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SUMMARY

The prevalence of myopia, or ’nearsightedness” is on the rise globally, set to affect about
half of the global population by 2050. A myopic eye is characterized by a mismatch between
the focal point of incoming light and the position of the photosensitive retina, most com-
monly due to excessive axial elongation of the eye (axial myopia). Axial myopia is thought
to be driven by remodeling of the scleral microstructure and altered biomechanics. Certain
types of visual cues drive or protect against myopigenic axial elongation, coupling retinal
signaling to scleral remodeling via a complex “retinoscleral” signaling cascade. However,
the key signaling molecules that may propagate retinal signal(s) through the choroid to the
sclera are largely unknown. All-trans retinoic acid (atRA) has been suggested to be both
capable of trans-choroidal signaling and influencing scleral remodeling of glycosaminogly-
cans, biomechanically relevant extracellular matrix components known to change rapidly
upon presentation of visual cues.

The mouse can be an excellent model organism for causal studies of myopigenesis, yet
its small eye makes confirming axial elongation and scleral changes technically challenging.
The central hypothesis of this work was that visual cues will lead to scleral remodeling
and altered biomechanics comparable to other species. Additionally, we hypothesized that
artificially increasing atRA concentration in the eye leads to a myopic phenotype.

To address these hypotheses, we developed a method to quantify the material properties
of the mouse sclera using compression testing and a poroelastic material model, permit-
ting the first characterizations of mouse scleral compressive/tensile stiffness and hydraulic
permeability. In the mouse model of form-deprivation myopia, we then showed that the
extensibility and permeability of the mouse sclera are greatly increased during myopigene-
sis, even without measurable axial elongation. We then characterized the ocular phenotype
of mice treated with atRA, showing that atRA is myopigenic in the mouse and that scleral

biomechanics are altered in a manner similar to that seen in visually mediated myopigene-

xx1



sis. These results implicate retinoic acid in the myopigenic retinoscleral signaling cascade

and lay the groundwork for future studies of myopigenesis in the mouse.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Myopia

1.1.1 Vision and Refractive Errors

Vision is a complex sensory process, relying on layers of highly networked neurons in the
eye and the brain to process and perceive visual information. To enable high acuity vision,
the eye must first capture well-focused light, a process dependent on the optical geometry
of the eye. When the optics of the eye are tuned such that incoming light is refracted by
the anterior eye to be focused precisely on the photosensitive retina in the posterior eye, the
eye is in a state of emmetropia, i.e. is without refractive error (Figure 1.1a). If the position
of the retina becomes discordant with the optical power, a refractive error is introduced that

degrades visual acuity via a defocus aberration.

(a) (b) (©
Overlap of Refractive Axial
retinal position/focal point Error Elongation
; ////:G
R F
,/Emmetropic \ / MZOP'C \ y,
ye V4
Eye ]r\‘
Light Light () i
l N 3 = \\\v Emmetropic )+
\ ‘ ‘ 4 Eye ) & PN
N Retina _— S /ﬁpic
Sclera Eye

Figure 1.1: Comparison of emmetropia and axial myopia. (a) An emmetropic eye with no refractive
error. Light refracted through the optical components (cornea, lens) is focused precisely on the
retina. (b) An emmetropic eye with a negative or myopic refractive error. Light focuses in front
of the retina and has diverged by the time it reaches the retina. (c) A comparison of a myopic and
emmetropic eye from the same subject. Alignment of the eyes shows virtually no differences in the
anterior eye. Image adapted from Grytz, 2018



Myopia is the refractive state in which the eye is ”too long” for its optics (Figure 1.1b).
An eye can become myopic by erroneous development of the anterior tissues, e.g., devel-
oping an excessively steep cornea (keratoconus), and myopia that occurs in this manner
has been termed “refractive myopia”. However, the majority of myopia is not refractive in
nature; it is instead due to excessive axial elongation of the eye and has thus been labeled

“axial myopia”! (Figure 1.1c) (Flitcroft et al., 2019).

1.1.2  The Myopia Epidemic

The prevalence of myopia is rapidly approaching epidemic levels. The average axial length
of the adult eye has been steadily increasing over the last 100 years (Figure 1.2a, Tideman et
al., 2016). This increase is predicted to result in nearly 50% of the global population being
classified as myopic by 2050 and an even higher prevalence in adults (Figure 1.2b, Holden
et al., 2016). The burden of myopia is pernicious, and its magnitude is only recently being
recognized. In no small part this is because it is a straightforward and mature practice to
optically correct refractive errors, e.g., using powered lenses or manipulating of the corneal
power. Optical corrections cannot be relied upon to combat the growing epidemic, despite
the maturity of the practice. For one, optical approaches require access to individualized
care and maintenance from specialists, infrastructure that is not present in many parts of
the world. Even today, uncorrected myopia is the second most common cause of blindness
(Holden et al., 2016) and has been estimated be responsible for losses in global annual
productivity totaling ~$202 billion USD in 2007 and ~$244 billion USD in 2015 (Naidoo

et al., 2019; Smith, Frick, et al., 2009).

"Throughout this body of work, “myopia” will refer to “axial myopia” unless otherwise specified.
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Figure 1.2: (a) Axial length of the adult eye has been increasing since at least the 1920s. Shaded
region shows a 95% confidence interval. (b) The prevalence of myopia in nearly every age group is
projected to increase over the next few decades, affecting more than half of the world by 2050. (c)
Increased axial length is associated with higher risk of developing additional blinding disorders. (d)
Number of people blinded or visually impaired (VI) from myopic macular degeneration (MMD) is
estimated to significantly increase with myopia. Panels reprinted from (a,c) Tideman et al., 2016,
(b) Holden et al., 2016, (d) Fricke et al., 2018.

Perhaps more importantly, optical approaches do not address the pathology underly-
ing the refractive error, i.e., axial elongation, which appears to have broader implications
for visual impairment. Increased size of the eye is broadly associated with greater risk of
developing uncorrectable visual impairment or blindness (Figure 1.2¢). In a large, cross-

sectional study of ~16,000 people, visual impairment by 75 years of age was only found in



~4 % of eyes shorter than 26 mm, compared to 25 % in eyes 26 mm or greater and >90 % in
eyes 30 mm or greater (Tideman et al., 2016). For instance, myopic macular degeneration,
is estimated to increase the prevalence of visual impairment and blindness nearly 10-fold by
2050 (Figure 1.2d), impacting close to 100 million people (Fricke et al., 2018). Thus, it is
critical to improve our understanding of the basic mechanistic pathways regulating the size
of the eye to develop more effective interventions/treatments that can mitigate the projected

global burden.

1.1.3  Animal Models of Myopia

Since Wiesel and Raviola reported the generation of experimental axial myopia in macaque
monkeys (Wiesel & Raviola, 1977), animal models have become imperative to advancing
our mechanistic understanding of myopia. An abundance of evidence has since accumu-
lated supporting the existence of a homeostatic process coupling the size of the eye to vi-
sual cues, a process named “emmetropization” (Troilo et al., 2019). This process has been
demonstrated across a wide variety of species (fish, birds, and mammals) with many im-
portant features broadly conserved (Table 1.1; Schaeffel and Feldkaemper, 2015). Here I
am going to highlight the most commonly used myopia model, the chicken, and compare it

to the mouse model which is used in this thesis.

1.1.3.a The Chicken

The chicken has played an outsized role since it was introduced by Wallman, Turkel, and
Trachtman (Wallman et al., 1978). Many findings central to our current understanding of

myopia and emmetropization have been made in the chicken, such as the ability for visual



cues to cause axial elongation (Schaeffel et al., 1988) and that these cues are propagated
locally within the eye from the retina to the sclera via a “retinoscleral” signaling cascade
(Troilo et al., 1987; Wildsoet & Pettigrew, 1988a). In Section 1.3, the role of the sclera
is discussed as the endpoint of retinoscleral signaling, and it is clear that the sclera largely
dictates the size of the eye.

The scleral regulation of eye size introduces issues with relying on results from avian
species. The anatomy of the avian eye, and specifically the sclera, is quite different from
that of human/mammalian eyes (Schaeffel & Feldkaemper, 2015). Mammals have a fi-
brous sclera primarily composed of collagen; the avian sclera is made up of both a fibrous
and cartilagenous layer. In mammals, axial elongation results from scleral remodeling and
thinning, whereas in chickens, the cartilagenous sclera grows, i.e., increases in volume (Got-
tlieb et al., 1990). Presumably stemming from these differences, some results in the chicken
choroid and sclera are opposite that to those found in humans and other mammals, motivat-

ing the increased use of mammalian models.

