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Abstract

While genetic and environmental factors have been shown to control visually-guided eye growth
and influence myopia development, investigations into the intersection of these two factors in
controlling refractive development have been limited by the lack of a genetically modifiable
animal model. Technological advances have now made it possible to assess refractive state and
ocular biometry in the small mouse eye and therefore to exploit the many genetic mouse mutants
to investigate mechanisms of visually-guided eye growth. This review considers the benefits and
challenges of studying refractive development in mice, compares the results of refractive error and
ocular biometry from wild-type strains and genetic models in normal laboratory visual
environments or with disrupted visual input, and discusses some of the remaining challenges in
interpreting data from the mouse to validate and standardize methods between labs.
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During normal refractive development, ocular growth is regulated such that the optical
power matches the axial length of the eye so that a focused image falls on the retina, a state
referred to as emmetropia. In animals the eye length does not match the optical power at
birth, being either too short (hyperopia) or too long [myopia; see (Wallman and Winawer,
2004) for review]. The eye grows to match the optical power over the course of weeks,
months, or years, depending on the species. Observations in humans and other animals have
shown that this is an active process that requires visual input. For unknown reasons,
abnormal refractive errors most commonly result in myopia and the prevalence of myopia is
increasing and reaching alarming proportions in many developed societies. In the US, the
prevalence of myopia increased from 25 to 41.6% between 1972 and 2004 (Vitale et al.,
2009). In Asian countries, myopia has been reported as high as 88% (Edwards and Lam,
2004, Lam et al., 2004) or even 96% (Jung et al., 2012). A first step in understanding the
increasing prevalence is to deduce the mechanisms controlling refractive development and
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eye growth. Many elegant studies in animals and humans have demonstrated that both genes
and environment influence these processes. However, the exact mechanisms remain
unknown. In this review, we examine the potential of the mouse to inform and advance our
understanding of the mechanisms controlling refractive development. The mouse has been
unparalleled as a vertebrate experimental model to probe and manipulate genes in disease
and development. Here we examine the potential benefits of the mouse for refractive
development research, the development of special techniques and methods to evaluate
refractive errors and ocular biometry in the small mouse eye, current findings that have been
reported, how these results compare to those from other animals, and challenges in
interpreting data from mouse models.

1. Insights into refractive development from animal models

Experiments in animals over the last 35 years have provided important insights into the
mechanisms that control refractive development. Several reviews have described
emmetropization and potential mechanisms of eye growth (Charman, 2011, Saw et al., 2000,
Siegwart and Norton, 2011, Stone and Khurana, 2010, Wallman and Winawer, 2004). While
efforts to understand refractive development have been reported over the last century
[reviewed in (Young, 1967)] and some clues were present that visual input might influence
post-natal eye growth (Chiu et al., 1975), the finding that unilateral suturing of the eye lids
in neonatal primates induced myopia (Wiesel and Raviola, 1977) broadened the interest in
studying the biological mechanisms of normal refractive development and ametropias. The
relatively translucent neonatal lid blocked form vision, but allowed light into the eye. These
experiments have been replicated with form depriving diffuser goggles to induce myopia in
primates (Troilo and Judge, 1993, Wiesel and Raviola, 1977), chickens (Wallman et al.,
1978), tree shrews (Sherman et al., 1977), guinea pigs (McFadden et al., 2004), fish (Shen et
al., 2005), and mice (Schaeffel et al., 2004). Additionally, defocusing the eye’s image with
plus or minus lenses has been shown to induce growth at the proper rate during development
to compensate for the induced error [see (Edwards, 1996) for review]. Based on results from
experiments in which the optic nerve is severed or hemi-diffusers or lenses are applied,
mechanisms controlling refractive development appear to be localized chiefly to the retina
and not strictly controlled by higher order visual centers (Wallman and Winawer, 2004).
Numerous studies have investigated neuromodulators, genes, and other retinal pathways that
may be involved in signaling eye growth (Wallman and Winawer, 2004). It appears that
refractive development is driven by visual input to the retina. While it is unknown how the
retina detects image blur, the choroid thickness can be altered, thereby moving the retinal
plane and providing important clues about the direction of defocus (Nickla and Wallman,
2010). Retinal growth signals may pass through the retinal pigment epithelium (Rymer and
Wildsoet, 2005), and the retinal pigment epithelium may facilitate the delivery of growth
signals to the sclera (Rada et al., 2006).

The mammals that have been used most commonly to study refractive development include
monkeys, cats, tree shrews, marmosets and guinea pigs (Edwards, 1996). The eyes of these
animals all respond more slowly to deprivation or defocus than the chicken, another
commonly studied vertebrate; but the mammalian eyes more closely resemble the human
eye in regards to ocular and retinal structure. The greatest limitation of these mammalian
models is the difficulty of probing specific gene defects that might be influencing eye
growth.

The mouse offers several advantages compared to the other animals in studying refractive
development, as reviewed previously (Schaeffel, 2008a, 2010):

1. The mouse genome can be exploited to probe complex signaling pathways and
retinal circuits.
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2. Both genes and environment can be manipulated in the same animal.

3.  While it lacks a fovea, the mouse retina otherwise resembles the human retina
structurally and has been used to model and develop treatments for several blinding
retinal diseases.

4. The gestational period of the mouse is quite short and the litter sizes are fairly large
which make it an excellent experimental model for primary hypothesis testing.

