

the inner limiting membrane (ILM), representing the endfeet of Muller cells
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2.2.2 Outer retina

The outer retina consists of four different layers: the retinal pigment epithelium, the
photoreceptor outer and inner segments, the outer nuclear layer, and the outer
plexiform layer (Fig. 2).

The retinal pigment epithelium (RPE) is a highly pigmented monolayer (Martinez-
Morales et al. 2004), which is located between the photoreceptors and the choroid
(Fig. 1). It is an important part of the blood-retina barrier, maintains adhesion, and
controls the transport of ions, water, retinol, and other metabolites between retina
and choroid. Furthermore, it improves the quality of vision by absorbing stray light in
melanin granules, thus preventing the degradation of the visual image. An important
function is also the phagocytosis of remnants of photoreceptor outer segments,
which are constantly renewed, and the protection against free radicals (Bok 1993,
Boulton and Dayhaw-Barker 2001, Futter et al. 2004).

On the choroidal side, the RPE is firmly attached to Bruch’s membrane. Both RPE
and the choroid contribute to elements of this membrane, which consists of five
layers and reaches from the optic disc to the “ora serrata” where the retina ends
anteriorly. The innermost layer of Bruch’s membrane is formed by the basement
membrane of the RPE cells. This is followed by an inner collagenous zone, an elastic
layer, an outer collagenous zone, and finally the basement membrane of the choroid
(choriocapillaris).

The photoreceptors and their connections form the photoreceptor outer and inner
segment layer (OS/IS), the outer limiting membrane (OLM), and the outer nuclear
layer (ONL), which consists of the cell bodies of the photoreceptors. The synaptic
terminals also contribute the outer plexiform layer (OPL). Photoreceptor cells are
highly specialized to convert light into nerve signals. Their distal parts (inner and
outer segments) are optimized for capturing light, and their proximal parts to synapse
the information to the inner retina. The two main classes of photoreceptor cells are
the light-sensitive rods that facilitate vision at low light levels, and the less sensitive
cones working best under daylight conditions and permitting color vision.

Rods are so extremely sensitive that they are capable of recognizing a single photon,
and thus are used for vision in very dim environments or at night (scotopic vision).
They contain the visual pigment rhodopsin, which is sensitive to blue-green light with
a maximum at a wavelength of about 500 nm (Detwiler 1943).

Mammals usually feature one type of rods but two or three types of cones. Primates

commonly exhibit red, green, and blue cones that are maximally sensitive to light with
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either long wavelengths (red, 588 nm), medium wavelengths (green, 531 nm) or
short wavelengths (blue, 429 nm) (Curcio et al. 1987). Most other mammals including
rodents typically exhibit only short wavelength-sensitive (SWS) cones, equivalent to
blue cones, and medium wavelength-sensitive (MWS) cones, corresponding to green
cones, but no red cones. The spectral sensitivity is determined by the molecular
structure of their visual pigments, the cone opsins.

Photoreceptor cells consist of a cell body, an outer and an inner segment, and
synaptic terminals (Kaneko 1979) (Fig. 3). The outer segments, the light sensitive
parts of the photoreceptors, are connected to the inner segments by a narrow
connecting stalk, which includes a cilium arising from a basal body in the inner
segment. With the exception of some diurnal mammals, rod cell bodies form the
majority of the outer nuclear layer.

Cones are usually shorter and thicker than the long, slim rods. Their cell bodies are
commonly situated in the distal part of the outer nuclear layer (ONL), and their outer

segments in the region of the rod inner segments.

)
o]
o

CONE

Quter
Segment

I

Inner
Segment

Cell body

Synapse
Fig. 3: Sketch of rod (left) and cone (right) photoreceptor structure
(modified from Kellner und Wachtlin 2008).

Apical processes from the retinal pigment epithelium are in contact with the outer
segments of both rods and cones. This is important as the outer segments have to
be constantly renewed. In rods, outer segment renewal involves the synthesis of disc
material in the inner segments and the formation of new discs in the region of the
cilium at the rate of about one to five per hour. The used discs are discarded of by

intermittent shedding of the tips of the photoreceptor outer segments depending on
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the circadian rhythm (i.e. during subjective night). The debris is then finally phagocy-
tosed by the RPE. In rods, the entire outer segment is replaced every 8-14 days, and
in cones, a complete renewal takes about 9 months to one year (Rodieck 1998).

The outer plexiform layer (OPL) includes synaptic bodies of photoreceptor synapses
with bipolar and horizontal cells (rod spherules and cone pedicles, respectively), the
dendrites of bipolar and horizontal cells, and Mduller cell processes. The outer limiting
membrane (OLM) of the retina is an alignment of adherent junctions between Muller
cells and photoreceptor cell inner segments (Bunt-Milam et al. 1985). Muller cells
extend beyond the outer limiting membrane into the subretinal space where they
form microvilli. Their surface is increased so they can more easily exchange
metabolites and ions with the subretinal space. The OLM forms a barrier between the

subretinal space and the more proximal neural retina.

2.2.3 Inner retina

The inner retina further processes and reduces the visual information and facilitates
the transfer towards the more central brain areas. It consists of four different layers:
the inner nuclear layer (INL), the inner plexiform layer (IPL), the ganglion cell layer
(GCL), and the nerve fiber layer (NFL) (Fig. 2).

The inner nuclear layer (INL) contains the cell bodies of four types of cells: horizontal
cells, bipolar cells, amacrine cells, and Mller cells.

Horizontal cells are believed to be involved in contrast vision. They process
information from groups of photoreceptors and provide local feedback in the outer
plexiform layer. Bipolar cells collect and process information from the outer retina and
relay it to the amacrine and/or ganglion cells in the proximal inner retina. The inner
plexiform layer (IPL) is an ordered stack of synaptic planes where bipolar cells
branch at different levels (Cajal 1972).

Some bipolar cells also form synapses with certain amacrine cells in the IPL, which
modify or even transmit the signal to ganglion cells. Most amacrine cells are located
in the proximal part of the inner nuclear layer, but some can be found in the ganglion
cell layer or even in the NFL (“displaced” amacrine cells). As far as it is known, they
all modulate signals in the inner plexiform layer but are diverse in both their
morphology and neurochemistry (Kolb et al. 2002).

Miiller cells are the main glial cells which also form the scaffold of the retina. They
extend through the entire retina, but their nuclei are located in the inner nuclear layer.

In both inner and outer plexiform layer, Muller cell processes cover the dendritic
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processes of the neurons to the synaptic clefts. In the nerve fiber layer, the Muller
cell processes cover most ganglion cell axons (Ogden 1983). Apart from supporting
the retinal structure, Muller cells seem to be associated with nutrition of the
photoreceptor inner segments and the generation of neuronal impulses. They act as
ionic reservoir during hyperpolarization of the photoreceptor upon light stimulation.
They also form the major element of scar tissue, or gliosis, which is the retina’s
characteristic response to cell death or disease (Spalton et al. 1994).

The ganglion cell layer (GCL) consists of ganglion and the aforementioned
“displaced” amacrine cells. Ganglion cells are neurons that collect all visual
information processed in the retina and pass it on to the brain via the optic nerve
(Fig. 1). Their cell bodies are located mainly in the ganglion cell layer, and their
dendrites form synapses with bipolar and amacrine cells which are located in the
inner plexiform layer (Wassle 2004).

The nerve fiber layer (NFL) is located closest to the vitreous, and is formed by axons
of ganglion cells as they converge from all parts of the retina toward the optic disc.
The ganglion cell axons form small bundles in the NFL; these bundles are often
surrounded by glial cell processes of Miiller cells or astrocytes.

In different layers, components of the Miiller cells form the so-called “limiting
membranes”. The proximal end of the Mduller cells terminate in an expansion
(endfoot), which rests on its basal lamina, called the inner limiting membrane (ILM).
The ILM is the inner surface of the retina bordering the vitreous and thereby forming

a diffusion barrier between neural retina and vitreous humor.

2.2.4 Retinal vasculature

The ocular blood supply has external and internal components. The entire outer
retina is free of vessels and receives its support exclusively from the choroid and the
choriocapillaris, mediated by the RPE. The inner retina gets its supply from
intraocular vessels entering the eye together with the optic nerve (Fig. 1).

These central retinal vessels divide into several main branches shortly after their
entry at the optic disc (Fig. 4A, C, D), and then further subdivide in several steps
down to the capillary level. In rodents, three major capillary beds of the retinal
circulation are present (Cuthbertson and Mandel 1986), a proximal one at the level of
the nerve fiber layer, an intermediate one at the junction of inner plexiform and inner
nuclear layer, and a deep one at the outer plexiform layer (Fig. 4B) . In mice, retinal

vessels develop gradually after birth in a radial fashion starting at the optic disc. At
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the time of eye opening after about two weeks, they reach the retinal periphery
(Michaelson 1948, Connolly et al. 1988).

Fig. 4: Retinal vasculature in mice. (A) Retinal flat mount immunostained with anti-smooth muscle
actin (green) to visualize arteries and arterioles, and with anti-collagen IV (red) to label the
perivascular basement membrane. (B) Fresh-frozen retinal cross-section immunostained with anti-
collagen IV (green) to visualize vessels, and DAPI (blue) to mark outer and inner nuclear layers. ONL:
Outer nuclear layer, INL: Inner nuclear layer, GCL: Ganglion cell layer. (C) Native SLO imaging of
retinal (arrow) and choroidal (arrowhead) vasculature (D) Fluorescein angiography of retinal

vasculature. Panels (A) and (B) are taken from Xu et al. 2004, (C) and (D) are own data.

The outer retina is supplied by the choroid (choriocapillaris) located beneath the
RPE. To accommodate visual function, the outer retina is completely avascular and
receives its metabolic supply from the choroidal circulation by active transport
through the RPE. Together, active transport mechanisms and tight junctions, which
prevent free diffusion, constitute the outer blood-retinal barrier, a mechanism
whereby photoreceptors are only exposed to selected molecules (Spalton et al.
1994).
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3. RETINAL IMAGING

The optical apparatus of the eye designed to project an image may also be used to
visualize retinal structures without the need for any manipulation. It is the only place
in the body where blood vessels of the microvascular level are visible noninvasively
(Liew et al. 2008). Retinal imaging is thus helpful to make predictions about the
vascular status of other parts of the central nervous system and the cardiovascular
system in general (Sharma and Ehinger 2003). The application of dyes in
angiography allows an even more specific assessment of the vasculature.

Whereas conventional imaging with a fundus camera becomes difficult to impossible
with decreasing pupil size, recent imaging techniques based on narrow laser beams
such as scanning laser ophthalmoscopy and optical coherence tomography are well

suited to assess retinal morphology even in the small eyes of rodents.

3.1 Scanning laser ophthalmoscopy

Scanning laser ophthalmoscopy (SLO) is a diagnostic technique for confocal imaging
of the eye with a narrow laser beam in vivo (Fig. 5). Although it does not provide
color images like a conventional fundus camera, the low beam width and the
confocal diaphragm make it particularly attractive for the examination of small animal
models.

The use of lasers of different wavelengths allows obtaining information about specific
tissues and layers due to their transmission characteristics. Laser light of shorter
wavelengths (blue-green) is generally more strongly absorbed by ocular structures —
especially melanin granules in the retinal pigment epithelium (RPE) and choroid —
than that of longer wavelengths (near infrared) (Preece and Claridge 2002).
Consequently, the short wavelength lasers provide higher contrast images of the
retina but are unable to penetrate the RPE/choroid in pigmented animals, whereas
the infrared lasers give less retinal details but can pass through the choroid down to
the sclera (Fig. 5B). The comparison of images taken with the different wavelengths
provides information about specific tissues and layers due to their reflection and
transmission characteristics. In addition, fluorescent dyes excitable in the blue and
infrared range offer a unique access to the vascular structures associated with the
eye (Seeliger et al. 2005).
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3.2 Optical coherence tomography

Optical coherence tomography (OCT) provides high-resolution, micron-scale, cross-
sectional or tomographic images of the internal microstructure in biological tissues
(Huang et al. 1991a, Izatt et al. 1994, Hee et al. 1995, Fujimoto et al. 2000, Fujimoto
2003, Drexler et al. 2001). The results are similar in appearance to ultrasonographic
scans. Instead of sound, OCT uses laser light to obtain a reflectivity profile of the
tissue under investigation (Huang et al. 1991a), which provides greater resolution (Li
et al. 2001). The main difference between ultrasound and optical imaging is that the
velocity of light is almost a million times faster than the velocity of sound. Another
advantage, compared to ultrasound, is that OCT requires no contact medium, as the
optical impedance, which is the refractive index between air and tissue, is not as
large as the difference in acoustic impedance between air and tissue. Therefore it is
not only noninvasive but also noncontact, which has some advantages with respect
to hygiene. As long as the light exposure is limited to a certain level and duration, it is

also safe for the patient examined (Wojtkowski et al. 2004).