1.1.3.b  The Mouse

While there are disadvantages to mammalian models in studying mechanisms of myopige-
nesis compared to avian models, e.g., slower myopigenesis and less accurate emmetropiza-
tion, the ocular anatomy is more representative of the human eye making findings more
directly translatable. A disadvantage common to most models, mammalian or otherwise, is
the inability to probe the genome, which has clear benefits for studying a complex signaling
mechanism like myopigenic retinoscleral signaling.

The mouse is uniquely situated as a mammalian species in which signaling pathways can



be both probed with genetic precision and interpreted in a broad genomics context. While
there are significant anatomical differences between the human and mouse eye, retinal sig-
naling appears to be broadly conserved. The gestational period is short, allowing larger,
cheaper, and faster studies in which both the environment and genome can be precisely
manipulated to study genome-environment interactions (Pardue et al., 2013).

However, the small size of the mouse eye (~3 mm) introduces significant technical
challenges not yet addressed. While evidence suggests that the mouse may develop myopia
similarly to primates (Pardue et al., 2013; Tkatchenko et al., 2010), this is not yet settled.
Visual cues have been reported to cause axial elongation, but inconsistently and with widely
varying magnitudes (Pardue et al., 2013). Axial elongation is achieved via retinoscleral
signaling, and many of the choroidal and scleral changes common to most other mammals
have yet to be studied in the mouse (Table 1.1). Thus, despite its significant potential
advancing our understanding of retinoscleral signaling, basic phenotypic characterization
that is straightforward in other species and necessary to its adoption as a standard model

has been slow in the mouse.

1.1.4 Summary

Our understanding of the mechanism of myopia eye growth have increased greatly over the
last 50 years due to the use of experimental models of myopia. In the following sections,
I review emmetropization and the potential retinoscleral signaling pathways involved in
the process in detail, summarizing findings primarily from species other than the mouse
(Section 1.2). I then discuss the scleral changes that occur with myopia (Section 1.3). Many

of the unknowns surrounding the retinoscleral pathways and scleral remodeling could be



more directly explored in the mouse.



Table 1.1: Summary of major myopia findings and the species in which they have been confirmed.
Findings confirmed in the mouse are bolded. Adaptation from Schaeffel and Feldkaemper, 2015.

Experimental Findings Species

Visual cues influencing eye size:

Chick; tree shrew; guinea pig; mouse; marmoset;
rhesus monkey; fish; rabbit; kestrel

Chick; tree shrew; guinea pig; mouse; marmoset;
rhesus monkey; fish

Chick; tree shrew; guinea pig; marmoset; rhesus
monkey

Form deprivation

Negative Lens

Positive Lens

Local control of eye growth:

Neurotoxins blocking retinal .
) Chick; tree shrew

output or optic nerve cut

Chick; tree shrew; guinea pig; marmoset; rhesus

Locally-imposed defocus monkey

Factors influencing emmetropization to imposed defocus:
Accommodation is not required  Chick; tree shrew
Accommodation has a role Chick; tree shrew
Chromatic cues are necessary  Mouse; fish

Chromatic cues are not necessary Chick; guinea pig

Signaling pathways/molecules involved:
Chick; tree shrew; guinea pig; mouse; rhesus

Dopamine monkey
Egr-1/ZENK Chick; tree shrew; mouse; rhesus monkey
Vasoactive peptide Chick; tree shrew; guinea pig; rhesus monkey
. . Chick; tree shrew; guinea pig; mouse; rhesus
Antimuscarinics
monkey
Retinoic acid Chick; guinea pig; marmoset
Nitric oxide Chick; tree shrew; guinea pig

Inhibition of myopia by high ambient illumination:

Deprivation myopia Chick; tree shrew; rhesus monkey
Chick; tree shrew; mouse; guinea pig; rhesus
monkey

Choroidal thinning/thickening in ~ Chick; tree shrew; guinea pig; marmoset; rhesus
response to imposed defocus monkey

Lens-induced myopia

Scleral metabolism changes in the fibrous sclera of myopic eyes:

Chick; tree shrew; guinea pig; rhesus monkey;
rabbit

Chick; tree shrew; marmoset

Thinning of the fibrous sclera

Decreased proteoglycan
synthesis
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1.2.1 Abstract

The global prevalence of myopia, or nearsightedness, has increased at an alarming rate over
the last few decades. An eye is myopic if incoming light focuses prior to reaching the retinal
photoreceptors, which indicates a mismatch in its shape and optical power. This mismatch
commonly results from excessive axial elongation. Important drivers of the myopia epi-
demic include environmental factors, genetic factors, and their interactions, e.g., genetic
factors influencing the effects of environmental factors. One factor often hypothesized to
be a driver of the myopia epidemic is environmental light, which has changed drastically
and rapidly on a global scale.

In support of this, it is well established that eye size is regulated by a homeostatic process
that incorporates visual cues (emmetropization). This process allows the eye to detect and
minimize refractive errors quite accurately and locally over time by modulating the rate of
elongation of the eye via remodeling its outermost coat, the sclera. Critically, emmetropiza-
tion is not dependent on post-retinal processing. Thus, visual cues appear to influence axial
elongation through a retina-to-sclera, or retinoscleral, signaling cascade, capable of trans-
mitting information from the innermost layer of the eye to the outermost layer.

Despite significant global research interest, the specifics of retinoscleral signaling path-
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ways remain elusive. While a few pharmacological treatments have proven to be effective
in slowing axial elongation (most notably topical atropine), the mechanisms behind these
treatments are still not fully understood. Additionally, several retinal neuromodulators, neu-
rotransmitters, and other small molecules have been found to influence axial length and/or
refractive error or be influenced by myopigenic cues, yet little progress has been made ex-
plaining how the signal that originates in the retina crosses the highly vascular choroid to
affect the sclera.

Here, we compile and synthesize the evidence surrounding three of the major candidate
pathways receiving significant research attention — dopamine, retinoic acid, and adeno-
sine. All three candidates have both correlational and causal evidence backing their in-
volvement in axial elongation and have been implicated by multiple independent research
groups across diverse species. Two hypothesized mechanisms are presented for how a
retina-originating signal crosses the choroid — via 1) all-trans retinoic acid or 2) choroidal
blood flow influencing scleral oxygenation. Evidence of crosstalk between the pathways is

discussed in the context of these two mechanisms.

1.2.2 Introduction

Myopia, commonly known as “nearsightedness”, describes a mismatch between an eye’s
optical power and its geometry where the eye is too long for its optics. This mismatch results
in light focusing in front of the retina instead of directly on it (i.e., a refractive error) and is
typically the result of excessive axial elongation of the eye rather than improper develop-
ment of optical power (Flitcroft et al., 2019). While myopic refractive errors are commonly

treated by correcting the optical power of the eye via spectacles or contact lenses, these opti-
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cal interventions do not slow axial elongation or myopia progression (Wildsoet et al., 2019).
In the United States, myopia prevalence increased from about 25% in 1970 to 40% in 2000
(Vitale et al., 2009), and in Singapore, myopia reportedly affects more than 80% of young
adults (Morgan et al., 2012). Predictions estimate that about 50% of the global population
will be myopic by 2050 unless more effective preventative interventions or treatments of
the underlying biological cause are identified (Holden et al., 2016). With excessive elonga-
tion being a risk factor for many additional sight-threatening disorders (Grytz et al., 2020),
this epidemic requires additional study of the mechanisms of myopigenesis to develop in-
terventions capable of resolving the underlying biological mismatch.

The rapid rise in prevalence is thought to be real, not due to increased identification, and
driven primarily by environmental factors rather than drifting population genetics (Dolgin,
2015; Goldschmidt & Jacobsen, 2014; Vitale et al., 2009). While polygenic risk scores
obtained from genome-wide association study (GWAS) can be modestly predictive for se-
vere myopia, they do not perform well for mild and moderate myopia (Ghorbani Mojarrad
et al., 2020), which make up the vast majority of cases. Instead, the pathogenesis of my-
opia is thought to be environmentally driven by “myopigenic” cues, a hypothesis dating
back to at least the late 16™ century, when near work was first proposed as causing myopia
(de Jong, 2018). In the last century, the types of environmental visual cues presented to an
eye during adolescence have been found to be highly influential over its mature size, with
the homeostatic process linking vision and eye size being termed emmetropization (Troilo
et al., 2019). Thus, the global increase in myopia throughout the 20" century occurring
during a period of increasing urbanization and widespread adoption of artificial electric
lighting is likely not coincidental. Indoor environments are known to contain very differ-
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ent visual cues than outdoor, natural environments, e.g., different luminance, spatial, and
spectral properties (Flitcroft et al., 2020; French et al., 2013).