However, the mouse also has some limitations. The foremost is the very small eye size. This
creates a number of challenges to accurately measure eye size changes and refraction, as
outlined below. The mouse eye has a rudimentary ciliary muscle and is not thought to have
lenticular accommaodation (Tansley, 1965). In addition, the mouse is nocturnal, does not
have a fovea and has poor visual acuity. In fact, the visual resolution of the mouse using
optokinetic tracking is estimated to be 0.4 cycles/degree (c/d) (Prusky et al., 2004); far
below that of a chicken (8.0 ¢/d (Schmid and Wildsoet, 1997), primate (15 c/d) (Regal et al.,
1976) or man (20 c/d). The depth of field of the mouse eye has been reported to >20 dioptres
(D) (Remtulla and Hallett, 1985) and also 5-8 D (de la Cera et al., 2006). Such a large depth
of field also suggests that the mouse eye would not be sensitive to out-of focus images
within this range, but the data below indicate that this is not the case. There is evidence that
the visual sensitivity of the mouse retina is similar to that of the human peripheral retina
(Naarendorp et al., 2010). The development of myopia appears to be slow and of smaller
magnitude in the mouse compared to chicken, but similar to other mammalian models.
Despite these limitations, the mouse eye responds to form deprivation and lens defocus,
indicating it does have emmetropization mechanisms that may be shared with other animals.
In addition, these responses suggest that the quality of the visual image may not be the only
visual parameter driving refractive development.

2. Utilizing mice for myopia studies

2.1 Measuring optical properties

Due to the small size of the mouse eye, measuring refractive error and ocular parameters
requires much precision to achieve biologically meaningful accuracy (Schaeffel, 2008b).
According to the schematic model of the mouse eye developed by Dr. Frank Schaeffel,
5.4-6.5 pm change in axial length is needed for one diopter change in optical power
(Schmucker and Schaeffel, 2004b). In humans and chickens, one diopter change
corresponds to 0.34 or 0.06 mm (Schaeffel and Howland, 1988), respectively - changes that
are easily assessed with generally available methods such as ultrasounography or frozen
sections. However, the mouse eye requires instruments with much greater precision.

The dimensions of the mouse eye have been most successfully measured with low or partial
coherence interferometry which allows high accuracy and, after the initial cost of the
instrument, is relatively inexpensive for on-going use (Schmucker and Schaeffel, 2004a).
The precision of axial length measurements is 21 + 45 pm (Park et al., 2012). This technique
allows for rapid measurements, even in non-anesthetized mice (Park et al., 2012); however,
only the most prominent peak originating at the retinal pigment epithelium/choroidal
interface is consistently visible and not reflections from the other ocular surfaces. Thus, low
coherence interferometry only provides axial length measurements (Table I). Scanning with
low coherence interferometry in two dimensions creates optical coherence tomography
(OCT) and the ability to measure multiple ocular dimensions (corneal thickness, anterior
chamber depth, lens thickness, posterior chamber depth, axial length, and retinal thickness).
Four OCT methods have been applied to eye measurements in mice: 1) Real-time OCT
controlled by a stepper-motor that advances the focal plane through the eye and allows the
dimensions of each ocular parameter to be measured (Zhou et al., 2008b)(Table I). These
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measurements take about 1.3 minutes each and had an average standard deviation of 13 pm
for axial length between consecutive days. 2) A 1310 nm spectral domain OCT (SD-OCT;
Bioptigen, Inc., Morrisville, NC) captures the entire mouse globe quickly in one frame using
a mirror artifact to see both the front and back of the eye overlaid on the same image (Figure
1) (Park et al., 2012). While the 1310nm OCT has less resolution than the typical 940nm
instruments used for detailed examination of the retina, the larger imaging window provides
a clear image of each ocular surface. The 1310 nm OCT had a standard deviation of 10 um
on repeated measurements. These OCT measurements have excellent intra-class correlation
of 0.92 with partial coherence interferometry (Table I) (Park et al., 2012). 3) Recently,
depth-enhanced swept source OCT was developed to capture biometric data from the entire
mouse eye with 512 depth scans in 18.3 seconds (Wang et al., 2011b). This instrument was
reported to have reproducibility of axial length within approximately 16 um. 4)
Alternatively, a single-shot SD-OCT has also been developed to measure ocular parameters
in the mouse eye, capturing over 2000 depth scans in 85 msec (Jiang et al., 2012). This
instrument is reported to have axial resolution of 4.5 pm.

Other instruments used in mice to obtain high resolution ocular dimensions include the laser
micrometer and magnetic resonance imaging (MRI). The laser micrometer has the highest
resolution of 0.7679 pm (Wisard et al., 2010). While this approach closely matches the
values obtained with OCT (Wisard et al., 2011), its disadvantage is that the measurements
are ex vivo and include only external ocular dimensions (axial length, equatorial diameter,
etc). MRI has a resolution of 23.4 pm (Tkatchenko et al., 2009). Similar to the OCT image,
each ocular parameter is clearly visible and measurable. The disadvantages include the high
cost an MRI instrument dedicated to animal research, accessibility of the MRI, the length of
time for each scan (>35 minutes; (Tkatchenko et al., 2010a)) and the cost associated with
scan time.