3.2.1 Technical principle of optical coherence tomography

The original time-domain OCT (TD-OCT) is frequently compared to ultrasound
because of their analogous basic principles. Both methods create a cross-sectional
image by measuring the echo time delay and intensity of the reflected and
backscattered light or sound. The velocity of light is much faster than that of sound,
therefore OCT uses low-coherence interferometry to measure the time delays
between reflections from different layers (Born et al. 1999). In conventional TD-OCT
(Fig. 6), the low-coherent laser beam is divided into two parts by a partially reflecting
mirror (beamsplitter). One part of the light beam is directed onto the sample under
examination and is reflected from sample structures at different distances. The other
one is directed to the reference arm inside the device with a mirror at a variable,
known spatial position. The reflected reference beam travels back to the beamsplitter
where it is combined with the beam reflected from structures within the eye.
Time-domain systems use a moving reference mirror for measuring the return time of
the light from the retina (Fig. 6). This mechanical moving reference mirror limits the
speed at which data is acquired. Since it works on the “time of flight” principle, it is
known as “time-domain” OCT (TD-OCT).

In order to measure reflectivity at a given depth within the eye, the reference mirror
has to be in the corresponding location (Huang et al. 1991a, Fercher et al. 1993).
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reference mirror.

The combination of the reference beam with the signal from the sample arm then
provides information about the tissue reflectivity at the chosen depth. To obtain
reflectance information for the entire light path within the sample, the position of the
reference mirror may be varied continuously. If there are reflecting structures at
different depths of the sample, then there will be a signal peak observed each time
the delay of the reference beam matches the respective depth. Thus, it is possible to
perform high-resolution measurements of the thickness of different structures
(Fercher et al. 1988, Huang et al. 1991b, Hitzenberger 1992, Swanson et al. 1992).
The light source, a compact superluminescent diode, usually emits continuous light
waves having a short or low coherence length.

The technical principle of spectral domain optical coherence tomography (SD-OCT)
(see 3.2.3) is similar, however, the signal acquisition varies importantly. SD-OCT
acquires all information in one single axial scan simultaneously by evaluating the
frequency spectrum of the interference between the reflected light and a stationary
reference mirror (Fig. 7). Therefore, the interference pattern is decoded and split into
its frequency components by a Fourier transformation. Each detected frequency
corresponds to a certain depth within the tissue, and all of these components are
simultaneously detected. The use of broadband light sources instead of low-coherent
ones enables a higher depth resolution (Drexler et al. 2001). Thus, SD-OCT currently
outmatches TD-OCT as it combines high resolution with high recording speed (de
Boer et al. 2003, Leitgeb et al. 2003, Nassif et al. 2004, Cense et al. 2004,
Wojtkowski et al. 2004, Kim et al. 2008).
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3.2.2 Development of OCT imaging

Since its introduction in the early 1990s, optical coherence tomography has become
a powerful method for imaging the internal structure of biological systems and
materials. OCT is ideally suited for ophthalmological purposes because of the ease
of optical access to the eye. Ocular media are essentially transparent, they transmit
light with only minimal optical attenuation and scattering and provide easy optical
access to the retina. For those reasons, ophthalmic diagnosis is the most clinically
developed OCT application (Hee et al.1995, 1998, Massin et al. 2000, Puliafito et al.
1995, Schumann et al. 1995, 1996, 2004).

In vitro application of OCT for retinal imaging was initially reported in 1991, illustrating
microstructural alterations of the tomographic architecture in vertical sections of the
retina (Huang et al. 1991a,b).

The first in vivo OCT imaging studies of the human retina were performed in 1993
(Fercher et al. 1993, Swanson et al. 1993). Since that time, OCT has rapidly made its
way as a noninvasive, optical medical diagnostic imaging modality that enables in
Vivo cross-sectional visualization of the internal microstructure in biological systems
(Fercher et al. 1995, Fujimoto 2003, Fujimoto et al. 1995). OCT provides images of
retinal structure that cannot be obtained by any other noninvasive diagnostic
technique. Within a few years, the possibility of in vivo imaging of both healthy and
pathologic retina and in particular the ease with which these images can be acquired
considerably changed the diagnostic strategy used by ophthalmologists (Hee et al.
1995, 1996).

Podoleanu et al. (1997, 1998) pioneered the development of a different approach to
OCT imaging. This method involves en-face scanning in the XY plane, and combines
high-resolution tomographic images with the surface imaging capability of the
scanning laser ophthalmoscope (SLO) (see 3.1). The combination of SLO and OCT
offers the possibility to combine en face and cross-sectional images to provide
complementary information. Indeed, en face images can reveal structures that pass
unseen in cross-section and vice versa.

Commercial OCT is one of the new standards for in vivo noninvasive ophthalmic
imaging and is widely used for diagnosis and treatment monitoring of various ocular
diseases in humans (Ruggeri et al. 2007). Several companies have commercialized
stand-alone units and a third generation system from Heidelberg Engineering
(Heidelberg, Germany) combining spectral-domain OCT (SD-OCT) with angiography
recently became commercially available (Rosen et al. 2009).
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3.2.3 Third generation spectral domain optical coherence tomography

In the present work, high-resolution in vivo imaging was carried out with a novel third
generation instrument (Spectralis HRA+OCT®, Heidelberg Engineering, Heidelberg,
Germany) (Fig. 8A) which allows simultaneous recording of confocal scanning laser
ophthalmoscopy (cSLO) and spectral-domain optical coherence tomography (SD-
OCT) (Helb et al. in press).

Reference arm
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(tissue scatter)

known
distance

Beam
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Fig. 7: Technical principle of a third generation spectral domain OCT
(Fischer et al. 2009).

Different laser wavelengths allow obtaining information about specific tissues and
layers due to their reflection and transmission characteristics. Furthermore,
fluorescent dyes excitable in the blue and infrared range offer a unique access to the
vascular structures associated with each layer.

The Spectralis HRA+OCT® used in this work offers six imaging modalities to assess
the eye:

(1) Infrared (IR)

Infrared light (820 nm) is used to image both retinal and choroidal structures. Laser
light of longer wavelengths gives less retinal details but is able to penetrate the

RPE/choroid in pigmented retinas.
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(2) Red-free (RF)

Laser light of shorter wavelengths is generally more strongly absorbed by ocular
structures - especially melanin granules in the retinal pigment epithelium (RPE) and
choroid (Preece and Claridge, 2002). Consequently, the short wavelength lasers
provide higher contrast images of the retina but cannot penetrate the RPE/choroid in
pigmented retinas. It is thus used for fundus imaging, especially for the nerve fiber
layer and large retinal vessels, i.e. arteries and veins.

(3) Autofluorescence (AF)

The 488 nm wavelength is used for fundus autofluorescence (FAF) analyses, which
reveals the presence of natural fluorophores in the retina and the RPE.

(4)  Fluorescein Angiography (FLA)

Fluorescein is a dye that emits light at 400 nm and above when excited at a
wavelength of 488 nm. To allow only the light emitted by the dye upon stimulation to
become visible, a barrier filter at 500 nm is used to remove the light associated with
the excitation. Thus, only the vessels that carry the dye remain to be seen. FLA
provides the most detailed images of retinal capillaries.

(5) Indocyanine Green Angiography (ICGA)

Indocyanine green (ICG) is a dye that emits light at 800 nm and above when excited
at a wavelength of 795 nm. Similar to FLA, a barrier filter at 800 nm is used to
remove the light associated with the excitation. The main difference is a stronger
bond of ICG to plasma proteins, and the advantages of longer wavelengths to
provide information about choroidal vessels (Seeliger et al. 2005).

(6) Spectral-domain OCT (SD-OCT)

The Spectralis HRA+OCT® device scans the retina at 40.000 A-scans per second,
which is a hundred times faster than time-domain OCT. A broadband light source is
used to simultaneously measure multiple wavelengths across a spectrum, hence the
name “spectral-domain” (also known as Fourier-domain OCT).

Since SD-OCT has extremely high-resolution, it is essential to compensate for eye
motion during the image acquisition because it causes image blurring. Therefore the
manufacturers use the cSLO technology to track the eye and to guide the OCT to the
selected location (TruTrack™). Because of two independent pairs of scanning
mirrors, eye movements are registered and automatically corrected, allowing for
pixel-to-pixel correlation of cSLO and OCT findings. TruTrack™ is an automatic
retinal recognition technology which enables follow-up examinations to be scanned in

the same exact location without relying on the operator to pick the spot.
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Besides the advantages of SD-OCT mentioned so far, Spectralis HRA+OCT® is the
only instrument to center the SD-OCT wavelength at 870 nm. Therefore, it has better
light penetrating properties than other systems using shorter wavelength light (820
nm). Also, the longer wavelength has the advantage of opening up the optical
window for compatibility with the many other wavelengths used by the set-up

(Heidelberg Engineering 2009).

3.2.4 OCT in animal eye research

Retinal morphology has been assessed noninvasively using techniques such as
optical coherence tomography (OCT) and scanning laser ophthalmoscopy (SLO) in
animal models of retinal degenerative diseases, hamely rodents and dogs (Farber et
al. 1994, Hauswirth and Timmers 2000, Panzan et al. 2004, Grieve et al. 2005,
Lhériteau et al. 2009). OCT has also been used to study retinal microanatomy in
chicken (Huang et al. 1998).

The basic feasibility of obtaining OCT images of the mouse retina has been
demonstrated in 2001 (Li et al. 2001, Horio et al. 2001, Ko et al. 2004), but acquiring

Fig 8: (A) Heidelberg Engineering Spectralis HRA+OCT® used in this

work. (B) OCT setup for imaging in mice.

images of the mouse in vivo has been a time consuming challenge. (Xu et al. 2002,
Pagues et al. 2006, Ruether et al. 1997). Horio and Li used a custom-made time-
domain OCT (TD-OCT) to study mouse models of retinal degeneration. TD-OCT was
able to resolve thinning of the mouse retina, but the low depth resolution of the used

systems precluded resolution of detailed retinal microstructures.
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There are several challenges in developing a retinal imaging system suitable for
routine in vivo quantitative morphologic evaluation in small animals. It is difficult to
align the mouse eye with the optical system due to the small size of the pupil, the
large refractive power of the mouse eye and the lack of voluntary fixation (Kocaoglu
et al. 2007). The small pupil size of the mouse eye makes the alignment for light
delivery to the eye difficult. It also limits the beam size and thus the amount of light
reflected from the retina, which decreases the signal-to-noise ratio.

Although several groups have overcome technical challenges and were able to
perform OCT imaging of retinas in small animals including mice (Ko et al. 2004, Kim
et al. 2006), the reported self-made systems have limitations. Most lack the depth
resolution and the image quality to resolve subretinal layers, therefore, the systems
are not suitable for automatic quantitative retinal analysis. Moreover, custom-made
setups interfere with the request for standardized examination protocols and thus the
comparability of results.

Therefore, the adaptation and establishment of a commercially available third
generation OCT device designed for human use was assessed for imaging of the

murine retina in this work.
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Abstract

Background: Optical coherence tomography (OCT) is a novel method of retinal in vivo imaging. In this study, we assessed
the potential of OCT to yield histology-analogue sections in mouse models of retinal degeneration.