The rise in time spent indoors and in urban environments is a likely driver of the my-
opia epidemic (Flitcroft, 2013), supported by the often-repeated finding that increasing time
spent outdoors displays protective effects against myopigenesis. A study of monozygotic
twins in the United Kingdom (n=64 pairs), where each pair had a >2 diopters (D) dif-
ference in refractive error between them, found that the less myopic of the pair tended to
spend more time outdoors or doing outdoor sports, while the more myopic individuals more
often lived in an urban area, performed more near work, and had greater professional sta-
tus (Ramessur et al., 2015). Other studies have shown that children who spent more time
outdoors (assessed via questionnaire or objective light measurement) showed modest, but
significant, slowing of myopia progression (Jin et al., 2015; Read et al., 2014; Rose et al.,
2008; Wu et al., 2013). The protective effect also appears to be quite variable. A study
of monozygotic twins in China (n=490 pairs) found that near work and time outdoors only
explained roughly 3% of the discordance in refractive error between twins (Ding et al.,
2018). These discrepancies could possibly be explained by low sensitivity of questionnaire
data for exposure measurements; however, it is also possible that variation in outdoor vi-
sual environments (outdoors in a city around buildings versus outdoors in a forest) and/or
genetic factors that influence susceptibility to myopigenic cues could influence the amount
of protection conferred.

Significant progress has been made in not only identifying myopigenic/protective visual
cues, but also interventions capable of slowing myopigenesis, including optical, behavioral,
and pharmacological methods (Smith & Walline, 2015; Wildsoet et al., 2019). Despite this,
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our understanding of the signaling mechanisms underlying myopigenesis is still limited.
This is exemplified with the clinical use of topical atropine; atropine has been the most
common pharmacological intervention for myopia control for over a century now, yet little
consensus has been reached regarding its mechanism of action in the eye (Galvis et al.,
2016; Mathis et al., 2020; Upadhyay & Beuerman, 2020).

Nevertheless, much has still been learned about general characteristics and requirements
of myopigenic signaling. The mature eye size is influenced by visual cues detected by the
retina. Remodeling of the sclera, the white outermost layer of the posterior eye, is causal
to modulating eye size and occurs during myopigenesis (Boote et al., 2020; Grytz, 2018).
The signaling does not appear to require post-retinal processing of the visual stimulus and
thus is largely contained to the posterior eye wall (McFadden & Wildsoet, 2020; Norton et
al., 1994; Troilo & Wallman, 1991; Troilo et al., 1987; Wildsoet & Wallman, 1995; Wild-
soet & Pettigrew, 1988b; Wildsoet, 2003). Myopigenic visual cues presented to the retina
therefore result in a signal, likely chemical in nature (e.g., signaling molecules), capable
of 1) propagating across the retinal pigment epithelium (RPE) and vascular choroid and
2) influencing remodeling processes in the sclera. How environmental visual cues interact
with genetics to induce myopigenesis in some people but not others and what molecules are
involved in the retina-to-sclera (retinoscleral) signaling pathways are currently open ques-
tions and the subject of active research (de Jong, 2018; Dirani et al., 2009; Huang et al.,
2015; Jones-Jordan et al., 2012; Rose et al., 2008).

This review aims to summarize and contextualize recent findings related to a subset of
signaling molecules and pathways (dopamine, retinoic acid, and adenosine), as opposed to
serving as a fully comprehensive review of every molecule involved in retinoscleral sig-

13



naling (for a broader review, see (Summers et al., 2021)). These signaling pathways were
selected as the most likely to directly regulate myogenesis due to each having been cor-
related with and causally linked to axial length and myopia numerous times across many
different research groups and species. Additionally, each has been suggested to act in mul-

tiple tissues throughout the retinoscleral cascade.

1.2.3 Emmetropization and homeostasis of eye size

The size of a mature eye is determined by a combination of growth and elongation, both of
which appear to involve the sclera. Here, growth is defined as an increase in scleral tissue
volume, which leads to an overall increase in ocular dimensions. In contrast, axial elonga-
tion is a process that modulates the axial length of the eye without increasing scleral tissue
volume, which in mammals is believed to be determined primarily by remodeling of the
sclera (Lim et al., 2011). This remodeling includes both the reorganization of existing tis-
sue components (primarily collagen) and altered synthesis/degradation of others (collagen
and proteoglycans/glycosaminoglycans). During remodeling, the sclera is more extensible,
permitting elongation with either no change or a small decrease in overall volume (Back-
house & Gentle, 2018) and leading to a thinner sclera (for recent reviews, see Boote et al.,
2020; Grytz, 2018).

In the human prenatal period, eye size increases rapidly via growth, closely matching
the general growth curve of the body (Mutti et al., 2005; Watanabe et al., 1999). Upon birth,
infants typically have mismatches in the power and geometry of their eyes (i.e., refractive
errors), biased towards the eyes being too short for their optical power, a state termed hy-

peropia (Chakraborty et al., 2020; Mutti et al., 2005; Watanabe et al., 1999). Growth of the
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eye may only occur for about two years (Shen, You, et al., 2016); however, eyes continue to
elongate for many years, initially quite rapidly but slowing exponentially, reaching mature
size around the teenage years (Fledelius & Christensen, 1996; Fledelius et al., 2014). By
the age of 6, significant emmetropization of the population has generally occurred (charac-
terized by a significant decrease in variance of refractive errors) (Chakraborty et al., 2020);
however, eyes that will continue on to be emmetropic later in life are still on average hyper-
opic by about 1 diopter (Figure 1.3). The remaining hyperopic refractive errors are corrected
over the next decade while the eye continues to elongate and the optical components ma-
ture (Gordon & Donzis, 1985; Hagen et al., 2019; Jones et al., 2005; Mutti et al., 2005).
Thus, throughout the first nearly two decades of life, eye development occurs in a complex
yet highly coordinated manner, evidenced by the fact that only a minority (albeit a rapidly
growing one) develop signififcant refractive errors.

The homeostatic process responsible for this coordinated development is called em-
metropization, and it appears to function via controlling the rate of axial elongation. Em-
metropic eyes can properly coordinate their rate of axial elongation such that the length of
the eye matches the optical power and results in little to no refractive error. In most adult
human populations, emmetropes are overrepresented, leading to a non-Gaussian leptokur-
tic distribution of refractive errors (Figure 1.3B,C) (Flitcroft, 2013). While refractive er-
rors follow a mostly Gaussian distribution at birth and through early adolescence (Flitcroft,
2013), the number of myopes continue to increase. These statistical features, among others,
reflect a tightly controlled homeostatic mechanism that is now understood to incorporate
visual signals, primarily, blur.

Interestingly, many features that differ between indoor and outdoor visual environments
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have been demonstrated to be disruptive to achieving or maintaining emmetropia (for in-
depth review see (Lingham et al., 2020; Norton, 2016; Rucker, 2019; Schaeffel & Feld-
kaemper, 2015)). Sunlight is significantly brighter than most indoor environments, and this
increased luminance has been shown to be protective in chicks (Ashby et al., 2009; Ashby
& Schaeffel, 2010; Chen et al., 2017), tree shrews (Norton & Siegwart, 2013), guinea pigs
(Lietal., 2014), and macaques (Smith et al., 2013; Smith et al., 2012) compared to typical
indoor lighting. Additionally, emmetropic children have been observed to spend more time
in these bright light levels (Read et al., 2014). However, a recent re-analysis of the study
by Read et al. found that children with myopia spent less time in both bright and dim light
(Landis et al., 2018), and both luminance conditions were demonstrated to be protective
in mice (Landis et al., 2021). Additionally, when chicks were exposed to sunlight daily,
they had shorter myopic axial elongation (Ashby et al., 2009), but when they were reared
outdoors, acute myopic protection did not last (Stone et al., 2016).

Sunlight also contains a broader spectrum of wavelengths than indoor light, including
a larger proportion of shorter wavelengths (Krutmann et al., 2014; Thorne et al., 2009).
Visual stimulation with violet light slowed myopia progression in human clinical studies
(Torii et al., 2017), and short-wavelength light protected mice (Jiang et al., 2021; Strickland
et al., 2020), guinea pigs (Yu et al., 2021), and chicks (Torii et al., 2017; Wang et al., 2018)
from induced myopia. However, in tree shrews and rhesus monkeys, long-wavelength red
light was protective, suggesting potential species differences (Gawne et al., 2017; Smith
etal., 2015; Ward et al., 2018).

The protective effect of the outdoors could also be related to the spatial frequency con-

tent of the environment since outdoor environments contain more mid-level (~10cpd) and
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higher spatial frequencies than artificial environments (Flitcroft et al., 2020). Manipulating
the visual experience to degrade (Howlett & McFadden, 2006; Norton & Rada, 1995; Par-
due et al., 2013; Shen et al., 2005; Troilo & Nickla, 2005; Wallman et al., 1978) or reduce
mid-high spatial frequencies leads to axial elongation in chicks (Bartmann & Schaeffel,
1994; Tran et al., 2008), guinea pigs (Bowrey et al., 2015), mice (Pardue et al., 2008), and
monkeys (Smith & Hung, 2000), and evidence exists that extends this effect to humans.
Adolescents with cataracts, which significantly reduce sensitivity to high spatial frequen-
cies (Lewis & Maurer, 2005), often develop severe myopia (He et al., 2017). More directly,
it has recently been shown that movies carefully low-pass filtered to match spatial frequency
spectra of imposed optical defocus can acutely influence axial length in emmetropic and my-
opic humans (Swiatczak & Schaeffel, 2021). Thus, axial blur, luminance, chromaticity, and
spatial frequency content have all been demonstrated to be myopigenic cues. Most animal
studies of myopia impose one or more of these visual cues on the animal, commonly axial
blur via powered lenses (lens-induced myopia (LIM)) or diffuser goggles (form-deprivation
myopia (FDM)).