The refractive error of the mouse eye is generally reported as being hyperopic when
measured retinoscopically (Table I1)(Pardue et al., 2008, Schaeffel et al., 2004). Hyperopia
in small animals is often attributed to the small eye artifact in which the retinoscopic reflex
originates from the inner limiting membrane instead of the outer limiting membrane,
creating the perception of a shorter eye (Glickstein and Millodot, 1970). Studies in rats have
demonstrated that refractive values obtained by retinoscopy are very similar to those found
with the visually evoked potential, suggesting that the retinoscopic reflex is located in the
outer retina (Multti et al., 1997). Furthermore, calculation of refractive error from a paraxial
schematic eye model also could not account for the small eye artifact in the mouse
(Schmucker and Schaeffel, 2004b). Supporting the small eye artifact, measurements of
refractive error using Shack-Hartmann wavefront sensor spots, in which the wavefront
sensor beacon can be focused on different layers of the retina, showed that the refractive
error in the mouse eye was ~22D hyperopic when measured on the inner retina while -7D
myopic when measured from the outer retina and that refractive error was dependent on the
wavelength of light (Geng et al., 2011). Using this technique Geng et al. conclude that “true
refraction” of the mouse eye is actually myopic. Thus, it is not clear if hyperopic refractions
in the mouse reflect the true refractive value of the eye.

While it is possible to measure the refractive state of the murine eye using streak retinoscopy
(Barathi et al., 2008, Qian et al., 2009, Tejedor and de la Villa, 2003)(unpublished data), the
high hyperopic refractions with retinoscopy measurements make seeing the very small
retinoscopic reflex particularly difficult. Thus, most studies have used an automated
eccentric infrared photorefractor to measure the mouse eye that was originally modified for
the murine eye by Dr. Frank Schaeffel (Schaeffel et al., 2004). The standard deviation of
refractive measurements recorded across several animals using the photorefractor is 2.97D
(Schaeffel et al., 2004). By detecting the 15t Purkinje image centered on the pupil, the
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instrument captures refractions at 30Hz. While several investigators have used this
photorefractor to measure refractive errors in the mouse, it is notable that the values are not
uniform across labs (Table I1). Some differences may be attributed to different techniques in
handling the mice such as making recordings with or without anesthesia (Tkatchenko and
Tkatchenko, 2010), although some labs find no differences with anesthesia (Pardue et al.,
2008); and some perform refractions while awake mice are only lightly restrained (Schaeffel
et al., 2004) or completely immobilized on a restraining platform (Tkatchenko et al., 2010b).
Other sources of between-lab differences may include how each system is calibrated with
trial lenses, the brightness settings of the camera, the pupil size or the exact alignment of the
mouse eye with the camera along the optic axis. For instance, if alignment includes the optic
nerve head, the refractions may be more myopic (Schaeffel, 2008a, b). Until the source of
refractive error variability is discovered, it seems wise to use refractive error measurements
to make relative comparisons within experiments while using a single instrument, but not
between two different labs.

2.2 Creating form deprivation or defocus

Fitting the mouse eye with form depriving goggles or defocusing optical lenses provides the
opportunity to manipulate environment/visual experience and explore the outcome under a
myriad of genotypes/genetic paradigms. The small size of the mouse and its rapid growth
make the attachment of goggles or lens during early development a challenge. The first
report of form deprivation in mice used lid suture (Tejedor and de la Villa, 2003). However,
this approach appeared to cause corneal flattening in this and other animal studies (McBrien
and Norton, 1992, Tejedor and de la Villa, 2003, Troilo and Judge, 1993). Other approaches
have included using Velcro rings to attach a form-depriving goggle or defocusing lens to the
fur (Barathi et al., 2008, Faulkner et al., 2007, Qian et al., 2009, Schaeffel et al., 2004) or
attaching the goggle or lens directly to the fur using sutures (Tkatchenko et al., 2010b). For
treatment compliance, these approaches need to include an Elizabethan collar (Faulkner et
al., 2007, Schaeffel et al., 2004), clipping the nails (Tkatchenko et al., 2010b), or wrapping
the paws (Qian et al., 2009) so that the mice do not remove the goggles. Since ocular health
can decline with the use of a glued goggle and Elizabethan collar, a head pedestal was been
adapted to manipulate visual input in mice (Faulkner et al., 2007)(Figure 2). This approach
has been used successfully in tree shrews for over 18 years (Siegwart and Norton, 1994) and
involves attaching a head pedestal to the skull which receives a goggle/lens frame when the
mice are 28 days of age (Faulkner et al., 2007). A small balance bar is placed on the
opposite side of the head to assist in securing the apparatus. While this approach requires a
large investment of time for each mouse, ocular health is much improved in the mice
(Faulkner et al., 2007). The frame can readily hold either a diffuser goggle or a lens in place.