Methodology/Principal Findings:We achieved to adapt a commercial 3™ generation OCT system to obtain and quantify high-
resolution morphological sections of the mouse retina which so far required in vitro histology. OCT and histology were
compared in models with developmental defects, light damage, and inherited retinal degenerations. In conditional knockout
mice deficient in retinal retinoblastoma protein Rb, the gradient of Cre expression from center to periphery, leading to a
gradual reduction of retinal thickness, was clearly visible and well topographically quantifiable. In Nrl knockout mice, the layer
involvement in the formation of rosette-like structures was similarly clear as in histology. OCT examination of focal light
damage, well demarcated by the autofluorescence pattern, revealed a practically complete loss of photoreceptors with
preservation of inner retinal layers, but also more subtle changes like edema formation. In Crb1 knockout mice (a model for
Leber's congenital amaurosis), retinal vessels slipping through the outer nuclear layer towards the retinal pigment epithelium
(RPE) due to the lack of adhesion in the subapical region of the photoreceptor inner segments could be well identified.

Conclusions/Significance: We found that with the OCT we were able to detect and analyze a wide range of mouse retinal
pathology, and the results compared well to histological sections. In addition, the technique allows to follow individual
animals over time, thereby reducing the numbers of study animals needed, and to assess dynamic processes like edema
formation. The results clearly indicate that OCT has the potential to revolutionize the future design of respective short- and
long-term studies, as well as the preclinical assessment of therapeutic strategies.
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Introduction

Mice are important model organisms in many areas of science.
The retina as part of the brain offers the unique opportunity to
directly visualize changes associated with neurodegenerative disor-
ders and vascular alterations [1], or during the preclinical assessment
of pharmacological approaches [2]. However, the current need to
sacrifice animals for histological examinations at different time points
interferes with the ability to follow the disease process and to monitor
therapeutic or side effects over time in the same individuals.

@ PLoS ONE | www.plosone.org

Optical coherence tomography (OCT) is a novel method of
retinal imaging [3]. Technically, OCT uses a weakly coherent
infrared laser to analyze the reflectance properties of a sample [3].
The spectral domain mode (Fig. | A) currendy outmatches the time
domain mode as it combines high resolution with high recording
speed. Each resulting data set consists of a large number of
topographically ordered depth profiles (A-Scans), which together
represent a two-dimensional slice (similar to an ultrasound scan)
across the sample. Several consecutive slices together may be used to
generate a three-dimensional data set (“volume scan”).

October 2009 | Volume 4 | Issue 10 | 7507
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Figure 1. Principle of Optical Coherence Tomography (OCT) and its application in rodents. A) Schematic diagram of spectral-domain (SD)
OCT. Green arrows indicate efferent, red arrows afferent light. B) Comparison of OCT to conventional ophthalmic imaging techniques. Top left:
Conventional techniques either yield surface images of the retina (“fundus”), or in case of Scanning-Laser Ophthalmoscopy (SLO), confocal horizontal
sections. Top right: Example of an SLO image of the central murine retina. Bottom left: In contrast, the OCT provides high-resolution vertical sections.
Bottom right; Example of an OCT slice from the central murine retina in comparison to matching standard light microscopy. €) Representation of
retinal layers in OCT and histology. See text for details. D) OCT recording setup for rodents. The schematic drawing of a mouse marks the recording
position on the XYZ table. The eye is directly facing the OCT recording unit with a 78 dpt. lens attached.

doi:10.1371/journal.pone.0007507.g001

State-of-the-art imaging in rodents based on conventional
fundus cameras or even confocal scanning-laser ophthalmoscopy
(SLO) provides predominantly surface information but has a very
restricted depth resolution [1] (Fig. 1B). This has been a severe
limitation in animal studies. The OCT, in contrast, provides a
high-resolution depth profile based on reflectivity that correlates
well with histomorphological sections (Fig. 1C). However, the
resulting image is different as conventional imaging and histology
are based on absorption (light shade - little absorption, dark shade -
strong absorption), whereas OC'T is based on reflectivity (light
shade - weak reflectivity, dark shade - strong reflectivity). In
particular, membranous surfaces are extremely well detected in
OCT regardless of their physical extension. Consequently,
membrane-rich but less optically dense layers like plexiform and
nerve-fiber layers are represented in a darker shade of gray than
optically more dense layers with less membrane content like the

@ PLoS ONE | www.plosone.org 2

outer nuclear layer (Fig. 1C). It is thus that the OCT provides not
only refined depth resolution but also entirely new information
about the sample structure.

Recent studies with custom-made equipment support the
applicability of OCT in rodents, the ability to detect retinal
lesions, and the potential to follow disease processes over time
[4,5]. In this work, we adapted a high-resolution grd generation
OCT system (Heidelberg Engineering Spectralis™!) for use in
small animal models to obtain detailed histology-analogue sections
of the retina in vivo, without the need for an internal modification
of the OCT device. This approach is superior to the use of custom-
made experimental setups in terms of availability, reproducibility,
familiarization, and standardization, and will thus be valuable for
the future spread of this technique among the scientfic
community. The setup with an animal in place 1s shown in
Fig. 1D and further described in the methods section.

October 2009 | Volume 4 | Issue 10 | e7507
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Results

Following an initial comparison between OCT and histology in
C57/BL6 wild-type mice, we have studied the representation of
the phenotype in models with developmental defects (Rb gene),
light damage, and inherited retinal degenerations (N &
CrbIgenes).

Comparison of OCT and histology

The correspondence of layers in morphological OCT and
histological sections (qualitatively shown in Fig. 1 D), was
examined quantitatively in C57/BL6 wild-type mice (Iig. 2). No
significant difference in layer thickness was detected between the
two methods (Student’s t-test at a significance level of p<<0.03),
and the best linear fit of the data yielded a correlation coeflicient
R? of 0.89 (Fig. 2 A). Due to differences in tissue processing
techniques, the slope of the fit may vary between labs; it is thus
important to obtain a set of local control data for own studies. The
average dimensions of the individual layers are given in Fig. 2B,
together with their respective standard deviations, further
confirming the close agreement between histology and OCT.

Light damage

Photoreceptor apoptosis is a common final path of many
inherited and induced retinal neurodegenerations. Typically, the
outer retina mainly formed by photoreceptor cell bodies and their
inner and outer segments degenerates and subsequently vanishes
without major alterations of the inner retinal layers. Whereas
inherited diseases commonly affect the retina gradually, ie. the
course of a degeneration takes some time and its topographical
distribution may not be uniform, focal light exposure (particularly
high intensity blue light) produces strictly localized lesions adjacent
to practically normal retina within a short period of tme [6],
allowing a direct comparison between damaged and non-damaged
areas (Figure 3 A). The huge amount of autofluorescent, lipid-rich
debris from photoreceptor outer segments that cannot be
processed by the retinal pigment epithelium and glial cells clearly
demarcates the area of damage in SLO autofluorescence imaging
(Fig. 3 B). The selective loss of the outer retina in the exposed
region (marked with an asterisk) is very prominent (Fig. 3 C). Also,
the transition zone (Fig. 3 D,E) closely matches that in a respective
histomorphological section, but preserves the capability to follow
the development of such degenerative changes over time, an
important added value of i viwo diagnostics. A novel finding in
rodents was the discovery of a site of edema formation (arrowhead
in Fig. 3 E), a pathological alteration that does not endure the
tissue processing required for i widro methods, and is thus not
visible in traditional histology. Edema was present in all (4/4) of
the treated cases 3 days following the exposure, and was still
present one week later (4/4). In all cases, it formed a ring around
the light damage area. Edema is a common finding in human
retinal diseases. Its appearance in OCT has been extensively
studied, and these findings closely resemble the situation in our
data [7].

Nrl knockout mouse

In the Al knockout mouse, the neural retina leucine zipper (Nil)
gene is impaired [8]. A major function of Nrl is to determine the
fate of rod photoreceptor precursor cells, so that a lack of Nrl
during development leads to an abnormal differentiation of these
rod precursors into cone-like photoreceptors. The corresponding
human disease, enhanced S-cone syndrome (ESCS), may either be
caused by a lack of NRL or NR2E3, a transcription factor with
overlapping functions to NRL [9]. A landmark of such retinas is

@ PLoS ONE | www.plosone.org
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Figure 2. OCT and histological morphometric data in rodents.
Relationship between OCT and histological morphometry in C57/BL6
mice broken down to retinal layers. A) Correlation of histological and
OCT data. Pearson’s correlation coefficient (R?) is based on the data of
all quantified retinal layers. B) Comparison of retinal layer thickness
between histology (dark) and OCT (light). There was no statistically
significant difference between histological analysis and OCT-based
quantification in any retinal layer using Student’s t-test at a significance
level of p<0.05. All data are reported as mean values=*standard
deviation (error bars).

doi:10.1371/journal. pone.0007507.g002

the formation of rosettes [9,10], whose distribution can be assessed
with conventional iz ziwo imaging as they present as whitish dots in
native SLO (Fig. 4 A) and in autofluorescence mode (Fig. 4 B).
The structure of the respective lesions becomes accessible with
OCT both in humans [9] and mice (Fig. 4 C). As before,
histomorphological and OCT data correlate well (Fig. 4 D). The
detailed comparison (Fig. 4 E vs. Fig. 4 F) illustrates the difference
in image appearance between reflection- and absorption-based
methods discussed before (Fig. 1).

Crb1 knockout mouse

It is almost impossible to detect scattered lesions functionally,
particularly in cases of vascular abnormalities without generalized
hypoxia. In mutants lacking the Crumbsl gene, the separation

October 2009 | Volume 4 | Issue 10 | e7507
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Figure 3. OCT assessment of light-induced murine retinal
degeneration. A) OCT section across the central retina, containing
adjacent damaged and non-damaged areas. B) Demarcation of the
damaged area in vivo by SLO autofluorescence (AF) imaging based on
fluorescent photoreceptor debris (marked by an asterisk). C) Detail of
the transition zone between damaged and non-damaged retina in a).
The asterisk marks the damaged area as in B). D), E) Comparison of the
representation of light-induced retinal damage in histology and OCT.
The arrowhead in the OCT image points towards a site of retinal edema.
doi:10.1371/journal.pone.0007507.g003

between inner and outer retina is weakened [l1], allowing
unnatural migration of cells and cell groups across gaps within
that border [12]. It is believed that if a capillary vessel runs close to
such a site, it may also descend into the vessel-free photoreceptor
layer and eventually make contact with the retinal pigment
epithelium (RPE). As the RPE produces VEGF, such aberrant
vessels usually proliferate and appear in some cases to form
connections with the choroidal vascular system. The sheer
presence of such neovascularizations may be detected with
traditional fluorescein angiography (FLA, Fig. 5 A, B). However,
an accurate topographic reconstruction that allows to uncover the
exact depth localization and the extent of the lesion is now feasible
with the OCT (Fig. 5 C). This particular example further
llustrates the capability to detect intraretinal (black arrows) as
well as choroidal vessels (white arrows), which so far required a full
histological work-up of such lesion sites (Fig. 3D).