Myopic eyes have failed to either properly emmetropize or maintain emmetropia, and
it is now well established that these failures cannot be traced back to a single source. The
variable age of myopia onset in adolescents and the much larger variance in the distribution
of refractive errors in myopic populations (Flitcroft, 2013) (Figure 1.3) supports many dis-
tinct origins of a disrupted homeostatic process. Visual environments contain many types
of myopigenic visual cues, some of which may drive myopigenesis to differing degrees.
However, the retinal circuitry used to sense these cues is highly complex, involving many
distinct cell types and signaling pathways and thus has many points at which one’s genetics
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Figure 1.3: Population distributions of refractive error development. Vertical red dashed line indi-
cates no refractive error. A) Infant populations approximately Gaussian distributions of refractive
error, the majority hyperopic on average (dashed line). By age 6, emmetropization has reduced the
variance. (B,C) As populations age, refractive errors become increasingly leptokurtic and can be
well described by fitting two separate Gaussian distributions, representing properly emmetropized
(red) and dysregulated (blue) populations. D) Hypothetical paths of refractive development. Dys-
regulated populations could be explained by a combination of failure to initially emmetropize (A),
or failure maintain emmetropia (B,C). Modified from Flitcroft, 2013 and Chakraborty et al., 2020.

could drive myopia or influence susceptibility to myopigenic cues.

While many genetic abnormalities have been demonstrated to disrupt emmetropization
and confer a degree of heritability to myopia (with estimates ranging from 15% to 98%)
(Tedja et al., 2019), the types and durations of visual cues presented to the eye appear
especially critical to emmetropization and its maintenance. Thus, it is important to study

the mechanisms by which these myopigenic cues signal to increase axial elongation.

1.2.4 Retinoscleral signaling

In mammals, myopigenic visual cues appear to influence eye size primarily by increas-

ing the rate of axial elongation through altering scleral remodeling (Troilo et al., 2019),
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as opposed to the avian model in which the cartilaginous layer of the sclera grows. The
influence of visual cues on the sclera occurs quite locally — myopigenic visual cues can
influence eye size unilaterally (if only one eye is presented the stimulus), without a func-
tioning connection to the visual cortex (Norton et al., 1994; Troilo et al., 1987; Wildsoet
& Pettigrew, 1988b; Wildsoet, 2003), and regionally within an eye (if presented a spatially
nonuniform myopigenic stimulus, e.g., hemi-diffusers) (Diether & Schaeffel, 1997; Norton
& Siegwart, 1995; Smith et al., 2014; Smith, Huang, et al., 2009; Smith et al., 2010; Wall-
man et al., 1987). Thus, the retina senses and encodes visual cues and initiates a signaling
cascade that propagates to regions of the sclera located posterior to the region of the retina
that sense the cue, ultimately leading to scleral remodeling and modulation of eye size.

While this general framework for retinoscleral signaling is well supported, the specifics
of the process are still unknown. Many types of retinal signaling molecules and pathways
have been associated with myopigenesis, and the signaling dynamics of some have been
studied in detail (most notably, dopamine). However, efforts to incorporate retinal research
into a pathway spanning the entire ocular wall have been much less successful. Addition-
ally, different myopigenic cues may have differing retinal mechanisms, evidenced by reti-
nal interventions that protect against lens-induced myopia but not form-deprivation (or vice
versa) (Bitzer et al., 2000; Dong et al., 2011; Wang et al., 2014). However, there is no ev-
idence to date showing different myopigenic cues result in different outcomes in scleral
remodeling. Thus, various types of retinal signaling may converge at or before the choroid,
resulting in a graded signal that combines various myopigenic cues and determines if the
eye will increase, maintain, or slow its axial elongation (sometimes referred to as a GO,
STAY, STOP signal (Guo et al., 2019)).
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In the following sections, we focus on the roles and influence of dopamine, retinoic
acid, and adenosine in myopigenesis (Figure 1.4). While these represent only a subset of
the many signaling molecules reported in the literature, we focus on these three due to
1) robust reports of causal influence on and correlations with refractive development, 2)
localization of the signaling molecule/receptor in multiple ocular tissues, 3) evidence from
a variety of species (especially mammalian), and 4) corroboration by multiple independent
research groups. While little direct evidence currently exists linking these three pathways
in the eye, we suggest that these pathways likely represent key components of the signaling
cascade that warrant future study. Additionally, two possible points of signal convergence
are discussed alongside supporting evidence.

Retina RPE Choroid Sclera
| -

P‘ M ‘

« ("‘6’

Dopamine

Retinoic Acid

Symbol legend
9 Retinoic acid receptors

/\ D1-like dopamine receptors

A D2-like dopamine receptors
3¢ Adenosine receptors

Figure 1.4: Cartoon representation of the human posterior eye wall and the path of a hypothetical
retinoscleral signal. Arrows below the diagram signify where each molecule has been implicated
as a potential signaling molecule. The proportions of each layer are approximately to scale. NFL:
nerve fiber layer, GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer,
OPL: outer plexiform layer, ONL: outer nuclear layer, RPE: retinal pigment epithelium.

20



1.2.4.a Dopamine (DA)

The role of retinal dopamine (DA) in myopigenesis has been an active area of research for
the last 30 years since the first report that DA may link visual signals with myopic axial elon-
gation (Stone et al., 1989). In this report, Stone and colleagues discovered that levels of DA
and its metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), were significantly reduced
in retinas of chickens with experimental myopia (FDM or LIM). This study suggested that
retinal dopaminergic (DAergic) signaling could be a principal modulator of myopic changes
in the retina. Since then, extensive effort has been spent investigating DAergic signaling
(Table 1.2), mostly through measurements of DA and its metabolites, in retinas of myopic
eyes or those exposed to myopigenic stimulus (for a recent in-depth review, see Zhou et
al., 2017). In this section, we will present evidence for DA as the starting point for the

retinoscleral signaling cascade that leads to myopic axial elongation.

1.2.4.a.1 Dopamine signaling pathway

Retinal DA 1is produced and released by a subset of dopaminergic amacrine cells (DACs)
that are sparsely tiled across the retina (Witkovsky, 2004). Despite their low numbers,
DACs have long dendrites that can span millimeters of the retina and can extend from
the inner plexiform layer to the outer plexiform layer and ganglion cell layer (Witkovsky,
2004). DA can act through local synaptic release from DAC varicosities and dendritic
spines (Dacey, 1990) or extra-synaptically through paracrine diffusion (Puopolo et al.,
2001) across the retina to activate multiple types of postsynaptic and extra synaptic recep-

tors. DA receptors are located on almost all retinal cells and fall into two families, D1-like
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Table 1.2: Potential of dopamine to be a retinoscleral signal in refractive eye growth. Column
C.1: Treatments given to animals. C.2: General description of main effect of treatment. Columns
C.3-6: Additional outcomes (C.3) studied with corresponding treatments. In A) Endogenous, C.4-6
are locations of measurements, and (4) represent whether receptors are expressed. In B) Exoge-
nous and C) Genetic, C.4-6 are different locations of the treatment. Cells are shaded to highlight
trends. Orange/blue shading indicate an increase/decrease in signaling or elongation. Gray indi-
cates inconclusive or no effect. Table cells are split when studies came to different conclusions.
AL: Axial Length, Conc: Concentration, Expr: Expression, Synth: Synthesis, FD: FormDepriva-
tion, NL: Negative Lens, PL: Positive Lens, Rec: Recovery from myopia, DA: Dopamine, DOPAC:
3,4-Dihydroxyphenylacetic acid, DAC: Dopaminergic amacrine cell. See Supplemental Table 1 for

associated references.
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receptors (D1 and D5) and D2-like receptors (D2, D3, and D4), which respectively increase
and decrease cyclic adenosine monophosphate (cAMP) (Witkovsky, 2004). D1 receptors
are located on bipolar, horizontal, amacrine, and ganglion cells, D2 receptors on DACs, D4
receptors on rod and cone photoreceptors, and D1, D2, D4, and D5 receptors on the RPE
(Baba et al., 2017; Witkovsky, 2004). After DA binds to its receptor, it is metabolized to
DOPAC (Cohen et al., 1983) which reflects DA release and turnover (Megaw et al., 2001).