3. Current findings from mouse studies

3.1 Emmetropization in mice

A number of studies have examined the normal refractive development of C57BL/6J mice, a
common pigmented strain used in vision research and for generating transgenic models. In
general, most studies have found that C57BL/6J mice have hyperopic refractive errors
(Table I1) that become relatively more hyperopic until about 5-6 weeks of age when they
stabilize (Pardue et al., 2008, Schaeffel et al., 2004, Schippert et al., 2007, Schmucker and
Schaeffel, 2004b, Wisard et al., 2011, Yu et al., 2011, Zhou et al., 2010a, Zhou et al., 2010b,
Zhou et al., 2008a)(Figure 3A). DBA/2 mice are the only other strain in which refraction has
been studied across age in eyes with normal visual input (see Table I1), but measurements
were often confounded by the development of cataracts at an early age (Schaeffel et al.,
2004). While the refractive values appear to stabilize, axial length and other ocular
dimensions increase continuously with age in most strains [different strains: (Puk et al.,
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2006); C57BL/6J (Chou et al., 2011, Schaeffel et al., 2004, Schippert et al., 2007,
Schmucker and Schaeffel, 2004b, Tkatchenko et al., 2010a, Wisard et al., 2011, Yu et al.,
2011, Zhou et al., 2010a, Zhou et al., 2008a); BALB/c (Barathi et al., 2008)]. These data
suggest that the visual input during the first 6 weeks of age does influence refractive state
and results in a type of visually-driven emmetropia in the mouse strains studied. The
continuing eye growth suggests that non-visually driven eye growth continues throughout
the length of the studies. However, DBA/2J mice are a known exception to these
generalizations because their axial length, lens thickness and anterior chamber depth growth
appear to plateau after 8-12 weeks (Chou et al., 2011). Whether this growth pattern relates to
the pigmentary-type of glaucoma these mice develop at later ages or some other strain
feature is not known. While these trends can be seen in the data reported from the various
labs, the refractive error and ocular parameter values tend to be quite variable (Table I and
I1). Only some of this variability may be attributed to differences in methods and/or
techniques, as described above, and other variance may be due to strain differences.

3.2 Comparisons of mouse strains

The first report of differences in murine eye size compared the eye weight, lens weight and
retinal ganglion cell counts in 50 mouse strains (Zhou and Williams, 1999b). While this
study compared all mice at only one age (all mice were normalized using multiple linear
regression to a female C57BL/6J mouse at postnatal day 75), it clearly indicated that there
are differences in eye size of different mouse strains. This has been further confirmed by
other studies that have compared C57BL/6J with DBA/2J (Chou et al., 2011, Schaeffel et
al., 2004) and several other pigmented (C3H, 129S2/Sv) and albino strains (BALB/c, CD-1)
(Puk et al., 2006). For instance, these studies have found that DBA/2J mice have smaller
anterior chambers (Puk et al., 2006) or larger overall axial lengths (Chou et al., 2011).
However, it should be noted that, in DBA/J2 mice, these anatomical features may be
consequences of the glaucoma syndrome and not indicative of emmetropization mechanisms
in these mice(Howell et al., 2008, Morrison et al., 2011). While these studies have not found
consistent results, it is clear that differences in eye size between strains do exist. While strain
differences may be due to benign genetic differences, some genetic changes result directly in
abnormalities. For instance, DBA/2J mice have a pigment disturbance that leads to
glaucoma (John et al., 1998), and albino mice are known to have abnormal optic track
decussation among other developmental abnormalities (Searle, 1990). Thus, when
comparing different genotypes, it is imperative that both the homozygous mutants and wild-
type mice are on the same background strain to isolate the effects of the gene of interest,
versus other unknown strain effects. Awareness of the genetic effect of the other functions
and structure of the eye is also important in understanding whether growth effects are
secondary to underlying eye disease.

3.3 Alterations in visual environments on murine refractive development

In order to determine if the small mouse eye is an appropriate mammalian model to examine
the influence of visual manipulations, the effects of form deprivation and lens defocus have
been tested. In response to form deprivation using diffusers, C57BL/6J mice developed
relative myopic shifts of 3-6 D after 1 to 6 weeks (Barathi et al., 2008, Pardue et al., 2008,
Qian et al., 2009, Schaeffel et al., 2004, Schmucker and Schaeffel, 2004a) (Table 3). The
response of the mouse eye to diffusers was similar to guinea pigs, which responded with 4-6
D myopic shift in 11 to 14 days (Howlett and McFadden, 2006, Lu et al., 2006). Compared
to tree shrews that developed a 9D myopia shift in 11 days (Siegwart and Norton, 2001), the
myopic response to form deprivation in mice was comparable temporally, but smaller in
magnitude. Compared to primates that developed a 4 D myopic shift in 115 days (Qiao-
Grider et al., 2004), the mouse developed form deprivation much faster but with similar
magnitude. It should be noted at an even larger magnitude myopic shift has been obtained
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when mice are housed under constant light (Tkatchenko et al., 2010b), but it is unclear if
constant light provides a visual environment that permits naturally-driven emmetropization.
Application of -10 or -25D lens defocus induced relative myopic refractions in the mouse. A
-10 D lens fitted over the mouse eye induced a refractive shift of -13 D in 46 days (Barathi
et al., 2008) under a _12:12 hr light:dark cycle and a -25 lens induced 15 D myopic shift in
21 days under constant light (Tkatchenko et al., 2010b). These values compare to 10-14 days
for 3-5D myopic shift with a -4D spectacle lens in guinea pigs (Howlett and McFadden,
2009, Lu et al., 2009), 11 days for 5D myopic shift with -5D spectacle lens in tree shrews
(Siegwart and Norton, 2005), 100 days for a 2-5 D myopic shift with a -3 or -6 D spectacle
lens in primates (Hung et al., 1995). While the temporal susceptibility of the mouse eye to
lens defocus has not yet been reported, these results indicate that the mouse eye responds to
minus lens wear in a similar direction and magnitude as other mammalian models.