Rb retina-specific knockout

Interference with the molecular patterning events during retinal
development often results in cell-type specific dysmorphogenic
alterations. An example is the retinoblastoma protein (Rb), an
important tumor suppressor, that blocks cell division and death by
inhibiting the E2f transcription factor family, leading to apoptosis
of a large fraction of retinal cells [13]. As factors like Rb often have
related functions in many diflerent tissues, a complete loss of
respective genes commonly leads to embryonic lethality, prevent-
ing the generation of knock-out models. However, organ-specific
models are often possible to obtain on the basis of the Cre-lox P
system, where the gene to be deleted is solely removed in tissues that
express Cre recombinase [14]. In this work, we used R/
o-Cre mice where the floxed Rb exon 19 is only deleted in the retina
at embryonic day E10 [15]. However, the expression of the a-Cre

@ PLoS ONE | www.plosone.org
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Figure 4. Capability of the OCT to detect and capture the
nature of lesions. A)-F) Multiple retinal rosette formation in the
neural retinal leucine zipper (Nrf) knockout mouse. A) SLO surface
image (514 nm) in which the retinal rosettes (arrow) show as whitish
dots. B) SLO autofluorescence image indicating that the rosettes
contain fluorescent material. €) Representative OCT slice of a Nrl
knockout mouse revealing details of the nature of the rosettes (arrow)
and their depth localization. D) Comparison of the OCT representation
of Nrl rosettes with histology (different individual animal). E, F) Detail
illustrating how well retinal structures in OCT and histology correlate.
doi:10.1371/journal.pone.0007507.g004

transgene is not topographically homogeneous in this mouse
model [16], leading to different degrees of gene inactivation within
the same organ. In particular, the retinal periphery shows the full
effect of Rb loss, whereas there is almost no «-Cre transgene
activity in the central retina. Here, we took advantage of this Cre
recombinase distribution pattern to ascertain the transition effect
between the central area with regular development and more
peripheral parts with developmental apoptosis within the same
retinal slice (Fig. 6). Despite the somewhat lower resolution
achievable in living tissues, the changes in retinal layering and
thickness associated with Rb gene loss appeared equally well
ascertainable with histology and OC'T (Figure 6 A vs. B). An
mportant feature of OCT is the capability to capture multiple
(Fig. 6 C) sections directly linked to the surface image within a
short period of time, allowing to follow topographical changes like
the thickness gradient from center to periphery. A set of
consecutive  serial sections (“volume scan”) even allows this
gradient to be mapped (Fig. 6 D), which in this case correlates
with the topography of a-Cre transgene expression i vive.

Discussion

In this work, we assessed the scientific benefit of the OCT in
rodent models featuring retinal neurodegeneration, perturbed
retinal structure, neovascular conditions, and developmental
aberrations, all likely fields of interest to a wide range of academic
and industrial researchers,
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Figure 5. Capability of the OCT to detect and capture the nature
of lesions. A)-D) Site of neovascularization in a Crumbs 1 (Crb7)
knockout mouse. A) SLO fluorescence angiographic (FLA) image of a
retinal neovascular site (arrow) in a representative Crb1 knockout mouse.
B) Detail of g) illustrating the traction the aberrant vessel applies to the
neighboring capillaries. C) Representative OCT slice depicting enlarged
aberrant retinal vessels (black arrow) as well as choroidal vascular
changes (white arrow) at the same position, implicating a connection
between both vascular beds. D) Histological section of the above
neovascular site for comparison. The black arrow points to aberrant
retinal vessels, and the white arrow to choroidal changes.
doi:10.1371/journal.pone.0007507.g005

The results in the light damaged retina show the benefit of the
combination of surface imaging with the SLO for aiming at sites of
interest (like here demarcated by autofluorescence) and the OCT.
We found a close correlation of the site of autofluorescence in the
488 nm SLO images (attributed to the lipid-rich remnants of the

Mouse Retinal Imaging with OCT

photoreceptor outer segments) with the outer retinal damage in
the OC'T sections. For the first time, we were able to demonstrate
edema formation in these rodents (Fig. 3 E), which appears to be
part of the dynamic processes associated with acute light exposure
and, because of the tissue processing, is not detectable in
conventional morphological analyses.

An example of perturbed retinal structure is the rosette
formation in the N¥/ knockout mouse (Fig. 4). Whereas the
relatively even topographical distribution of the lesions became
visible in SLO imaging (similar to a retinal whole-mount, I'ig. 4
A,B), details of the structure were accessible in viwo with OCT
sections (Fig. 4 E,I). The formation of rosettes in Nrl mutants is
not yet fully understood, but it is known that cones are a major
component of these dysmorphic structures, with their inner and
outer segments pointing towards the center of each rosette [10].
The respective photoreceptor nuclei around the center of the
rosette in Fig. 4E (similar to the ONL ones) correspond in the
OC'T to an area of low reflectivity in Fig. 4F (similar to the ONL
band). The center of rosettes was [urther shown to contain RPE
proteins and have connections to the RPE layer [10]. In the OCT,
we found that this tissue has reflective properties close to plexiform
layers (Fig. 4F). Rosette formation occurs postnatally [10,17],
apparently driven by a metabolic need of the retina, leading to an
increased surface area between RPE and photoreceptors. To
better understand this process, we will examine the time course in
individual animals in a separate study.

In mutants lacking the Giumbs! gene, lesions are commonly
sparse (Fig. 5 A), which makes an histological analysis laborious
and demanding. An i vivo screening with the SLO has proven to
be very effective the overall assessment as well as a preselection for
immunostainings, saving time, money, and animals. Now, with the
OCT, the nature and extent of the lesions can be assessed in real
time. The particular example in Iig 5 C illustrates the capability to
detect intraretinal (black arrows) as well as choroidal vessels (white
arrows), which so far required a full histological work-up of such
lesion sites (Fig. 5 D). Having the morphological information

Figure 6. Topographic analysis of retinal thickness in an organ-specific model of retinoblastoma protein (Rb5) deficiency. Thickness
variations (center vs. periphery) were caused by imperfections of the Cre-lox system (see text), leading to differences in developmental apoptosis. A)
Histological section across the central retina showing the smooth transition between centrally normal and peripherally reduced thickness. B) OCT
section of the same region, the retinal thickness correlating well with the histomorphological data. C) Assessment of the gradual changes of retinal
thickness from center to (mid)periphery based on 5 manually placed OCT slices. Left: SLO image of the fundus region with the position of the slices
superimposed. Right: OCT slices at the positions indicated, ordered from center to periphery. D) Topography of retinal thickness calculated from 92
equidistant OCT slices (“volume scan” data). The color scale values are in pm.

doi:10.1371/journal.pone.0007507.g006
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available in vivo permits to study the dynamics of such sites in more
detail (together with the use of dyes) before the animal is sacrificed.

The results in the Rb[”"[)/””""p_;y—(fre mice illustrate how the
developmental apoptosis due to an imbalance of RB and the E2Fs
[13,15] affects the different layers (Fig. 6).

However, developmental apoptosis only occurs in areas where
Rb is missing, which in this conditional knock-out is the area of Cre
expression [14]. Since the retina-specific o-Cre mice used here do
show a central-peripheral expression gradient, so does the
apoptosis and, subsequently, retinal thickness. So, besides the
Rb-specific findings, this model also helped to assess the feasibility
of a topographical mapping of retinal thickness based on a set of
consecutive serial sections (“volume scan”). The color-coded map
(Fig. 6 D) reveals regular retinal thickness values mainly around
the optic disc (image center), which reflects the inverse topography
of the o-Cre transgene expression [16]. Thickness maps are further
useful to follow thickness changes over time.

The prime advantage of OCT is certainly the ability to non-
invasively produce histology-analogue retinal sections. As we have
shown, these are both useful for the assessment and numerical
quantification of generalized changes and for the detection and
analysis of sporadic, localized lesions.

In many cases, standard histology may be replaced or at least its
extent reduced by OCT, diminishing the amount of study animals
needed. Even if histological sections are recuired (e.g. immuno-
stains), OCT may help to preselect and to determine the optimal
time point in individual animals in case of progressive changes.

As most degenerative processes are dynamic in nature, the non-
invasive examination has substantal advantages for the under-
standing of short-term alterations like edema formation. A
requirement for preclinical and long-term studies is that markers
of potential degenerative changes or therapeutic effects may be
analyzed numerically. The OCT, for the first time, allows an
accurate quantitative description of the retinal layers in vive as
shown in Fig. 2. As the majority of lesions primarily compromise
the outer retina but leave the inner retina unchanged, it is a
fundamental improvement that these layers are now accessible to
separate quantification.

In summary, our results present the OCT as an important new
tool for the m wvwo analysis of rodent eyes. It is not only a
methodological step forward but will also significantly help to
reduce standard histology and thus the amount of animals needed.
The ability to monitor developmental as well as inherited and
induced degenerative processes and respective therapeutic inter-
vention in the same individual animals opens a wide field of
applicability in future long-term and preclinical studies. In
conjunction with other non-invasive tests like electroretinography
(ERG), OCT allows for a refined morphological and functional
follow-up over time.

Methods

Animals

All procedures concerning animals adhered to the ARVO
statement for the use of animals in ophthalmic and vision research,
and were performed with permission of local authorities
(Regierungspraesidium Tuebingen). All mice were kept under a
12 h:12 h light-dark cycle (60 lux), had free access to lood and

water and were used irrespective of gender.

Optical adaptation to the mouse eye

Retinal imaging of the mouse eye with its small pupil has been a
challenge because of the difficult alignment of light delivered to the
eye. The small aperture also reduces the amount of light which is
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reflected from the retina, and therefore decreases the signal-to-
noise ratio [18]. Over a decade of SLO in vivo imaging in animals,
we have tested several conditions for the visualization of the
murine fundus. We found that a basic sctup containing only two
additional lenses is suflicient to obtain very good quality results
without the need to modily the equipment internally (Figure 1D).
All SLO and OC'T images in this work were recorded using this
setup. On the SLO/OCT side, a 78 diopter double aspheric lens
(Volk Optical, Inc., Mentor, OH 44060, U.S.A.) is fixed directly to
the outlet of the device. To the eye of the mouse, a custom-made
contact lens with a focal length of 10 mm is applied with a drop of
methyl cellulose (Methocel 2%, OmniVision, Puchheim, Ger-
many). Mouse eye and equipment must be aligned correctly, e.g.
by means of a XYZ table, and brought closely together, so that
they almost touch.

Scanning-laser ophthalmoscopy and angiography

For en face retinal imaging, we used the commercially available
HRA 1 and HRA 2 systems (Heidelberg Engineering, Dossen-
heim, Germany) featuring up to two Argon wavelengths (488 and
514 nm) in the short wavelength range and two infrared diode
lasers (HRA 1: 795 and 830 nm, HRA 2: 785 and 815 nm) in the
long wavelength range. The 488 and 795 nm lasers are used for
fluorescein (FLA) and indocyanine green (ICG) angiography,
respectively. Appropriate barrier filters at 500 and 800 nm remove
the reflected light with unchanged wavelength while allowing only
the light emitted by the dye upon stimulation to pass through.'

A detailed protocol for anesthesia and conventional imaging is
described elsewhere [1]. Briefly, mice were anaesthetized by
subcutaneous injection of ketamine (66.7 mg/kg) and xylazine
(11.7 mg/kg) and their pupils dilated with tropicamide eye drops
(Mydriaticum Stulln, Pharma Stulln, Stulln, Germany) before
image acquisition.

Spectral domain Optical Coherence Tomography

SD-OCT imaging was done in the same session as ¢SLO to
minimize variability. For OCT imaging, we used a commercially
available  Spectralis'™ HRA+OCT device from Heidelberg
Engineering featuring a broadband superluminescent diode at
A=2870 nm as low coherent light source.

Each two-dimensional B-Scan, recorded with the equipment set
to 30° field of view, consists of 1536 x496 pixels, which are
acquired at a speed of 40,000 scans per second. Optical depth
resolution is ca. 7 um with digital resolution reaching 3.5 um [19].
The combination of scanning laser retinal imaging and SD-OCT
allows for real-time tracking of eye movements and real-time
averaging of OCT scans, reducing speckle noise in the OCT
images considerably. Resulting data were exported as 24 bit color
bitmap files and processed in Adobe Photoshop CS2 (Adobe
Systems, San Jose, CA, U.S.A.).

Analysis of retinal morphology

Animals were sacrificed and enucleated for histological analysis.
After orientation was marked, the eyes were fixed overnight in
2.5% gluteraldehyde prepared in 0.1 M cacodylate buffer and
processed as prescribed previously [20]. Semi-thin sections
(0.5 mm) of Epon-embedded tissue were prepared form the
central retina, counterstained with methylene blue and analyzed
using a light microscope (Axiovision, Zeiss, Jena, Germany).
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Mouse Models of Retinal Degeneration
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Purrose. Spectral domain optical coherence tomography (SD-
OCT) allows cross-sectional visualization of retinal structures in
vivo. Here, the authors report the efficacy of a commercially
available SD-OCT device to study mouse models of retinal
degeneration.