DA release and synthesis is light-dependent, increasing with continuous diffuse and
flickering light stimulation (Bauer et al., 1980; Boelen et al., 1998; Cohen et al., 2012; God-
ley & Wurtman, 1988; Tuvone etal., 1978; Kramer, 1971; Proll et al., 1982) and regulated by
circadian rhythms (Doyle et al., 2002). Consequently, DACs are activated by light onset vi-
sual signals through three potential pathways: 1) rod photoreceptor-mediated input through
the rod-rod bipolar-All amacrine-ON cone bipolar circuit 2) direct cone photoreceptor-ON
cone bipolar cell connection, and 3) melanopsin retinal ganglion cell (mRGC) axon col-
lateral input (Boelen et al., 1998; Dumitrescu et al., 2009; Prigge et al., 2016; Zhang et
al., 2012; Zhang et al., 2008; Zhao et al., 2017). Therefore, DACs can release DA from
stimulation of multiple ON pathways (Qiao et al., 2016) that are active under different en-
vironmental conditions. The actions of DA on retinal signaling is widespread and occurs
at multiple levels from photoreceptors to ganglion cells (Roy & Field, 2019). Therefore,
the extensive functions that DA has in retinal signaling supports its potential role in the
development of myopia due to altered visual input, as was first noted by Stone et al. (Stone

etal., 1989).
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1.2.4.a.2 Evidence for dopamine signaling in experimental myopia

DA is generally understood to be a ‘stop’ signal in myopic axial elongation (Feldkaemper
& Schaeffel, 2013). In chickens, guinea pigs, and monkeys, DA and DOPAC levels are
reduced after form-deprivation (Dong et al., 2011; 1. Papastergiou et al., 1998; Iuvone et
al., 1989; Stone et al., 1989; Sun et al., 2018) and lens defocus (Guo et al., 1995; Ohngemach
et al., 1997). Interestingly, the reduction in DOPAC was specific to only the region of the
retina deprived of form vision (Ohngemach et al., 1997; Stone et al., 2006), matching the
property of regional specificity observed in visually-mediated axial elongation. However,
altered DA metabolism associated with myopigenic stimuli may not be conserved across
species, as form-deprivation did not alter retinal DA levels in mice (Chakraborty et al.,
2014; Chakraborty et al., 2015; Park et al., 2014; Wu et al., 2015). However, mice, as
well as rabbits and guinea pigs, show inhibited FDM (Gao et al., 2006; Landis et al., 2020;
Mao & Liu, 2017; Mao et al., 2016; Mao et al., 2010) following injections of L-DOPA,
the precursor to DA, or other DAergic activators. These findings suggest that while direct
measurements of DA levels in mice were not different in FDM, activation of the whole
Daergic system could still slow myopic eye growth.

Furthermore, in multiple species, DA receptor agonists prevent FDM, but do not appear
to be as effective for LIM (Ashby et al., 2007; Dong et al., 2011; Tuvone et al., 1991;
McCarthy et al., 2007; Rohrer et al., 1993; Schmid & Wildsoet, 2004; Stone et al., 1989;
Yan et al., 2015), and it is still unclear the reason for this difference. One explanation
could be that the visual cues that cause FDM and LIM initiate two distinct pathways that

are differently influenced by dopamine; however, this cannot yet be concluded. Direct
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comparisons between the two models may be confounded by other unmatched features of
the visual cues, e.g., the spatial frequency spectra or optical aberrations introduced by the
lenses.

Surprisingly, reduced axial elongation associated with increased DA is only effective
when visual input is disrupted (e.g., form deprivation, lens defocus) and not during nor-
mal vision (Dong et al., 2011; Landis et al., 2020; Mao et al., 2010; Rohrer et al., 1993;
Yan et al., 2015). These findings suggest that the activation of DA pathways is important
but not sufficient to affect eye growth. One hypothesis is that visual environments defi-
cient in certain features change activation of pathways that drive DAergic signaling (e.g.,
ON pathways). Recent work shows that stimuli which overstimulate ON pathways lead
to anti-myopigenic outcomes, e.g., choroid thickening (Aleman et al., 2018) and increased
vitreal DA (Wang et al., 2019). However, the direct connections between environmental
stimulation of ON pathways, DA, and myopia susceptibility are still not fully elucidated.

Unlike activation of DA pathways, depletion of DA pathways prevents FDM but has no
effect on LIM in chickens and fish (Kroger etal., 1999; Lietal., 1992; Schaeftel etal., 1994;
Schaeffel et al., 1995) (Table 1.2). In contrast, decreasing DA with 6-hydroxydopamine
in mice results in a myopic refractive shift with normal vision and increased FDM (Wu
et al., 2016). Additionally, when retinal tyrosine hydroxylase, the rate-limiting enzyme
in DA synthesis, is conditionally knocked out, mice have reduced DA levels and develop
spontaneous myopia in normal conditions, while responding like wild-type mice to FDM
(Bergen et al., 2016).

Interestingly, the dopamine receptor pathways involved in the protective effects of dopamine
and bright light in myopia depends on the animal model (Zhou et al., 2017). For example, in
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chickens, D2 receptor activation inhibited FDM and LIM (Nickla et al., 2010; Rohrer et al.,
1993; Schmid & Wildsoet, 2004; Stone et al., 1989) while blocking D2 receptors inhibited
the protective effect of light on FDM and LIM (Ashby & Schaeffel, 2010; McCarthy et al.,
2007). Additionally, blocking D2, but not D1, receptors attenuated the inhibitory effects
of levodopa and dopamine on FDM and LIM (Thomson, Karouta, et al., 2020a; Thomson,
Morgan, Karouta, et al., 2020). Likewise, activation of primarily D2 receptor pathways
reduced FDM in tree shrews (Ward et al., 2017). However, in the guinea pig, D1 receptor
activation inhibited myopic refractive development and FDM while D2 receptor activation
tended to do the opposite; however, this modulation varied with the DA receptor agonist
(Zhang et al., 2018). In the mouse, it appears to be more complicated. Blocking D1 recep-
tors attenuated the protective effect of bright light exposure during FDM (Chen et al., 2017).
Additionally, activation of all DA receptors in wild-type mice and D2, but not D1, receptor
knockout mice inhibited FDM (Huang et al., 2018) supporting a D1 receptor mechanism
for myopigenesis in the mouse model. However in other studies, D2 receptor agonists and
antagonists altered FDM in a dose-dependent manner and the protective effects of a D2
antagonist disappeared in D2 receptor knockout mice (Huang et al., 2022; Huang et al.,
2020; Huang et al., 2014). Lastly, a D1 receptor mechanism is further supported in human
genetic studies; a GWAS utilizing data from the Consortium for Refractive Error and My-
opia (CREAM) cohort and the 23andMe, Inc. participants reported that a single nucleotide
polymorphism (SNP) located near the dopamine receptor 1 gene (DRDI1), a type of DI1-
like receptor, was significantly associated with refractive error (untransformed spherical

equivalent) (Tedja et al., 2018).

26



1.2.4.a.3 Influence of dopamine signaling on ocular tissues

There is strong evidence showing a clear but complicated relationship between DAergic
pathways and myopia. Retinal DA appears to have a profound influence over axial length
under certain conditions. For example, in chicks, topical or intravitreal application of DA,
DA receptor agonists, or levodopa reduced axial length in form-deprived or negative lens-
treated eyes compared to control eyes (Nickla et al., 2019; Thomson, Karouta, et al., 2020a,
2020b; Thomson, Morgan, Karouta, et al., 2020; Thomson et al., 2021). Moreover, in mice,
intravitreal injections of the DA agonist apomorphine attenuated axial length changes after
form-deprivation (Huang et al., 2018). Additionally, D1 receptor antagonist blocked the
protective effect of bright light on axial length changes in FDM (Chen et al., 2017). Like-
wise, intravitreal injections of high doses of D2 DA receptor agonists or antagonists reduced
vitreous chamber elongation in the form-deprived tree shrew eye (Ward et al., 2017). How-
ever, modulation of DAergic signaling by DA, DA receptor agonists or antagonists, and
levodopa did not affect axial length in otherwise untreated eyes (Thomson, Karouta, et al.,
2020a; Thomson, Morgan, Karouta, et al., 2020; Zhang et al., 2018), further supporting the
notion that DA effects on axial elongation and myopia require altered visual input.
Despite the significant effects of DA on axial length changes, DA has not been asso-
ciated with scleral signaling, and there is no evidence that DA itself reaches the sclera to
affect structural remodeling. However, choroidal thickness is well established to change
with myopia and correlated with axial elongation (for a recent review see Liu et al., 2021),
and there is strong evidence that dopamine also affects choroidal thickness. In chickens,

choroidal thickness is regulated through D2 receptors, where D2 receptor agonists increase
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thickness after brief periods of unaltered vision following LIM and D2 receptor antagonists
inhibit this increase after FDM (Nickla & Totonelly, 2011; Nickla et al., 2010). However,
in rabbits, dopamine-induced vasodilation of the choroid was mediated through D1 recep-
tors (Reitsamer et al., 2004). Based on the previous evidence, it is likely that the interaction
between DA and choroidal thickness occurs outside of the neural retina and not within the
choroid. While tyrosine hydroxylase has been localized to the choroid (Klooster et al.,
1996), no evidence to date shows significant choroidal expression of DA receptors. This
leaves the RPE as a tissue potentially able to translate dopaminergic signaling to choroidal
changes, that ultimately may influence axial elongation.