Other alterations in visual input included exposing mice to prolonged daily light periods at
12 days of age (Zhou et al., 2010a) or flickering light at 28 days of age (Yu et al., 2011).
Under these conditions, the murine eye became relatively myopic, with a similar effect as
that found with form deprivation (Yu et al., 2011) (Table 3). This is an opposite effect to
what has been found in chickens; constant light induced a hyperopic shift (Li et al., 1995,
Stone et al., 1995) and flicker had no effect on refractive development (Crewther et al.,
2006). In addition, one group found mice to have a greater response to form deprivation or
lens defocus starting at 21 days of age with exposure to constant light (Tkatchenko et al.,
2010b).

While these studies have shown consistent shifts in the mouse model toward more myopic
refractions with form deprivation, lens defocus, prolonged light exposure, or flicker, the
differences in ocular parameters between treatment groups has varied. Based on other
animal models of myopia, it would be expected that myopic refractions would be associated
with longer axial length. While some studies have reported such a correlation in mice
(Barathi et al., 2008, Qian et al., 2009, Tejedor and de la Villa, 2003, Yu et al., 2011, Zhou
etal., 2010a, Zhou et al., 2012), others have found the axial length measurements to be
variable and not so clearly correlated with refractive errors (Schaeffel et al., 2004,
Schmucker and Schaeffel, 2004a) (Table 3). Additionally, even when the expected longer
axial lengths are found with a shift toward myopia in the mouse, the values do not match
that of 5-6 .um change in axial length for each diopter change in refractive error as predicted
by the schematic eye (Schmucker and Schaeffel, 2004b); however, a similar shift has been
reported for refractive error and vitreous chamber depth (Tkatchenko et al., 2010b). The
reasons for these discrepancies are not clear. Results suggest that the mouse may not
respond consistently with axial myopia, as reported in other myopia models. While the
instruments used to measure axial length in mice have high resolution, the margin of error is
still rather large relative to the physiologically pertinent ocular dimensions, with standard
deviation of in vivo measurements ranging from 7 to 100 pm (see Table 1). Another
possibility is that some of the assumptions made in the paraxial model eye are not accurate
for the small mouse eye, such as the curvature or refractive index values for each
component. Due to the small size of the mouse eye, the accuracy of the measurement of
each optical component is critical and even a small inaccuracy could result in a large error in
applying the optical modeling.

3.4 Probing gene defects in murine refractive development

One of the most useful aspects of using murine models is testing refractive development in
strains with specific genetic mutations. Mice with specific genetic features can be used
either to test the involvement of specific genes or to assess complex pharmacological
signaling pathways not readily amenable to other methods. A number of studies have
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indicated changes in eye size due to various mutations that affect normal eye development;
including larger eyes in mice with defects in the genes encoding the early growth response
protein-1 (Egr-1), the mammalian orthologue to ZENK (Schippert et al., 2007);
interphotoreceptor retinoid-binding protein (IRBP; (Wisard et al., 2011) and adenosine Ao
receptor (Zhou et al., 2010b); and smaller eyes in mice missing retinoic acid receptors (Zhou
et al., 2001). Of these studies, some investigated genes that have been independently
implicated in controlling refractive development. For instance, Egr-1 is a transcription factor
that has been implicated in regulating eye growth such that ocular growth is suppressed with
upregulation of Egr-1 and enhanced with downregulation of Egr-1 (Bitzer and Schaeffel,
2002). Thus, the Egr-1-/- mouse was predicted to have relative myopia, as reported
(Schippert et al., 2007). Others models have been more serendipitous discoveries, such as
the influence of IRBP on excessive eye growth in early development (Wisard et al., 2011).
While these studies have not yet identified definitive pathways that control refractive
development, they do suggest that a number of different genes are responsible for normal
eye size development. It is likely that some of these genes will impact visually-driven
emmetropization, while others signal non-visual eye growth. With the increasing numbers of
mice being examined for refractive development, it is likely that many new genes, proteins,
and signaling pathways will be revealed that influence eye growth. The challenges will be to
distinguish genes that are important for visually-driven refractive development versus non-
visually guided eye growth, to properly evaluate the mouse models for eye size changes and
to relate experimental findings to the clinical conditions.

Another advantage of the mouse is probing changes in genes or proteins that potentially alter
refractive development. For instance, quantitative trait loci (QTL) analysis has revealed Eye
1 and Eye 2 as potential gene candidates controlling normal variation in eye size (Zhou and
Williams, 1999a). These studies took advantage of backcrossing two unrelated strains to
screen for genes that control specific traits. Similarly, QTLs for heritability of ocular
component dimensions can be examined using OCT measurements from first generation
progeny (MF1) (Wang et al., 2011b). Additionally, gene expression has been examined
using gene arrays in the Egr-1-/- mouse (Schippert et al., 2009) and after image contrast
changes (Brand et al., 2007). Egr-1, VIP and Shh mRNA and Egr-1 protein levels have been
examined after exposure to different lighting conditions or form deprivation (Brand et al.,
2005). These studies suggest that Egr-1 is upregulated between shifts from dark to light
(Brand et al., 2005) or altered contrast levels (Brand et al., 2007). In contrast, glucagon
expression was not measurably changed in the mouse retina after changes in visual
experience (Mathis and Schaeffel, 2006). Together, these studies further support the
hypothesis that Egr-1 is involved in controlling refractive eye growth. Further studies to
evaluate changes in sclera gene expression have examined mice during postnatal
development (Lim et al., 2012). The expression of specific genes, such as muscarinic
receptors, have been compared between mouse and human eyes (Barathi et al., 2009) and
evaluated after form deprivation with and without atropine treatment (Barathi and
Beuerman, 2011). These studies have confirmed the presence of muscarinic receptors in
both mouse and human sclera and provide evidence that atropine treatment may reduce
myopia progression by regulating gene expression of muscarinic receptors. Probing gene
expression in the mouse sclera in combination with form deprivation has also implicated the
frequency of methylation of cytosine-phosphate-guanine sites in the collagen 1Al promoter
(Zhou et al., 2012). Finally, comparisons of lens proteins in mice exposed to form
deprivation or flickering light indicate reduced alpha-A crystalline levels with flickering
light (Li et al., 2012). Together these studies provide examples of how mice can be used to
investigate genes and proteins in several structures of the eye under normal or visually
disrupted conditions in relationship to refractive development.
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3.5 Altering both genes and visual environment in a mouse model