Meraops. C57BL/6 and BALB/c wild-type mice and three
different mouse models of hereditary retinal degeneration
(Rbo™”~, rdl, RPEG5 ") were investigated using confocal
scanning laser ophthalmoscopy (¢SLO) for en face visualization
and SD-OCT for cross-sectional imaging of retinal structures.
Histology was performed to correlate structural findings in
SD-OCT with light microscopic data.

Resvrrs. In C57BL/6 and BALB/c mice, ¢SLO and SD-OCT
imaging provided structural details of frequently used control
animals (central retinal thickness, CRT cs-p1,6 = 237 = 2 pm
and CRTyu15/c = 211 * 10 um). RPEG5 7~ mice at 11 months
of age showed a significant reduction of retinal thickness
(CRT gppgs = 193 £ 2 pm) with thinning of the outer nuclear
layer. Rbo™”~ mice at P28 demonstrated degenerative changes
mainly in the outer retinal layers (CRTg,,, = 193 £ 2 um).
Examining rd] animals before and after the onset of retinal
degeneration allowed monitoring of disease progression
(CRT =246 £ 4 pm, CRT,,; prg = 143 £ 4 um). Corre-
lation of CRT assessed by histology and SD-OCT was high (* =
0.897).
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Concrusions. The authors demonstrated cross-sectional visual-
ization of retinal structures in wild-type mice and mouse mod-
els for retinal degeneration in vivo using a commercially avail-
able SD-OCT device. This method will help to reduce numbers
of animals needed per study by allowing longitudinal study
designs and will facilitate characterization of disease dynamics
and evaluation of putative therapeutic effects after experimen-
tal interventions. (Invest Ophbthalmol Vis Sci. 2009;50:
000-000) DOI:10.1167/i0vs.09-3724

ptical coherence tomography (OCT) has evolved over the

past two decades to become an important diagnostic tool
in clinical ophthalmology and other medical specialties.” Wide-
spread application of this powerful tool in animal research,
however, was restricted because of poor image quality in
commercially available first- and second-generation time do-
main OCT devices.*? Sufficiently high image quality could be
achieved only with prototype devices with improved depth
resolution that were specifically adapted for the respective
animal visual system.””” Only recently, latest generation SD-
OCT devices have become commercially available that provide
scanning speed and depth resolution sufficient for small animal
experimentation.® Given that SD-OCT is ideally suited for
studying changes of retinal integrity, wild-type mice and mouse
models of retinal degeneration were chosen to explore the
efficacy of this method.

Thus far, animal models of retinal degeneration have been
studied extensively on both functional and structural levels.
Morphologic changes were detected using either en face im-
aging methods such as funduscopy® and confocal scanning
laser ophthalmoscopy (cSLO)'? or, more commonly, ex vivo
histologic approaches. Although light and electron microscopy
provide (ultra-)high structural resolution, fixation procedures,
dehydration preparatory to subsequent embedding, and stain-
ing, even the processes of cutting, flattening, and mounting
histologic sections are potential sources for significant and
variable alterations in dimensions.'"'? Indeed, retinal thick-
ness measures of rodent retina are reported to be 95 um in one
study'® and 170 to 217 um in other studies.'''? Taken to-
gether, ex vivo analysis of retinal tissue has certain limitations
and should be interpreted accordingly. In vivo analysis of the
retina has significant benefits as delicate, but functionally im-
portant changes such as retinal edema and focal neurosensory
and pigment epithelial detachments can readily be detected by
SD-OCT while potentially remaining undetected or masked by
handling procedures in histologic analysis. Finally, monitoring
of dynamic changes in individual animals requires a noninva-
sive study design. Here, SD-OCT has the potential to comple-
ment the existing in vivo methods in vision research by pro-
viding histology-analog structural details on retinal integrity.
Because individual animals may be investigated at multiple
time points, SD-OCT can also help to reduce the numbers of
animals needed for such a study, which has both ethical and
economic implications. To the best of our knowledge, this is
the first study to demonstrate the efficacy of a commercially
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available SD-OCT device to obtain cross-sectional images from
wild-type mice and mouse models of retinal degeneration.

MATERIALS AND METHODS
Animals

Animals were housed under standard white cyclic lighting (200 lux),
had free access to food and water, and were used irrespective of
gender. Rbo ™' (n = 46), RPEG5 " '° (n = 10), BALB/c (n = 15;
Charles River Laboratories), C57/BL6/] (n = 37; Charles River Labora-
tories), C3H rd1/rd1 (n = 6, rd1), and control C3H wild-type (n = 6)
mice'” were used for imaging. All procedures were performed in
accordance with the local ethics committee, German laws governing
the use of experimental animals, and the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. Because of the critical
changes after postnatal day (P) 11,'*'? imaging in rd/ and correspond-
ing wild-type were carried out at P11 and P28. Because of the later
onset and slower course of degeneration in the Rho™~ and RPEG5 ™~
mouse models, imaging was performed at 1 and 11 months, respec-
tively.

Confocal Scanning Laser Ophthalmoscopy

For en face retinal imaging, we used the commercially available HRA 1
and HRA 2 (Heidelberg Engineering, Heidelberg, Germany) featuring
up to two argon wavelengths (488/514 nm) in the short-wavelength
range and two infrared diode lasers (HRA 1, 795/830 nm; HRA 2,
785/815 nm) in the long-wavelength range. A detailed protocol for
anesthesia and imaging is described elsewhere.'? Briefly, mice were
anesthetized by subcutaneous injection of ketamine (66.7 mg/kg) and
xylazine (11.7 mg/kg), and their pupils were dilated with tropicamide
eye drops (Mydriaticum Stulln; Pharma Stulln GmbH, Stulln, Germany)
before image acquisition. By applying hydroxypropyl methylcellulose
(Methocel 2%; OmniVision, Puchheim, Germany) on the eye, the
refractive power of the air corneal interface was effectively negated. A
custom-made contact lens (focal length, 10 mm) was used to reduce
the risk of corneal dehydration and edema and to act as a collimator.

Spectral Domain Optical Coherence Tomography

SD-OCT imaging was performed in the same session as cSLO (e,
animals remained anesthetized using identical preparatory steps).
Mouse eyes were subjected to SD-OCT with a commercially available
HRA+OCT device (Spectralis; Heidelberg Engineering, Heidelberg,
Germany) featuring a broadband superluminescent diode at A = 880
nm as a low coherent light source. Each two-dimensional B-scan re-
corded at 30° field-of-view consists of 1536 A-scans acquired at a speed
of 40,000 scans per second. Optical depth resolution is approximately
7 wm, with digital resolution reaching 3.5 pm.®

To adapt for the optical qualities of the mouse eye, we mounted a
commercially available 78-D double aspheric fundus lens (Volk Opti-
cal, Inc., Mentor, OH) directly in front of the camera unit. Imaging was
performed with a proprietary software package (Eye Explorer, version
3.2.1.0; Heidelberg Engineering). Length of the reference pathway was
adjusted manually according to manufacturer’s instructions using the
“OCT debug window” (press Ctrl/Shift/Alt/O simultaneously to open
window in the active, calibrated OCT mode) to adjust for the optical
length of the scanning pathway. The combination of scanning laser
retinal imaging and SD-OCT allows for real-time tracking of eye move-
ments and real-time averaging of OCT scans, reducing speckle noise in
the OCT images considerably.® Resultant data were exported as 8-bit
grayscale image files and were processed with a graphics editing
program (Photoshop CS2; Adobe Systems, San Jose, CA). For quantifi-
cation of central retinal thickness based on high-resolution volume
scans, we used the proprietary software (Eye Explorer; Heidelberg
Engineering). Briefly, each volume scan consisted of at least 70 B-scans
recorded at 30° field-of-view centered on the optic disc, which were
used to calculate an interpolated retinal thickness map across the
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scanned retinal area. Central retinal thickness was quantified using the
circular OCT grid subfield at 3-mm diameter, with the center located
on the optic disc.

Histology

Three animals from each mouse line (Rho™~, RPEG5 ™", BALB/c, and
C57/BL6) were killed, and their eyes were enucleated for histologic
analysis. After orientation was marked, the eyes were fixed overnight
in 2.5% glutaraldehyde prepared in 0.1 M cacodylate buffer and were
processed as described previously.?" Semithin sections (0.5 mm) of
Epon-embedded tissue were prepared form the central retina, coun-
terstained with methylene blue, and analyzed using a light microscope
(Axiovision; Zeiss, Jena, Germany).

For the timeline analysis of rd1 mice (n = 3 for each group: rd1l
P11, rd1 P28, wild-type P11, and wild-type P28), eyes were embedded
unfixed in Jung tissue freezing medium (Leica Microsystems, Wetzlar,
Germany), frozen, and sectioned (14 pm) in a cryotome (HMS560;
Microm, Walldorf, Germany). Sections were then stained using hema-
toxylin/eosin staining. Morphologic observations and light microscopy
were performed on a microscope (Imager.Z1 Apotome; Zeiss)
equipped with a digital camera (Axiocam MrN; Zeiss). Images were
captured using corresponding software (Axiovision 4.6; Zeiss).

SD-OCT versus Histology

For correlation of retinal thickness measurements, inner retina was
defined as ranging from the inner limiting membrane to the outer
plexiform layer (OPL) and outer retina was defined as ranging from
the outer nuclear layer (ONL) to the retinal pigment epithelium (RPE).
In case of morphometric assessment of histologic sections, all mea-
surements were taken at 1.4 mm eccentricity from the optic nerve
head to mirror the SD-OCT-based thickness measurement along a
circular ring scan (r = 1.4 mm) centered on the optic nerve head.
Respective thickness was quantified by computer-assisted manual seg-
mentation analysis using the proprietary software (Eye Explorer; Hei-
delberg Engineering) for SD-OCT data and the calibrated “line-tool” in
Adobe (Photoshop CS2) for histologic micrographs.

Student’s -test was used to analyze statistical significance between
respective inner and outer retinal thickness measurements (C57/BI6
vs. Rbo™~, RPEG5™/~, or BALB/c; C3H wild-type vs. C3H rdl/rd1 at
P11 and P28). Correlation between thickness measurements by OCT
versus histology was assessed by Pearson’s correlation coefficient.

REsuULTS
C57BL/6

A basic examination using c¢SLO en face imaging was per-
formed in 4-week-old C57BL/6 mice to confirm the presence of
regular retinal and vascular structures typical for normal wild-
type animals. The examination included native red-free (RF;
513 nm), infrared (IR; 830 nm), and autofluorescence (AF)
modes fluorescein angiography and indocyanine green angiog-
raphy (Fig. 1). The cross-sectional SD-OCT imaging in these
animals provided detailed in vivo data on retinal layer compo-
sition (Fig. 1) and retinal thickness. In a central circular area of
approximately 3-mm diameter, total retinal thickness was
237 * 2 pm (mean * SD). The laminar organization of the
murine retina, as determined in vivo by SD-OCT, correlated
well with ex vivo light microscopy studies (Fig. 1). Notably,
some wild-type mice feature Bergmeister’s papilla, a structural
remnant of the developmental hyaloid vascular system (HVS) at
the optic disc.2' Indeed, angiography showed characteristic
perfusion of the HVS in mice until approximately P10 (data not
shown), after which the hyaloid artery usually obliterates and
leaves behind the channel of Cloquet.?? In some animals,
however, this development remains incomplete, leading to
Bergmeister’s papilla, as seen in Figure 1F.



IV. Manuscript Huber et al.

35

I0VS, Month 2009, Vol. 50, No. 0

SD-OCT in Murine Retinal Degeneration 3

FIGURE 1.

Retinal SLO imaging and OCT in C57BL/6 mice (PW4) with a regular retinal structure. (A-D)

Representative example of en face imaging using ¢SLO. (A) Native IR (830 nm), (B) RF (513 nm), and (C)
AF mode. (D) Fluorescein angiography (FLA) confirming an intact retinal vasculature (arrowhead, artery,
arrow, vein). (E-H) Corresponding OCT data. (E) Fundus picture with indicated orientation of cross-
sectional SD-OCT scans. (F) Corresponding B-scan at the optic nerve head displaying a Bergmeister's
papilla characterized by a structural remnant of the developmental hyaloid vascular system (asterisk),
including enlarged image. (G) Light microscopic data of an age-matched C57BL/6 animal. (H) Represen-
tative B-scan with retinal layers labeled. GC/IPL, ganglion cell/inner plexiform layer; OLM, outer limiting

membrane; RPE/CC, RPE/choriocapillary complex.