The RPE is a single layer of pigmented cells whose apical surface is embedded between
photoreceptor outer segments and whose basal surface is lined with Bruch’s membrane, sep-
arating it from the vascular choroid. The RPE carries out diverse and important set of roles
for visual function, but most relevant is its role in ionic transport (Strauss, 2005), which 1)
may affect fluid flow into the choroid/choroidal thickness (Zhang & Wildsoet, 2015) and 2)
is altered during myopigenesis. Both the gene for chloride channels and expression of chlo-
ride channels and transporters were down-regulated after lens defocus (Seko et al., 2000;
Zhang et al., 2011). Moreover, during recovery from FDM in chickens, sodium and chlo-
ride ions decrease in the RPE and increase in the choroid, which correlates temporally with
a thickening of the choroid (Liang et al., 2004). Ionic flow across the retina, particularly
with regards to chloride, sodium, and potassium, have been implicated in and are affected
by experimental myopia (Crewther et al., 2006; Crewther et al., 2008) and hypothesized to
regulate fluid flow that could change the size of various ocular layers. Since changes in cell

size and transporters can affect fluid balance across cells, regulation at the RPE provides an
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intriguing potential link between the retina and the classical changes in choroidal thickness
associated with myopia reported more than 20 years ago (Wallman et al., 1995; Wildsoet
& Wallman, 1995).

DA is a promising signal that could link the RPE to changes in the choroid due to RPE
expression of D1, D2, D4, and D5 DA receptors in chicks and mice, likely on both the apical
and basolateral membranes (Baba et al., 2017; Rymer & Wildsoet, 2005). When DA is ap-
plied to the basolateral surface, chicken RPE cells depolarize, due to the opening of chloride
channels (Gallemore & Steinberg, 1990). This response is dependent on DA concentration
and likely involves interaction effects with other receptors, possibly adrenergic receptors.
For example, with low DA concentrations, DA receptors and B-adrenergic receptors are
active, reducing the probability of chloride channels opening. However, when DA concen-
trations are high, alpha-adrenergic receptors become active which may also contribute to
chloride channel opening (Rymer & Wildsoet, 2005). These findings on chloride channel
activity in vitro are supported by in vivo electroretinography (ERG) using intravitreal in-
jections of DA or DA receptor antagonists and measuring the chloride channel-mediated
component (Gallemore & Steinberg, 1990; Sato et al., 1987; Wioland et al., 1990). Re-
gardless of the specific pathway, these data suggest that DAergic activity has the potential
to regulate ionic flow and thus fluid transfer across the RPE into the choroid. However,
whether or not this effect is large enough to significantly impact choroidal thickness and

myopigenesis has not been directly shown.
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1.2.4.a.4 Summary

In summary, DA has long been known to be causally involved in myopigenesis and is likely
the starting point linking at least some types of myopigenic cues to scleral remodeling.
However, its direct influence via receptor binding appears to be limited to the retina and
RPE. It is possible that the RPE serves as the link between myopigenic stimuli, DA, and
choroidal thickness by regulating choroidal swelling via dopamine receptors. Additional
research is necessary to elucidate signaling occurring at the RPE and how it may propagate

and influence the choroid.

1.2.4.b  Retinoic acid (RA)

Retinoic acid (RA) is a metabolite of vitamin A and a critical signaling molecule involved
in numerous autocrine and paracrine developmental and physiological processes (Cvekl &
Wang, 2009), regulating the transcription of over 100 genes (Balmer & Blomhoft, 2002).
With advances in retinoid measurement technologies, evidence suggests that all-trans retinoic
acid (atRA) is important in postnatally regulating the growth of many organ systems, in-
cluding the eye (Summers, 2019). It is a promising candidate in signaling myopic axial
elongation for many reasons: it is present in all eye wall tissues, bidirectionally modu-
lated by the direction of blur (Mao et al., 2012; McFadden et al., 2004), and is known to
stimulate catabolic remodeling processes (Bonassar et al., 1997; Mertz & Wallman, 2000).
However, despite significant evidence linking RA to myopia development, several discrep-
ancies remain, complicated by the breadth of its biological roles and the spatial and temporal

variability in its action.
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Table 1.3: Potential of atRA to be a retinoscleral signal in refractive eye growth. Column C.1:
Treatments given to animals. C.2: General description of main effect of treatment. Columns C.3-6:
Additional outcomes (C.3) studied with corresponding treatments. In A) Endogenous, C.4-6 are
locations of measurements, and (1) represent whether receptors are expressed. In B) Exogenous,
C.4-6 are different locations of the treatment. Cells are shaded to highlight trends. Orange/blue
shading indicate an increase/decrease in signaling or elongation. Gray indicates inconclusive or
no effect. Table cells are split when studies came to different conclusions. Bolded text indicates
non-mammalian species used in study. AL: Axial Length, Conc: Concentration, Expr: Expression,
Prolif: Proliferation, Synth: Synthesis, FD: Form-Deprivation, NL: Negative Lens, PL: Positive
Lens, Rec: Recovery from myopia. See Supplemental Table 2 for associated references.

1.2.4.b.1 RA signaling pathway

Retinal RA is thought to be synthesized primarily by RPE cells as a byproduct of pho-
totransduction (Weiler et al., 1998); however, subpopulations of amacrine (Milam et al.,
1997, Saari et al., 1995) and Miiller cells (Edwards et al., 1992; Milam et al., 1990) have
been shown to either synthesize or express enzymes that synthesize RA. Currently, the

canonical pathway by which RA appears to exert its effects involves the all-trans form
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(Balmer & Blomhoff, 2002). The synthesis of atRA occurs in two steps: all-trans reti-
naldehyde is synthesized from all-trans retinol (vitamin A) via alcohol dehydrogenases
(ADHs), which is subsequently oxidized into atRA via cytosolic retinaldehyde dehydro-
genases (RALDH(1/2/3)). A dimer of a nuclear retinoic acid receptor (RAR) and retinoid-
X receptor (RXR) binds atRA, subsequently binding DNA and influencing transcription
(Balmer & Blomhoff, 2002). After synthesis, atRA can be bound by one of many retinoid
binding proteins (RBPs) to facilitate intra- or extracellular transport or metabolized by
CYP26 (Summers, 2019).

In vertebrates, retinal atRA concentration and synthesis have been demonstrated to be
visually mediated. It is increased in response to both myopigenic cues (Mao et al., 2012;
McFadden et al., 2004; Seko et al., 1998; Troilo et al., 2006) and greater luminance (McCaf-
fery etal., 1996), although these increases may occur through different pathways. Together,
this implies that the regulation of many retinal processes by light may occur at the transcrip-
tional level via atRA, including light adaptation of horizontal cells (Pottek & Weiler, 2000;
Weiler et al., 1999; Weiler et al., 2000; Weiler et al., 1998) and the transcription of arrestin,

a critical phototransduction protein (Wagner et al., 1997).

1.2.4.b.2  Evidence for RA signaling in experimental myopia

Retinal atRA has been demonstrated to be increased after FDM and LIM in the guinea pig
(Huang et al., 2011; Mao et al., 2012; McFadden et al., 2004) and chicken (Bitzer et al.,
2000; Seko et al., 1998). It has also been observed to decrease with positive defocus (either
via powered lenses or recovery from myopia) (McFadden et al., 2004). The significance of

this bidirectional modulation of atR A in the retina is still not known. While recent genomics
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studies suggest that the sign of blur may be encoded through two distinct sets of genes
(Tkatchenko et al., 2018), this does not imply distinct signaling pathways between the retina
and the RPE.

Recently, atRA has been demonstrated to modulate the protective effect of short wave-
length light against myopigenesis. A study in guinea pigs exposed to different wavelengths
of light showed a retinal atRA dependence on chromatic content, with the retinal atRA
concentrations decreasing in the shorter wavelength (blue) light. Additionally, guinea pigs
given unilateral LIM and reared in white light had significantly more retinal atRA in the
myopic eyes than the contralateral eyes. However, when reared in blue light, there was no
difference between the treated and control eyes, and both eyes had less atRA than those
reared in white light (Yu et al., 2021). Finally, inhibition of RA-synthesizing enzymes in
the retina has also been demonstrated as protective against myopia development (Bitzer et
al., 2000; Yu et al., 2021), suggesting that the influence of atRA on axial elongation may
begin in the retina.