Perhaps the most promising aspect of the mouse model is the ability to examine the effects
of a specific gene defect on visually-driven refractive development under conditions of
normal and altered visual input — that is, studying potential gene/environment interactions. A
number of studies have now examined separately the effects of a gene defect on normal eye
growth or the effects of visual input manipulations in wild-type (WT) strains, but the
interactions of genes with visual input are only now beginning to be evaluated in mouse
models of refractive development. For example, the nob mouse has a mutation in nyx that
encodes the protein nyctalopin, located on the post-synaptic side of the photoreceptor to ON
bipolar cells synapse (Morgans et al., 2006); this mutation causes a non-functional ON
pathway. Patients with the complete form of congenital stationary night blindness share this
same mutation and have high myopia (Bech-Hansen et al., 2000, Miyake et al., 1986, Pusch
et al., 2000). Under normal laboratory environmental conditions, the loss of nyx causes only
slightly more hyperopic refractions in nob mice compared to WT. However, with form
deprivation, nob mice develop myopic shifts much more rapidly than WT mice (2 weeks
versus 4-6 weeks; Figure 3B)(Pardue et al., 2008). Thus, the absence of ON pathway
function appears to accelerate the susceptibility to myopia from blurred visual input.
Additionally, dopamine and DOPAC levels were significantly decreased in nob mice at 12
weeks of age, potentially implicating endogenous dopamine levels in the increased
susceptibility of form deprivation in nob mice (Pardue et al., 2008). Previously
investigations in chickens with sawtooth illumination to selectively stimulate the ON and
OFF pathways or drugs to block these pathways have reported diminished responses to blur
or defocus (Crewther and Crewther, 2002, Crewther et al., 1996), while pharmacological
inhibition of the ON and OFF pathways revealed potential selective roles for the different
pathways in the response to negative or positive defocus (Crewther and Crewther, 2003).
Further studies are needed to examine how ON and OFF pathways may be affecting eye
growth. Nonetheless, these results demonstrate the potential of mouse studies to examine the
interaction of genes and environment in ways that may impact the understanding of clinical
myopia mechanisms.

4. Challenges of using murine models for eye size studies

While mice are a well-established model in a number of research areas, their use in
refractive development and myopia is just beginning. In the early stage of establishing a
model, methods need to be validated and standardized within and across labs. The preceding
summary raises a number of challenges in using mice to study refractive development. The
first issue is the small eye artifact. There is currently inconsistency between studies on the
refractive value of the mouse eye (Table II) or even if the small eye artifact exists
(Glickstein and Millodot, 1970, Multti et al., 1997, Schmucker and Schaeffel, 2004b). The
tree shrew also has a small eye with hyperopic refractions; and in this model, the small eye
artifact was addressed by subtracting the small eye artifact from the reported refractions
(Gao et al., 2011). Further studies are needed to investigate the refractive state of the mouse
eye using different methods. One approach would be to improve the accuracy of the
schematic eye model. Calculating the schematic eye requires radii of curvature, axial
distance and refractive indices. The current schematic eye models rely on refractive indices
taken from a single publication (Remtulla and Hallett, 1985) in which measurements were
obtained from frozen sections, the Abbe refractometer and an interference microscope.
Values for radii of curvature have been taken from frozen sections which may have
sustained sectioning artifacts or have insufficient resolution, as discussed above for the small
mouse eye (Schmucker and Schaeffel, 2004b). In addition, refractive index measurements
on small mouse ocular structures may not be accurate using these instruments. Schematic
eye calculations would indicate that the refractive index of the mouse lens increases with
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age from 21 to 100 days (Schmucker and Schaeffel, 2004b). In addition, these same
refractive indices are being used with low coherence interferometry and OCT to calculate
the geometrical linear distances from the optical linear distances. Thus, the OCT
measurements may even be affected by inaccuracies in the refractive index values of each
ocular component, especially since the lens occupies a large proportion of the mouse eye.
Some studies have used a single average refractive index value for the entire eye (1.433)
when calculating geometrical distances (Schmucker and Schaeffel, 2004a), while others
have used refractive index values for each optical structure (Zhou et al., 2008a). Comparing
axial length measurements from 1310 nm OCT images of C57BL/6J mouse eyes between 28
and 102 days of age, using these two methods, showed that axial length measurements could
differ by 2-5%, differences that could correspond to 11-30 D of estimated optical power
(Pardue, unpublished data). Further assessments of such details and how they might impact
the relationship of ocular refraction to axial length might reconcile the reported
measurement discrepancies and clarify the potential role of the small eye artifact in the
mouse eye.