BALB/c

En face imaging in BALB/c mice (postnatal week [PW]10) using
¢SLO showed nonpigmented retinal structures in the native RF
(513 nm), IR (830 nm), and AF modes (Fig. 2). Given that
BALB/c mice are highly susceptible to light-induced retinal
degeneration,?*?* the hyperfluorescent dots in the AF mode
may reflect lipid degradation products. Accordingly, overall
retinal thickness in the central 3 mm, as determined by SD-
OCT, was 211 * 10 pm, considerably less than in the C57BL/6
strain, which would be hypothetically consistent with a mild
light-induced photoreceptor loss. Virtual cross-sections dis-
played identical laminar organization in the inner retina com-
pared with C57BL/6. However, because lack of pigmentation
in BALB/c mice resulted in altered optical characteristics in the
outer retina, signal composition of SD-OCT scans distal of the
external limiting membrane (ELM) differed considerably
(Fig. 2). Specifically, instead of two highly reflective layers
(HRLs) thought to represent the inner/outer segment border
(1/08) and RPE (Fig. 1), SD-OCT scans in BALB/c mice demon-
strated two additional HRLs possibly demarcating the nonpig-
mented choriocapillary and choroidal structures (Fig. 2).
Rbho ™~

The visual pigment of the rod photoreceptors, rhodopsin, is an
essential element of the phototransduction cascade and serves
as a structural protein of the discs in the rod outer segments

(ROS). Hence, in rhodopsin-deficient mice (Rho™ "), ROS are
never formed, and rod-derived ERG signals cannot be gener-
ated.'® En face imaging in Rho™”~ mice (PW4) using cSLO
showed characteristic signs of retinal degeneration with RPE
irregularities visible in the native RF (513 nm, not shown), IR
(830 nm), and AF modes (Fig. 3). SD-OCT imaging revealed a
complete lack of ROS, whereas the ONL appeared only mar-
ginally thinner than the wild-type retina. Accordingly, central
retinal thickness in Rbo™”~ mice was reduced to 193 = 2 um.
The entire retina showed an absence of ROS, but the outer
limiting membrane seemed not to be disturbed and could be
distinguished from the RPE signal by a distance roughly equiv-
alent to the extent of inner segment remnants (Fig. 3). Simi-
larly, histologic sections showed an absence of ROS, whereas
the outer nuclear layer appeared essentially intact with approx-
imately six to eight rows of nuclei (Fig. 3).

Rpe65 7/~

Mutations in the gene encoding RPEGS causes LCA2, a major
form of Leber’s congenital amaurosis,”>~*” which is targeted in
current clinical gene therapy trials.?®?° The protein RPEGS is
expressed in the RPE, where it plays a pivotal role in maintain-
ing normal vision by regenerating the visual pigment rhodop-
sin."® In Rpe65 "~ mice, the blocked visual cycle causes an
accumulation of retinyl esters in RPE cells, where they form
large lipid droplets (Fig. 4A). Cone photoreceptors degenerate
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Ficure 2. Retinal SLO imaging and OCT in BALB/c mice (PW10). Typical results of ¢cSLO en face imaging
in the presence of nonpigmented retinal structures in (A) native IR (830 nm), (B) RF (513 nm), and (C)
AF modes. (D) Fluorescein angiography in BALB/c mice displayed both retinal and choroidal vasculature
(asterisk) because lack of pigment allowed light at A = 488 nm to better penetrate the RPE/choriocapillary
complex. (E) Fundus image with indicated orientation (F, H) of corresponding B-scans. (G) Representative
histologic data of an age-matched BALB/c mouse. (H) Virtual cross-section with designation of the different
retinal layers. Note the altered signal composition in the outer retina because of the absence of pigmen-
tation in BALB/c mice (F). There are four HRLs possibly demarcating the 1708, RPE, nonpigmented
choriocapillary, and choroidal structures. GC/IPL, ganglion cell/inner plexiform layer; OLM, outer limiting
membrane; RPE/ChC, RPE/choriocapillary complex; Cho, choroid.

rapidly, whereas the remaining rods are the exclusive source of
electrophysiological response and start to degenerate slowly
only after approximately 6 months of age.***' En face imaging
at postnatal month (PM) 11 showed a characteristic pattern of

hyperfluorescent flecks in the AF mode, which may again
indicate metabolic remnants of photoreceptor outer segments
(Fig. 4). Image resolution of SD-OCT in Rpe65 /" mice was
insufficient to resolve intracellular lipid accumulations in vivo.

T e g, iy

i

FIGURE 3. Retinal degeneration and RPE irregularities in the Rbo™"~ mouse model (PW4). (A) Native IR
(830 nm) and (B) AF mode ¢SLO data. (C) SD-OCT section and enlarged image, revealing a complete
absence of ROS together with an apparent thinning of the ONL. (D) Ex vivo histology for comparison,
confirming the observed reduction in ONL thickness and the lack of ROS. GC/IPL, ganglion cell/inner
plexiform layer; OLM, outer limiting membrane; IS, photoreceptor inner segments; RPE/CC, RPE/chorio-
capillary complex.
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FIGURE 4. Retinal degeneration and RPE irregularities in the Rpe65 "~ mouse model (PM11). (A)
Histology showing lipid droplets from stored retinyl esters (@rrows) in the RPE, together with a reduced
retinal thickness. (B) Spots of hyperfluorescence in the AF mode, suggesting the presence of photore-
ceptor debris. (C) OCT cross-sectional image confirming a reduction of ONL thickness, though laminar
organization (enlarged image) was not as clearly delineated as in wild-type mice. GC/IPL, ganglion
cell/inner plexiform layer OLM, outer limiting membrane; RPE/CC, RPE/choriocapillary complex.

However, cross-sectional images revealed a reduction of ONL
size, resulting in decreased total central retinal thickness of
193 * 2 pm, which is more than the expected roughly 10%
reduction with age and would be consistent with the observed
AF.?? Laminar organization in RpeG5 ”~ mice was not as
clearly delineated, perhaps because of a generalized reaction to
the ongoing photoreceptor loss. Indeed, it has been shown
that the genetic response in Rpe65 7~ mice includes modified
expression of cytoskeletal elements and components of the
extracellular matrix.** Such a global response might reasonably
affect the optical characteristics of the retinal sublayers.

rdl

The autosomal recessive retinal degeneration in the rd ! mouse
is caused by a loss-of-function mutation in the gene encoding
the B subunit of the rod cGMP phosphodiesterase 6 (PDEGR).>?
Numerous mutations in the catalytic domain of the human
homolog, PDEGS, have been found in human patients with
autosomal recessive retinitis pigmentosa (arRP).*>>*® Hence,
the rdl mouse and other mouse strains harboring PDEGS
mutant alleles are considered relevant animal models of retini-
tis pigmentosa.

First signs of rod photoreceptors cell loss in rdl mice
become evident at approximately, P10 when looking at TUNEL
stainings, whereas ONL reduction become evident at age P12
and P13 and most rod photoreceptor nuclei have disappeared
by P21.37-3® En face imaging in rd 1 mice at P11 failed to detect
signs of retinal degeneration. In contrast, rdl mice at P28
revealed significant retinal degeneration both in the ¢SLO and
SD-OCT imaging (Fig. 5). Cross-sectional images showed an
intact inner retina, whereas the inner nuclear layer (INL)
seemed to border the RPE almost directly with the OPL/ONL
and photoreceptor segments virtually nonexistent. Although
central retinal thickness in rd 1 at P28 showed a marked reduc-
tion to only 145 * 5 um, rdl mice at P11 featured a central
retinal thickness at 246 = 2 pum. The rapid progression of
retinal degeneration in the »d 1 model has been analyzed before
using a custom-made SD-OCT device.’? This study adds to the

published data by presenting the onset of retinal degeneration
in this model and resolving the retinal architecture before
photoreceptor cell death (P11).

SD-OCT versus Histology

Direct comparison of inner and outer retinal thickness assessed
either by SD-OCT or histomorphometric analysis revealed ex-
cellent correlation (Figs. 6A-D). Consistent with existing data
based largely on histologic assessment,'>*"*7 $D-OCT data
revealed a significant reduction of the outer retinal thickness in
Rbo ™", RPEG5 ", and BALB/c mice compared with C57/BI6
animals (Fig. 6A). Similarly, timeline analysis of C3H wild-type
versus C3H rdl/rd1 mice at P11 and P28 showed significant
changes only in the rd1 mice at P28 (Fig. 6B). Traditional
histomorphometric assessment mirrored the findings gained by
SD-OCT data analysis (Fig. 6C), and direct comparison between
the two data sets revealed excellent correlation coefficients for
the whole retinal thickness (R* = 0.897) and outer retinal
thickness, respectively (R* = 0.978). When analyzing the two
data sets stemming from different protocols for histology sep-
arately (data not shown), the protocol using overnight fixation
(Rbo™”~, RPEG5™"~, BALB/c, and C57/BI6) featured the lower
correlation coefficient (#* = 0.802) compared with the proto-
col using direct embedding, freezing, and sectioning (C3H
wild-type and C3H rd1/rd1 mice at P11 and P28 [* = 0.954]).
This could arguably be attributed to differential shrinkage dur-
ing processing for histology, and it highlights the benefit of
noninvasive assessment of retinal thickness by SD-OCT.

DiscussioN

OCT has emerged as a valuable tool to analyze and monitor
structural changes in the retina. Although noninvasive in char-
acter, the resolution of cross-sectional images obtained by
third-generation OCT begins to approach the level of low-
power micrographs gained from light microscopy. This allows
for detailed in vivo structural analysis of retinal disorders and
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Ficure 5. En face and SD-OCT imaging in rd 1 and corresponding wild-type control mice at P11 and P28. At P11, no signs of retinal degeneration
were evident in (A, D) ¢SLO or (B, E) SD-OCT imaging. (C, F) Histology confirmed normal ONL thickness. In contrast, rd ! mice at P28 revealed
significant retinal degeneration (G). This pattern was also evident in the SD-OCT cross-sectional images (H) and corresponding histology (I), where
inner retinal layers appeared intact, whereas the INL seemed to border the RPE almost directly. OPL/ONL and photoreceptor segments were
virtually nonexistent. (J-L) Wild-type controls at P28 showed no signs of retinal degeneration. Scale bars, 100 pwm.

bears importance for a refined genotype/phenotype correla-
tion in a clinical setting and for noninvasive longitudinal stud-
ies on animal models that mimic respective disease character-
istics. Indeed, wvarious prototype OCT setups have been
reported to allow noninvasive, high-resolution imaging of ro-
dent retina.®” Srinivasan et al.” used a custom build OCT setup
to scan a normal C57/BI6 mouse and to analyze the retinal
thickness in a virtual cross-section obtained from a Long-Evans
rat. Ruggeri et al.° demonstrated noninvasive retinal imaging
(e.g., in a2 mouse model of retinal degeneration, Rho™" ") using
an experimental OCT system. Both studies compare single
virtual cross-sections with conventional histology without
quantification, whereas others have used custom OCT systems
to monitor the dynamic changes of natural disease progression
in respective animal models.>*® Yet the potential to evaluate
therapeutic or adverse effects of experimental interventions in
time-course experiments might prove to be even more impor-
tant. Consequently, comparability between individual preclin-
ical studies and preferably also between the preclinical and
clinical setting will be of eminent importance. This is a chal-
lenge that is best addressed using commercially available
equipment already approved for clinical use. In this study, we
present data from frequently used wild-type mice and models
of hereditary retinal degeneration using a commercially avail-
able third-generation OCT device approved for clinical diag-
nostic use.