As has been found in the retina, choroidal atRA concentrations appear to be bidirection-
ally influenced by the direction of blur imposed on the retina (Table 1.3). This choroidal
atRA is likely choroidally-derived, as it has been demonstrated that the choroid synthesizes
a large amount of atRA, more than the retina and liver (Mertz & Wallman, 2000). Three
sets of co-culture experiments have important implications regarding atR A and retinoscleral
signaling. When eyes from chickens were exposed to hyperopic defocus/diffusers or my-
opic defocus (conditions that influence choroidal thickness) and the choroids subsequently
dissected and cultured, atRA production was bidirectionally altered (Mertz & Wallman,
2000) (similar bidirectional modulation of atRA synthesis, although opposite trends, were
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found in marmosets (Troilo et al., 2006)). Second, a more complex experiment was carried
out which exposed chicken eyes to various visual cues and co-cultured different combina-
tions of tissues, assessing scleral remodeling when cultured with choroids from different
visual conditions (form-deprived or recovering from myopia) (Marzani & Wallman, 1997).
Scleral remodeling (quantified by glycosaminoglycan incorporation) was influenced by the
visual condition from which the choroid came. Finally, Mertz and Wallman also showed
that when sclera and choroid were cultured together, the choroid would rapidly release atRA
into medium, and the sclera had the tendency to concentrate significantly more atRA than
would be predicted by diffusion (the scleral tissue accumulated over 50% of the atRA re-
leased by the choroid, despite only making up 1% of the volume in culture) (Mertz & Wall-
man, 2000). Together, these studies make a compelling case that atRA can be produced in
the choroid, has the tendency to be transported to the sclera, and can influence scleral re-
modeling. However, the exact source of the atRA is still unclear. A recent study aiming to
characterize cells positive for RALDH2, an atRA synthesis enzyme, in the choroid of both
humans and chicks found that choroidal atRA concentrations were partially controlled by
proliferation of RALDH2+ cells (Summers et al., 2020). Yet, protein levels of RALDH2
were only found to be altered in chicks recovering from myopia, not in those with myopia
(Rada et al., 2012; Summers et al., 2020).

The association of retinoids with specific RBPs that influence transport may be another
means by which atRA could reach the sclera. Recently, Summers and colleagues showed
that apolipoprotein A-1 (apoA-1) may act as a RBP in the eye that can traverse the choroid.
apoA-1 is produced by the chick choroid and is also upregulated by atRA (Summers et al.,
2016). In the same study, it was found that despite cultured sclera not synthesizing apoA-1
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at detectable levels, cultured sclera releases significant amounts of apoA-1 into the medium,
implying transport from choroid to sclera (Summers et al., 2016) and possibly explaining the
previously discussed finding from Mertz and Wallman showing the tendency for the sclera
to concentrate choroidally-derived atRA. Together, these results suggest a directionality to
the transport of atRA and may overcome one of the primary limiting factors of retinoscleral
signaling.

In humans, multiple GWAS studies of refractive error and myopia have also identified
SNPs in genes related to atRA signaling. For example, multiple studies have reported as-
sociations between refractive error and the retinol dehydrogenase 5 (RDHS) gene (Kiefer
et al., 2013; Tedja et al., 2018; Verhoeven et al., 2013), which encodes the enzyme 11-cis
retinol dehydrogenase and is expressed in the RPE. GWAS findings have also implicated
the RPE-retinal G protein-coupled receptor (RGR) (Kiefer et al., 2013; Tedja et al., 2018),
expressed in the RPE and Miiller glia (Pandey et al., 1994), and the atRA receptor-related
orphan receptor 5 (RORf) (Tedja et al., 2018), expressed in retinal tissue (Jia et al., 2009)
and a component of the circadian clock system (Andr¢ et al., 1998).

While retinoscleral signaling by atRA appears to be well supported, many nuances re-
main to be studied. Perhaps the greatest discrepancy is in the opposite effects of axial elon-
gation and atRA in mammals and chickens. In both, retinal atRA increases with myopigenic
stimuli while choroidal and scleral atRA concentrations are negatively correlated with axial
elongation in the chick but positively correlated in mammals (Table 1.3). A likely factor
contributing to this are the different scleral compositions of the two species: mammals have
a fibrous sclera and chicks have both a cartilaginous and fibrous sclera. The different resi-

dent cell types of the two tissues have been demonstrated to respond differently to atRA in
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the presence of transcription growth factor 5 (TGF-f), arresting the proliferation of fibrob-
lasts but not chondrocytes (Seko et al., 1996). Additionally, co-culturing the choroid with
fibrous sclera and cartilaginous sclera also lead to opposite outcomes on scleral remodeling
(Marzani & Wallman, 1997). Thus, it is possible that there are significant differences in
the physiological function of atRA as a retinoscleral signal. For example, in guinea pigs,
RALDH?2 was not found to be expressed in the choroid (Mao et al., 2012). Additional study
of the function of atRA in mammalian models is required to determine the extent of species

differences.

1.2.4.b.3  Influence of RA on ocular tissues

Unlike DA, atRA displays the ability to affect scleral remodeling processes that underly
myopic axial elongation. While atRA is not produced in the sclera, scleral fibroblasts have
atRA receptors and remodeling processes are influenced by atRA (Li et al., 2010; Troilo
et al., 2006). In marmosets, RA concentration in retina, choroid, and sclera were found to
be positively correlated with rate of axial elongation and negatively correlated to the rate of
proteoglycan synthesis (Troilo et al., 2006). Systemic treatment of guinea pigs with atRA
also led to axial elongation and an altered scleral microstructure with similarities to the
outcome of myopigenic visual cues (McFadden et al., 2004), and treatment of mice led to
myopic refractive errors, axial elongation, and altered scleral biomechanics (Brown, Ethier,
etal., 2021).

However, exogenous atRA treatment has also been observed to lead to significant ocular
growth without refractive errors in both chickens and guinea pigs, proportionally growing

the eye and causing the lens of these animals to thicken instead of just causing axial elonga-
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tion (McFadden et al., 2004; McFadden et al., 2006). One possible explanation could be a
dual role for atRA in signaling proportional eye growth and axial elongation, with younger

animals more susceptible to growth rather than elongation.

1.2.4.b.4 Summary

In summary, atRA is one of the few chemical signals with evidence supporting the capacity
to cross the choroid. However, its role in myopigenesis is still unclear. While exogenous
atRA causes myopia to develop in some cases, in others it leads to excessive proportional
growth of the eye. Additional mammalian research is required to make more general con-
clusions due to previous work being avian-specific, such as the role of apoA-1 as an RBP.
However, with multiple genes related to atRA signaling and myopia implicated in GWAS

studies, this is a promising pathway for further investigation.

1.2.4.c Adenosine (Ado)

Adenosine (Ado) is one of the most widely occurring organic compounds. It is a purine
and is a basic building block of life as one of four nucleosides of DNA and RNA with a
role in energy transport. Ado’s role as an extracellular signaling molecule was discovered
in the early 20" century (Drury & Szent-Gyorgyi, 1929). It has since been observed to
modulate many cellular processes and act as a neuromodulator, exerting its actions through
four types of membrane-bound, G-protein coupled adenosine receptors (AdoRs) - AdoRAI,
AdoRA2A, AdoRA2B, AdoRA3 (Eltzschig, 2013). Similar to DA, AdoRs have opposing
effects on cAMP production, with AdoA1 and AdoRA3 decreasing cAMP and AdoRA2A,

AdoRAZ2B increasing cAMP by inhibiting or activating adenyl cyclase (AC), respectively
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(Spinozzi et al., 2021).
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Table 1.4: Potential of adenosine to be a retinoscleral signal in refractive eye growth. Column
C.1: Treatments given to animals. C.2: General description of main effect of treatment. Columns
C.3-7: Additional outcomes (C.3) studied with corresponding treatments. In A) Endogenous, C.4-7
are locations of measurements, and (+) represent whether receptors are expressed. In B) Exogenous
and C) Genetic, C.4-7 are different locations of the treatment. Cells are shaded to highlight trends.
Orange/blue shading indicate an increase/decrease in signaling or elongation. Gray indicates incon-
clusive or no effect. Table cells are split when studies came to different conclusions. AL: Axial
Length, Expr: Expression, FD: Form-Deprivation, NL: Negative Lens, PL: Positive Lens, Rec: Re-
covery from myopia. See Supplemental Table 3 for associated references.