Another challenge is the differences in eye size between strains. There are many differences
between mouse strains, including body weight, body temperature, blood pH, temperament,
melatonin levels, etc. (Guo et al., 2012, Ingram and Corfman, 1980, Yilmazer-Hanke, 2008).
Thus, it is not surprising that the different strains would have different ocular parameters
(Zhou and Williams, 1999b). While a comprehensive comparison of mouse refractions has
not been reported, the baseline refractions in Table 11 would suggest that refractions may
vary between strains; a somewhat surprising finding since the requirement for “good” vision
is universal and might predict similar refractive errors across these mostly inbred strains (a
breeding strategy that produces within-strain genetic and phenotypic similarities). Reasons
for reported strain differences could include measurement issues discussed above, as well as
refractive indices of the ocular lens that may not be the same in all strains, the large focal
depth of the mouse eye, which may make a few diopters difference irrelevant to “good”
vision, and the potential that known or unknown gene defects could produce increased
sensitivity to changes in the visual environment. Differences in refractive errors between
strains will need to be assessed carefully to determine if these changes can be attributed to
potential gene defects that cause phenotypical differences, frank ocular disease (DBA/2J
with glaucoma) or modifiers of ocular growth like Eye 1 and Eye 2.

Furthermore, the use of homozygous mutants may produce other phenotypic differences that
influence eye size measurements. For instance, the overall body size of many homozygous
mutant mice is smaller than their wild-type counterparts. A search of the Jackson
Laboratories website revealed 70 mice that had both abnormal body size and either known
retinal degeneration or eye defects. It is well known that human eye size is highly correlated
with height (Wang et al., 20114, Yin et al., 2012) and head dimensions (Larsen, 1979). Body
weight, body length and head width have also been found to predict 50% of the variation in
chicken eye parameters (Prashar et al., 2009). In previous refractive development studies,
normalizing for body size has not been needed when wild-type chickens of the same breed
or monkeys of the same species were used. One recent example of the importance of
considering the relative body size to eye size occurs in the retinopathy, globe enlarged
(RGE) chicken which has overall smaller body size, but eyes that are proportionally larger
compared to wild-type chickens (Ritchey et al., 2012). Thus, reporting raw values between
the wild-type and RGE chickens would leave the impression of a smaller eye in the RGE.
However, when percent change in axial length is compared, the difference in eye size is
significantly larger for RGE chickens (Ritchey et al., 2012). As the evaluation of eye size in
mutant mouse models becomes more frequent, special attention needs to be given to overall
body size and the normalization of values by comparing baseline values or examining
relative differences between strains or eyes.

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pardue et al. Page 11

5. Opportunities for future directions

It is an exciting time in the field of refractive development research. The advances in high
resolution diagnostic instruments are now allowing the use of genetic models in mice to
investigate the mechanisms controlling eye growth. Genes controlling specific receptors,
synapses, neurotransmitters, and cell types in different structures of the eye such as the
retina, RPE, choroid, and sclera can be selectively probed to evaluate their influence in
normal refractive development as well as under altered visual conditions. In addition, retinal
mutations in mice might provide an opportunity to study the link between refractive
abnormalities and retinal disease, such as retinal degenerations (Laties and Stone, 1991,
Sieving and Fishman, 1978), cone-rod dystrophy (Pras et al., 2009, Smith et al., 2007), or
congenital stationary night blindness (Miyake et al., 1986, Pardue et al., 2008). The power
of the mouse lies in probing genetic and environmental interactions that are not accessible in
other species. Evaluating mice with specific deletions of candidate genes that signal eye
growth provides a new level of testing for each candidate gene that has not been available
with other animal models. However, evaluating these genes only under normal laboratory
conditions may miss important interactions between genes and environments. Thus, studies
need to investigate not only form deprivation and lens defocus, but also changes in light,
photoperiod, chemical toxins and other environmental parameters which have also been
implicated as potential modulators of refractive development.
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Figure 1.

Images of the mouse eye taken with a 1310 nm OCT. A) A view of the cornea in “radial”
mode for alignment of the first Purkinje image in the center of the pupil. B) A typical image
of the mouse eye which takes advantage of the “mirror artifact” to superimpose the anterior
and posterior portions of the eye in the same imaging frame. The different ocular structures
are indicated that allow for axial length, corneal thickness, lens thickness, anterior and
posterior chamber depth. Axial length is calculated by adding the caliper distance from the
lens fold to the anterior corneal surface and from the lens fold to the RPE/choroid interface.
C) An “unfolded” image of the mouse created in an imaging program to assist with
visualization of the folded image in B. From (Park et al., 2012), with permission from
Wolters Kluwer Health.
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Figure2.

Sketch of the head-mounted goggle for mouse form deprivation. A head pedestal is attached
directly to the skull which accepts a frame and diffuser goggle that covers the right eye. A
balance bar rests on the opposite side of the head to help secure the fastening cube. A similar
apparatus can be used for applying a spectacle lens. [modified from (Faulkner et al., 2007),

with permission from Elsevier]
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Figure 3.