The identity of signal composition in linear A- and two-
dimensional B-scans acquired by OCT imaging has been subject
to debate. However, it is generally thought!**%® that—from
vitreous to sclera—the first thin dark band resembles the nerve
fiber layer followed by the lighter ganglion cell layer. The
consecutive thick band of higher intensity illustrates the inner
plexiform layer (IPL), approximated by a light band, the INL.
The OPL appears as a thin stripe with signal intensity compa-
rable to that of the IPL. The outer retina is composed of a thick
light band, and ONL signal intensity is similar to that of INL.
Apparently, both nuclear layers share the low signal intensity
because they scatter or reflect light to a lesser extent than do
both plexiform layers, which appear much darker. Located just
distal to the ONL is the ELM, which is formed by adherence
junctions between apical villi of Miiller glia cells and distal
photoreceptor cell bodies. Photoreceptor inner segments ap-
pear with the same signal intensity as the cell bodies, whereas
the I/0S generates a strong signal possibly because of the high

mitochondrial content in the ellipsoid region of the outer
segment.*® The photoreceptor outer segments are visible be-
tween the I/OS border and the equally strong signal of the
RPE/choriocapillary complex. In pigmented retinas, choroidal
structures cannot be reliably detected because light is almost
completely scattered or reflected as it travels through the more
proximal layers. In nonpigmented retinas, the signal composi-
tion is considerably different distal of the ELM (Fig. 2), which
argues for scatter/reflection attributed to melanin granules as
playing the main part in this phenomenon.

Earlier work exploring the correlation between OCT and
histology in mice was performed primarily with second-gener-
ation, time-domain® or custom-made, high-resolution OCT de-
vices’ and reported a substantial overestimation of retinal
thickness by OCT.? In this study we used a commercially
available SD-OCT device and obtained high overall correlation
of total retinal thickness (R* = 0.897) with only minor over-
estimation (2.5%) of retinal thickness by OCT. Interestingly,
correlation of outer retinal thickness representing the photo-
receptor cell layer separately showed an even higher Pearson’s
correlation coefficient (R* = 0.978, Fig. 6D). Overall, the
results obtained in vivo are in good agreement with earlier
studies on the three animal models for retinal degenera-
tion.ls"il‘.'i'}

Although conventional histology features higher resolution,
OCT delivers the advantage of producing morphologic data
undistorted by handling, fixating, and staining procedures
while being coregistered with en face topologic information.
The latter aspect is particularly useful when assessing retinal
degeneration types that do not show a uniform progression in
the entire retina. OCT-based screening may also be useful for
breeding purposes because it enables a noninvasive assessment
of retinal health in mouse strains that are prone to develop
sporadic retinal degeneration.

Analogous to electroretinography, by which the use of
identical hardware in the clinical setting and laboratory has led
to new insights,' the application of a clinically approved OCT
device for animal studies bears the potential to translate in-
sights from bench to bedside in an efficient and timely manner.
Here, we present evidence on the efficacy of a commercially
available SD-OCT in small animal retinal imaging and provide in
vivo structural data on mouse models of retinal degeneration.
This should facilitate further studies on dynamic changes of
retinal structure through the natural course of disease and
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FIGURE 6. Evaluation of inner and outer retinal thickness in wild-type mice and animal models of
hereditary retinal degeneration using either SD-OCT in vivo imaging or conventional morphometric
assessment by histology. (A-C) Bar graphs indicate inner (dark) and outer (/ight) retinal thickness. (A)
Note statistically significant reduction of outer but not inner retinal thickness in BALB/c, Rbo™~ and
RPEG5™"~ compared with C57/BL6 mice. (B) There is no statistical significant difference between rd 1 and
wild-type mice at P11. Although outer retina remained unchanged in the wild-type mice at P28, there is
complete loss of outer retina in the age-matched rd I mice. (C) Conventional morphometric assessment of
retinal thickness in histologic sections with similar changes as reported by SD-OCT (A, B). Significance was
calculated using Student’s t-test. ns, not significant (P = 0.01); *P = 0.01; **P = 0.001; ** P = 0.0001. (D)
Scatter plot shows the correlation of histologic versus OCT data on total (dots) and outer (error bars only)
retinal thickness from C57/BL6, BALB/c, Rbo™~, RPEG5 ", rd 1wt P11, rd1 P11, rdl-wt P28, and rd1
P28 mice. Pearson’s correlation coefficients (+%) are displayed for total retinal thickness (¢ = 0.975x) and

outer retinal thickness (y = 1.018x) separately. All data are reported as mean * SD (error bars).

should help to monitor putative therapeutic effects of novel
interventional strategies.
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V. DISCUSSION AND FUTURE PROSPECTS

Animal studies in retinal degenerations are important to gain a deeper understanding
of the pathophysiology of the corresponding human diseases and the development of
treatment strategies. In inherited forms, mouse models are particularly valuable due
to the opportunity to knock out respective causative genes (Takahashi et al. 1994,
Kim et al. 2008). Over the past decade, many such knock out mice have been
generated to study a variety of retinal degenerative diseases (Chang et al. 2002, Wu
et al. 2004), and several more are being developed. They have also proven to be
useful in the assessment of treatment options such as gene and stem cell therapy.
Consequently, the number of studies on disease progression and therapeutical
approaches is rising.

However, it has been difficult to analyze and quantify retinal morphology and
anatomy of the rodent retina without sacrificing the animal for conventional histology.
In most cases, cross-sectional studies are performed to elucidate biological features,
i.e. they are based on data from animal models sacrificed at different time points.
This has the disadvantage that there is no information about intermediate periods,
and that the animals used at one time point may systematically differ from that at
another (e.g. due to breeding, food quality and intake, seasonal issues, number of
siblings, temperature, light (cage position)). Because biological processes are subject
to permanent modifications and alterations, the possibility of dynamic and systematic
studies would promote a more comprehensive picture of the process. The key issue
is that changes in retinal morphology could so far not be followed noninvasively
during the course of degeneration in an individual animal; therefore, each animal
contributed to just one single time point, and all other information about the actual
disease progression in this individual was lost. It is well known that such cross-
sectional studies are statistically inferior to longitudinal studies because of the higher
impact of interindividual variability. Consequently, larger numbers of animals must be
sacrificed during the evaluation of disease progression to obtain statistically
significant experimental results (Li et al. 2001).

Numerous efforts of in vivo imaging in animals, particularly in rodents, have been
made, but the visualization of the rodent retina has been challenging due to the small
pupil size, short focal length, and thin retina (Srinivasan et al. 2006). Recently, the

OCT has also been introduced as a new tool for the in vivo analysis of rodent eyes
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(Ruggeri et al. 2007, Ko et al. 2004, Kim et al. 2006). Because previous commercially
available first and second generation OCT devices based on time-domain technology
lacked sufficient image quality to asses retinal morphology in small animals (Horio et
al. 2001, Li et al. 2001), several prototype devices were built (Anger et al. 2004, Kim
et al. 2008, Ruggeri et al. 2007). These custom-made OCT setups were specifically
adapted for each respective animal visual system, but have not been made in
sufficiently large numbers to have an impact on the scientific community. A further,
unresolved issue is that morphometric results generated with different OCT setups
varied significantly in dimensions. Only recently, third generation OCT devices
providing major scanning speed and depth-resolution advantages compared to time-
domain devices became commercially available (Wolf-Schnurrbusch et al. 2008).

In this study, a commercially available third generation OCT device (Spectralis
HRA+OCT® Heidelberg Engineering, Heidelberg, Germany) was adapted to the
optical properties of the murine eye. Compared to first and second generation
devices, it provides improved performance with regard to parameters like scanning
speed and depth resolution, the latter being crucial for the use in rodent eyes. As
Podoleanu (1997, 1998) already mentioned, the combination of SLO and OCT offers
the possibility to combine en face and cross-sectional images to add complementary
information. It is however also important to be able to locate sites of interest for a
more detailed inspection with OCT, in particular in the presence of solitary lesions, as
shown in the first included manuscript (Fischer et al. 2009), where nature and extent
of such solitary lesions were examined.

In this work, the substantial methodological challenges of in vivo imaging in rodent
eyes have been overcome without internal modification of the commercial setup by
mounting a commercially available ophthalmologic standard Volk 78 dpt.
ophthalmoscopic lens directly in front of the camera unit. This simplifies the optical
design, reduces aberrations and provides a reasonably wide field of view for OCT
scanning.

Poor optical media due to cataract, corneal scarring, or vitreous opacities are the
main limitations encountered in in vivo imaging in rodents. Corneal transparency is
one of the keys for high-quality OCT images. To avoid media opacities under
anesthesia, a plastic contact lens was fixed onto the cornea by a drop of
methylcellulose 2% to prevent the cornea from drying out.

To prevent image artifacts during OCT recording due to body movements (e.g.

caused by breathing), an image alignment software (TruTrack™) was used that
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continuously monitors the position of image landmarks like vessels and the optic disc
and accordingly corrects the position of the area used for averaging.

Very important for the scientific community is the consistency of results between
different studies. The use of commercially available equipment to perform imaging in
small animals bears the possibility to enhance the worldwide comparability of results,
and generates reliable and reproducible results that compare well to histological
cross-sections. In terms of availability, reproducibility, familiarization and
standardization, commercial setups are therefore superior to custom-made ones and
particularly valuable for the future spread of this technique.

OCT imaging has also important functional advantages over conventional imaging
techniques and standard histology. Ultrahigh resolution time-domain OCT systems
provide unique information about ocular structures in vivo, which, like edema
formation, were previously not even accessible by means of histology (Fischer et al.
2009). Because OCT is noninvasive, the same specimen can be monitored over a
prolonged period to observe changes in morphology in the same animal, which
allows to follow up the degenerative changes or therapeutical approaches over time.
Similar to ultrahigh-resolution imaging in the human retina, imaging in the murine
retina enables visualization of major intraretinal layers (Drexler et al. 2003, Ko et al.
2004). However, the data arising from a novel imaging technology also create the
need for a proper interpretation. The OCT is no exception in this respect, and the
lack of an appropriate gold standard makes this task not easier. In contrast to
histology, the optical path in OCT is from top to bottom of the image, which leads to
windowing effects (i.e. structures behind strongly reflective ones are less well visible),
and potential distortion due to variations in optical properties from layer to layer.
However, a comparison with histological images taken of the same identical eye has
shown that these potential problems apparently do not play a major role in the
interpretation of OCT images of the murine retina. An exception is the distal outer
retina, where the classification of reflecting bands is still challenging.

It is important to note that OCT is capable to resolve reflectance changes induced by
tissue optical scattering properties and refractive index discontinuities, but it cannot
distinguish between tissues of similar optical properties (Srinivasan et al. 2006). By
comparison, histology visualizes tissues by light absorbance according to specific
staining properties (Toth et al. 1997). Although OCT does not yet allow a resolution
of the retina at a cellular level, it is possible to track morphologic alterations in retinal

diseases in vivo, like the site of edema in light damage models (Fischer et al. 2009).
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Whereas the reflectivity profiles of the proximal part of the retina, ranging from the
internal limiting membrane to the junction of the inner and outer segments of the
photoreceptor layer, are widely congruent with histology (Anger et al. 2004,
Gloesmann et al. 2003), the origin of signals arising from the distal part of the outer
retina, including the retinal pigment epithelium (RPE), Bruch's membrane,
choriocapillaris, and the choroidal complex, has been subject to debate. Recently,
the current opinion about the cellular basis of these reflectivity profiles has been
summarized (Huber et al. in press).

Anger (2004) pointed out that a quantitative comparison of OCT images to histology
may be difficult because of histologic processing artifacts, such as nonlinear tissue
shrinkage, depending on the applied fixation protocols. Since OCT is an in vivo
technique, it reflects tissue dimensions under live conditions. The morphologic data
generated by OCT therefore is not influenced by changes in tissue structure
associated with handling, fixating and staining procedures.