A) Refractive error values across age in C57BL/6J wild-type (WT) and nob mice. Both
strains became more hyperopic until about 6 weeks of age when C57BL/6J WT mice plateau
and nob mice shifted towards less hyperopia. Nob mice refractions were significantly more
hyperopic than WT mice from 4 to 10 weeks of age (repeated measures ANOVA, p<0.001).
B) With the application of diffuser goggles over the right eye, nob mice developed ~ 5D
myopic shift in 2 weeks compared to the contralateral eye, while C57BL/6J WT mice took 8
weeks to develop a similar magnitude shift. * p<0.001 [Modified from (Pardue et al., 2008),
with permission from Association for Research in Vision and Ophthalmology].
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Table |

Comparison of axial parameters in the mouse eye using different instruments at 1 month or approximately 2
months of age. LCI: Low coherence interferometry

Instrument Age(d) Strain Axial length (um)  Lensthickness (um) Vitreous Reference
Chamber depth
(um)

1 month of age

Histological sections 30 C57BL/6J 3256 +138 (Tejedor and de la

Villa, 2003)
Photomicrograph 28 C57BL/6J 3042 +82 (Qian et al., 2009)
LCI 29 C57BL/6J 3160 +100 (Schmucker and

Schaeffel, 2004a)
LCl 28 C57BL/6) 3190 10 (Schippert et al., 2007)
LCI 30 C57BL/6J 3066 =7 (Wisard et al., 2011)
LCI 28 BALB/cJ 2931 48 (Barathi et al., 2008)
OCT with stepper motor 29 C57BL/6J 3003.3 +44.1 1558.7 £18.0 707.4 £21.4 (Zhou et al., 2008b)
OCT with stepper motor 28 C57BL/6J 2943 +17 1544 +8 697 £7 (Zhou et al., 2010b)
OCT with stepper motor 28 C57BL/6J 2932.4 £45.7 719.6 +41.5 (Zhou et al., 2010a)
Single shot SD-OCT 28 C57BL/6J 2972.39 £33.21 1622.11 £10.72 705.53 +25.06 (Jiang et al., 2012)
A-scan ultrasonography 28 C57BL/6J 2820 +20 (Yuetal., 2011)
MRI 32 C57BL/6J 3100+9 172717 954 +11 gl;gtc)henko etal.,

a

2 months of age

Laser micrometer 60 C57BL/6J 3231 +69 (Wisard et al., 2010)
LCI 58 C57BL/6J 3262 +42 (Park et al., 2012)
1310 nm SD-OCT 58 C57BL/6J 3264 +47 (Park et al., 2012)
Custom OCT 60-90 C57BL/6J 3089 +45 1771 £23 586 +31 (Chou et al., 2011)
Custom OCT 60-90 DBA/2] 3069 +43 1906 +29 606 £37 (Chou et al., 2011)
Swept source OCT 56 MF1 albino 3255 +100 (Wang et al., 2011b)
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Refractive error measurements reported in mice under normal laboratory visual conditions. The photorefractor
is a similar model across all labs (Schaeffel, 2008b).

Strain Age(d) Refractiveerror (D) Instrument Reference

C57BL/6) 27 5.5+1.75 Photorefractor (Schaeffel et al., 2004)
C57BL/6J 28 8.6 +0.05 Photorefractor (Schippert et al., 2007)
C57BL/6J 28 6.38 £0.28 Photorefractor (Pardue et al., 2008)
C57BL/6J 29 —-0.10 +4.42 Photorefractor (Zhou et al., 2008a)
C57BL/6) 32 -0.5+15 Photorefractor (Tkatchenko et al., 2010a)
C57BL/6) 28 0.0+15 Photorefractor (Zhou et al., 2010b)
C57BL/6J 28 -0.68 +4.51 Photorefractor (Zhou et al., 2010a)
C57BL/6J 30 5.94 +1.09 Photorefractor (Wisard et al., 2011)
C57BL/6J 28 1.83 +1.46 Photorefractor (Yuetal., 2011)
C57BL/6J 30 13.68 +2.04 Streak retinoscope  (Tejedor and de la Villa, 2003)
C57BL/6J 28 10.10 £1.97 Streak retinoscope  (Qian et al., 2009)
BALB/c] 28 9.983 +0.161 Streak retinoscope  (Barathi et al., 2008)
DBA/2 27 455 +2.95 Streak retinoscope  (Schaeffel et al., 2004)
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Reported shifts in refraction and axial length with deprivation of form vision. Form deprivation was produced
by a diffuser goggle unless otherwise noted.

Strain Visual disruption Changein Changein Axial  Axial length Reference

refractiveerror length (um) (um )/D

(D)
C57BL/6J  Form deprivation -8.84 79 8.9 (Qian et al., 2009)
C57BL/6J  Form deprivation —2.02" 38 18 (Schmucker and Schaeffel, 2004a)
C57BL/6J  Form deprivation -3.85 NS* (Schaeffel et al., 2004)
C57BL/6J  Form deprivation -6.16 50 8 (Zhou et al., 2012)
C57BL/6J  Form deprivation -8.72 46 5 (Yuetal., 2011)
BALB/c Form deprivation (lid suture) —6.14 229 37 (Barathi et al., 2008)
BALBI/c -10D lens defocus -13.03 367 28 (Barathi et al., 2008)
C57BL/6J  Form deprivation (lid suture) -6.33 252 39 (Tejedor and de la Villa, 2003)
C57BL/6J 2 Hz Flickering light -4.85 24 5 (Yuetal., 2011)
C57BL/6J  Prolonged light =24 63.6 26.5 (Zhou et al., 2010a)

*
Difference between the visually manipulated and control eyes were not significantly different.
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