In contrast to former studies (Horio et al. 2001, Li et al. 2001, Kim et al. 2008) it could
be shown in the present work that the overall retinal thickness was only marginally
overestimated compared to histology (Huber et al. in press). Besides, no significant
differences in layer thickness were detectable between the two methods (Fischer et
al. 2009). Retinal detachments are also difficult to assess with histological means, as
their extent may be altered by tissue processing, and sometimes they even form
postmortem. In contrast, OCT scans provide a more realistic estimate of their
structure and dimensions. The visualization of retinal detachments is extremely
important not only for the assessment of structural alterations associated with
diseases, but also for evaluation and follow-up of subretinal surgical procedures. The
evaluation of the success of subretinal manipulations and the injection of therapeutic
and/or experimental reagents like in gene therapy is thus an important field of
application of the OCT.

The OCT has opened new avenues for visualizing and recording over time dynamic
changes in genetic, developmental and disease mechanisms that cannot be captured
by conventional light microscopy (Farkas and Becker 2001). A practical advantage is
that OCT scanning and image acquisition is very fast and relatively inexpensive, and
results can be obtained easily from a large number of animals within a period
comparing very favorably to lengthy histological procedures.

Given the variety of new gene and pharmacologic therapies that may cure or retard

the progression of retinal degenerations (Ali et al. 1997, Benett et al. 1996, Lewin et
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al. 1998, LaVvalil et al. 1998, Hauswirth and Timmers 2000), the ability to observe a
therapeutic regimen through its entire course in individual rodent models greatly
enhances the reliability and speed of testing, and would help to reduce the number of
experimental animals needed. In analogy to electroretinography (ERG), where
translational research using identical hardware in clinical and experimental settings
resulted in adaptation of standard ERG protocols (Marmor and Zrenner 1993) and
new insights in ERG signal composition (Seeliger et al. 2001), one might expect a
similar impact of SD-OCT as it is readily available in patient care. In addition, the use
of identical systems allows a direct comparison of retinal images acquired in a mouse
model of a specific ocular disease or condition with images obtained clinically in
human subjects (Kocaoglu et al. 2007). Furthermore, OCT images are in digital form
and therefore are inherently quantifiable for statistical analysis. Finally, standard-
ERG analysis and OCT imaging can be performed sequentially in the same animal,
thus allowing essentially simultaneous documentation of retinal function and structure
in the same living animal.

The growing number of newly established mouse models which feature genetically
based retinal degeneration (Frederick et al. 2000, Petersen-Jones 1998) has
increased the need for informative and efficient animal experiments. There is an urge
for a rapid, noninvasive analysis of retinal degeneration in mouse eyes, for that the
number of animal needed for experiments is not getting out of hand.

For the scientific community, there are different reasons to replace animal testing
whenever and wherever possible. Animal welfare is an important consideration that is
strongly backed by scientific, economic, logistical, ethical, legal and political
pressures. Similarly compelling is the development of better, scientifically more
advanced methods for a subsequent use in humans. In addition, alternative methods
in general tend to be less expensive to perform, and, more important, to have a
higher rate of test item throughput. A most satisfying aspect is that both humans and
animals are expected to benefit from this work (Balls 2002).

A convenient and standardized way to objectively assess animal pain and distress is
difficult to establish. This assessment is rather based on subjective clinical signs of
abnormal behaviour and appearance. Because proper evaluation of pain relies
largely on the ability to understand the behaviour and needs (Fraser and Broom
1990) of each species of laboratory animals, it is most suitable for investigators to
assume that a procedure which inflicts pain and distress in humans will inflict at least

as much pain and distress in animals unless there is evidence to the contrary
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(Goldberg et al. 1996).

Russel and Burch (1959) published their considerations concerning the humane
treatment of laboratory animals half a century ago. The development of various
genetically modified strains more than ever emphasizes the need for alternative
methods in animal experimentation. Focusing on the three R's, recently developed
noninvasive imaging methods contribute not only to replacement and refinement but
also have the power to reduce the absolute number of animals needed due to the
possibility of follow-up studies on almost arbitrary time points in the very same
individual. Furthermore, the successful application of a commercially available tool
renders the possibility to achieve worldwide standardization and assignability of both
technical features as well as standardized examination protocols. This will increase
the degree of acceptance and the number of diversified applications due to benefits
for researchers in charge. Standardized examination protocols and features facilitate
a replacement of check-up studies due to establishment of norm values of frequently
used control animals at various ages. A lower number of animals implies not only
fewer costs, but, even more important when it comes to thinking about animal
welfare, should be the possibility to visualize the condition of each eye of every single
animal at every chosen time point. Thus, OCT has the potential to reduce distress
and pain in laboratory animals because morphological changes caused by retinal
degeneration or adverse effects of therapeutical approaches are visible within time,
which enables a gentle withdrawal of experiments at an early stage.

In the last two decades, technical advances and new experimental animal models
gave privileged insight into specific aspects of retinal morphology. Moreover, the
unique features of OCT will enable a broad range of new research and clinical
applications in the future that will not only complement existing imaging technologies
available today, but also will reveal new and previously invisible morphological,
dynamic and functional changes in the retina (Drexler and Fujimoto 2008).

It is well known that changes in blood flow and vascularization are early precursors of
important diseases such as diabetes (Leitgeb 2007). In analogy to ultrasound, a
logical step is to retrieve blood flow information from the additional Doppler shifts
induced by moving blood in the retinal vasculature (Yazdanfar et al. 2003).

New dimensions have been added, like measuring tissue oxygenation based on
spectroscopy (Faber et al. 2004), or observing physiological responses within the
retina (Bizheba et al. 2006). Furthermore, polarization-sensitive OCT uses the

birefringent characteristics of the retinal nerve fiber layer and the RPE to better
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assess their thickness (Cense et al. 2002, Pircher et al. 2004). Other functionalities
will become available if shown to be useful. Very promising are the developments in
contrast-enhanced molecular optical imaging, for example with the use of contrast
agents targeted at specific tissue or cell structures. Functional OCT promises not
only to improve image contrast, but also to enable the differentiation and early
detection of pathologies by using integrated structural and functional imaging. These
technological advances suggest that OCT will ultimately provide visualization of
tissue morphology at a cellular level, thus enabling optical biopsies while imaging
metabolic and physiological processes, in one single volumetric OCT measurement
(Drexler and Fujimoto 2008).

Despite the fact that many of the functional OCT options mentioned above show
great potential, it is unlikely that one machine will be able to provide all these
modalities. Besides, interpretation of the results of these new implementations will
require extensive experience.

In conclusion, as OCT devices become more and more elaborated, one may expect
a diversification of capabilities and techniques such as Doppler flow, polarization-
sensitive OCT, or depth-resolved functional imaging promising to integrate structural
and functional information into a single measurement. OCT thus holds the promise

for continuing advances in fundamental research and improvements in clinical care.
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VI. SUMMARY

Noninvasive assessment of retinal morphology in mice using

optical coherence tomography

In comparison to other organs, the eye is ideally suited for examination with imaging
techniques because ocular media are essentially transparent. They transmit light with
only minimal optical attenuation and scattering and provide excellent optical access
to the retina.

Animal models are indispensable tools for understanding the cellular and molecular
events associated with human retinal degenerative diseases. This is because
functional and histological data of human patients are mostly available from
advanced cases, and due to the slow progression of degenerative processes, it is
rarely possible to do follow-up studies within a reasonable amount of time and
trustworthy results.

As most inherited retinal degenerations are monogenic, the majority of studies
focuses on genetically modified mice replicating the human disorder. It is anticipated
that the already substantial number of studies on the rodent visual system will further
grow with the rapid developments of novel genetic, biomedical, and physiological
tools. Since there is, up to now, no curative treatment for these potentially blinding
diseases, research on animal models is the basis for the understanding of the
underlying pathophysiology and the development and assessment of therapeutical
strategies.

Until today, the gold standard for analyzing the structural component of retinal
pathophysiology including the assessment of disease progression and the evaluation
of therapeutical approaches is histological examination. As a result, large numbers of
animals must be sacrificed to obtain statistically significant experimental results for
each time point included.

In this work, optical coherence tomography (OCT) was implemented to obtain
histology-like images of retinal structure in live mice. For the first time, a commercially
available high-resolution third generation OCT designed for use in human patients
(Spectralis HRA+OCT®, Heidelberg Engineering, Heidelberg, Germany) was adapted
for in vivo imaging in rodents. The associated methodological challenges have been

overcome without the need for an internal modification of the commercial setup.
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The successful application of a commercially available tool renders the possibility to
achieve international standardization and assignability of both technical features as
well as examination protocols. Such standards will also remove the need for
individual studies to establish norm values in frequently used control strains at
various ages. The expected replacement of conventional histological sections and
the potential to conduct follow-up studies will almost certainly lead to a significant
reduction of animals needed. In individual experimental animals, OCT further has the
potential to reduce distress and pain because morphological changes caused by
retinal degeneration or adverse effects of therapeutical approaches become visible
as early as they occur, which enables a termination of experiments at that stage
(refinement). Taken together, it is expected that these benefits of the OCT will help to
increase the acceptance of the inevitable animal experiments in retinal degeneration

research in the future.
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VII. ZUSAMMENFASSUNG

Nicht-invasive Beurteilung der Netzhautmorphologie bei Mausen

mittels optischer Kohdrenztomographie

Das Auge eignet sich im Gegensatz zu anderen Organen aufgrund der
Lichtdurchlassigkeit optischer Medien besonders gut fur die Untersuchung mit
bildgebenden Verfahren.

Fur die effektive Aufklarung der pathophysiologischen Grundlagen und der
Bewertung von Therapieverfahren fur menschliche erbliche Netzhautdegenerationen
ist die Forschung an Tiermodellen Grundvoraussetzung. Funktionelle und
histologische Daten beim Menschen liegen meist nur von fortgeschrittenen
Krankheitsstadien vor. Auch Verlaufsuntersuchungen sind durch den langsamen
Degenerationsprozess in uberschaubaren Zeitraumen nicht oder nur unzuverlassig
maoglich.

Die steigende Zahl bekannter Gene und die breite Etablierung der Techniken zur
Generierung von Mausmodellen fihren zu einer stetig steigenden Anzahl von
Mausmutanten, was wiederum zu einem konstanten Anstieg der Forschungsprojekte
fuhrt.

Als derzeitiger Goldstandard der Analyse retinaler Pathophysiologien allgemein als
auch uber Zeitverlauf von Degeneration und Effekten von Therapiestrategien im
Besonderen gilt die histologische Untersuchung. Zu jedem Untersuchungszeitpunkt
muss hierfur eine bestimmte Anzahl an Tieren euthanasiert werden, um statistisch
aussagekraftige Daten zu erhalten.

Im Rahmen dieser Arbeit wurde nun erstmalig ein kommerziell verfugbares
Basisgerat aus der Humandiagnostik (Spectralis HRA+OCT®, Heidelberg
Engineering, Heidelberg, Deutschland) zur in vivo Darstellung der Retina bei Mausen
eingesetzt. Die erfolgreiche Adaption des Humangerates an die optischen
Eigenschaften des Mausauges konnte ohne Eingriffe in das Setup durchgefuhrt
werden. Der hochauflosende optische Koharenztomograph liefert dem Untersucher
routinemanig Bilder der Netzhaut in bisher nicht erreichter Qualitat.

Die erfolgreiche Adaption eines kommerziell verfigbaren Gerates ermdglicht eine
weltweite  Standardisierung der Untersuchungsprotokolle und damit eine
Ubertragbarkeit der Daten. Durch die Erstellung mauslinienspezifischer Normwerte
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kann das OCT zum replacement durch den Ersatz von Kontrolluntersuchungen
beitragen. Die histologiedquivalente  Auflosung retinaler  Strukturen und
Verlaufsuntersuchungen an ein und demselben Individuum ermoglichen eine
Reduktion (reduction) der Tierzahlen durch den Ersatz konventioneller Histologie.
Des Weiteren ermoglicht das OCT ein zeithnahes Erkennen belastender
pathologischer Verdnderungen und eventueller Nebenwirkungen bei der
Therapieentwicklung, so dass durch fruhzeitigen Versuchsabbruch eine potentielle
Verminderung der Belastung (refinement) der Versuchstiere gegeben ist.

Diese Vorteile der in vivo Darstellung retinaler Strukturen lassen auf eine hohe

Akzeptanz und eine breite Anwendung des OCTs in der Zukunft hoffen.
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