1.2.4.c.1 Adenosine signaling pathway

The exact mechanisms by which Ado reaches extracellular targets are complex and mul-
tivariate. Cells and interstitial fluids in tissues have basal concentrations of Ado in the

nanomolar range (Fredholm, 2007). Many types of cells, including neurons and glial cells,
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have been demonstrated to release some amount of Ado from intracellular stores into the ex-
tracellular space (Brundege & Dunwiddie, 1998; Cotrina et al., 1998; Pascual et al., 2005),
which appears to be increased by glutamate binding to N-methyl-D-aspartate (NMDA) re-
ceptors (Brambilla et al., 2005).

In general, extracellular Ado tends to dramatically increase with tissue activity, hypoxia,
and other pathological states and biological stressors, increasing to the micromolar range
(Fredholm, 2014; Hasko et al., 2018). However, this increase appears to be due to leakage
or controlled release of adenosine triphosphate, which is subsequently degraded into adeno-
sine monophosphate and then Ado (Antonioli et al., 2013; Eltzschig, 2013). Additionally,
the extent to which these changes affect signaling is not clear, as Ado signaling is highly
dynamic. Ado is rapidly metabolized to inosine and hypoxanthine, exhibiting a half-life of
only ~1.5 seconds (Spinozzi et al., 2021), and equilibrative nucleoside transporters rapidly
equilibrate imbalances in intra- and extracellular Ado (Lovatt et al., 2012).

In many cases, AdoRs are significantly activated by basal levels of Ado (Fredholm,
2007) and significantly blocked by commonly consumed amounts of caffeine, a nonselec-
tive inhibitor of AdoRs (Fredholm et al., 1999). However, the sensitivity of the cell or tissue
to the ligands are highly dependent on the expression of the receptor, which has also been
noted to vary significantly with diseased states and presence of stressors, most notably of
which are related to the immune system and hypoxia. Hypoxic conditions have been shown
to increase expression of AdoRA2B (Kong et al., 2006) without affecting AdoRA2A (Fred-
holm et al., 2007) and may influence trafficking of the receptors to the membrane (Arslan
et al., 2002).

It is critical to note that these effects are very much cell type-dependent, and only a
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small fraction of the work on Ado signaling has occurred in ocular tissues. In the retina,
it has been demonstrated that extracellular Ado signaling is controlled by light intensity
and circadian rhythms, both of which have been implicated in myopigenesis (Ribelayga &

Mangel, 2005).

1.2.4.c.2 Evidence for adenosine signaling in experimental myopia

The first connection of purinergic Ado signaling to myopigenesis was made with the dis-
covery that 7-methylxanthine (7-Mx), a metabolite of caffeine and a nonselective inhibitor
of AdoRs, influenced scleral collagen and proteoglycan content in rabbits, opposite to that
occurring with myopigenesis (Trier et al., 1999). Following this finding, many additional
studies have also found a causal role of Ado on refractive state, axial elongation, and scleral
remodeling (see paragraph 1.2.4.c.3 and Table 1.4).

Despite significant experimental evidence, most details of the role of purinergic signal-
ing in myopigenesis are still unclear. All four subtypes of AdoRs have been found to be
expressed in all layers of the posterior eye wall of rhesus monkeys and guinea pigs (Beach et
al., 2018; Cui et al., 2010) and in human scleral fibroblasts (Cui et al., 2008). A small epige-
netic study of youth with high myopia (n=18 cases, 18 controls) reported hypermethylation
of the AdoA2A receptor gene (ADORA2A) in peripheral blood samples (Vishweswaraiah
et al., 2019), suggesting Ado signaling may be influenced by myopia. Additionally, when
guinea pigs were deprived of form vision, protein levels of AdoA1 / AdoA2B in the retina
were elevated (Cui et al., 2010).

The poor ability of other methylated xanthines like 7-MX to pass the blood-brain/blood-

retina barrier (Hung et al., 2018; Shi & Daly, 1999) would suggest that the target tissue of
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these systemic treatments is not likely to be the retina. Neither AdoA2A gene expression
(in tree shrew) nor protein levels (in guinea pigs) are affected in choroid or sclera (Cui
et al., 2010; He et al., 2014). However, scleral cAMP, known to influence collagen re-
modeling, has been demonstrated to be influenced by visual cues (Tao et al., 2013), and
pharmacologically activating AC led to myopic refractive errors, and inhibiting AC led to
attenuation of myopigenesis in guinea pigs (Tao et al., 2013). Yet, it is not clear if altered
collagen metabolism is critical to myopigenesis, or if it occurs in response to the elongated
eye, since significant myopia can develop in tree shrews with little change in collagen re-

modeling (McBrien, Cottriall, et al., 2001).

1.2.4.c.3 Influence on ocular tissues

7-Mx treatment has been demonstrated to reduce the progression of myopia in children
(Trier et al., 2008) and in rabbits, chickens, guinea pigs, and macaques subjected to my-
opigenic visual stimuli (Cui et al., 2011; Hung et al., 2018; Nie et al., 2012; Wang et al.,
2014). Despite these findings, oral 7-MX had only a minor protective effect with lens defo-
cus and no effect on form-deprivation in chickens and tree shrews (Khanal et al., 2020; Liu
et al., 2020; Wang et al., 2014) (Table 1.4). Together, these data may indicate significant
species differences in myopigenic signaling and/or bioavailability of the 7-MX. Addition-
ally, AdoR inhibition often only leads to partial protection against myopia development,
which may suggest Ado influences myopia development either through a separate parallel
and opposing pathway to myopigenic signaling or a pathway that contributes to retinoscle-
ral signaling. In contrast to the pharmacological findings, transgenic mice lacking AdoA2A

developed relative myopia, both in terms of refractive error and axial length, compared to
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littermate wildtype controls (Zhou et al., 2010).

1.2.4.c.4 Summary

Ado is a highly dynamic and ubiquitous type of signaling with clear connections to scleral
remodeling. While present in all tissues of the posterior eye wall, there is little evidence
suggesting it connects any two layers and relatively little evidence showing altered signaling
with myopigenesis, both in animal and human GWAS studies. However, thus far scleral
Ado has not been ruled out as integral to myopigenesis, if influenced by another pathway

capable of transmitting information through the choroid.

1.2.4.d  Other signals

It is known that retinoscleral signaling involved in emmetropization and myopigenesis
involves many distinct signaling molecules and pathways. In addition to the signaling
molecule candidates featured above, a few other signaling pathways are of particular interest
due to their bidirectional modulation with visual stimulus (retinal glucagon) and successful
clinical use as a pharmacological treatment for slowing myopia (atropine, a nonselective
metabotropic muscarinic acetylcholine receptor antagonist). For in depth review of these
and other chemical signaling molecules, see the recent review (Troilo et al., 2019).
Beyond these commonly studied signaling molecules, the thickness of the choroid has
long been hypothesized to be involved in directing eye growth. It is bidirectionally modu-
lated by visual cues, thinning with myopigenic cues and thickening in response to positive
lenses or recovery from myopia. The consequences of these changes have been hypothe-

sized to influence the scleral oxygen content and thus potentially function as a signal (Wu
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et al., 2018).

1.2.4.d.1 Hypoxia-inducible factor I-alpha (Hif-1c)

It is well established that the choroid rapidly thins in response to myopigenic cues. It has
been proposed that this thinning may be the result of decreased blood flow, and thus may
decrease the oxygenation of the sclera (Liu et al., 2021). Retinoscleral signaling via oxy-
genation appears to be potentially viable, requiring that: 1) visual cues presented to the
retina are able to influence the choroid, 2) decreased blood flow in the choroid underlies
the choroidal thinning and results in graded degrees of scleral hypoxia, and 3) hypoxia in
the sclera affects remodeling processes. Additionally, if oxygenation of the sclera explains
myopigenesis, choroidal thickening should either elicit an opposite response in the sclera,
or an additional pathway is required to signal slowing of axial elongation.

In support of this hypothesis, recent studies have found scleral hypoxia-inducible fac-
tor 1-a (Hif-1«) to be correlated to myopigenesis. Hif-1« protein levels in the sclera, but
not the retina, were associated with FDM in mice and guinea pigs and LIM in guinea pigs
(Pan et al., 2021; Wu et al., 2018). Additionally, analysis of human gene databases re-
vealed a moderate association with scleral Hif-1« signaling pathway in individuals with
high myopia (Wu et al., 2018; Zhao et al., 2020). However, in tree shrews, scleral Hif-1«
mRNA expression was not altered with form-deprivation, lens defocus, or recovery from
lens-defocus (Guo et al., 2013; Guo et al., 2019). And in contrast to all, one study reported
scleral Hif-1a« mRNA expression decreased with lens defocus in guinea pigs (Guo et al.,
2013).

Furthermore, experimentally manipulating hypoxia signaling appears to influence re-
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fractive state. Simultaneous treatment of guinea pigs with lens defocus and anti-hypoxia
drugs resulted in reduced Hif-1« levels and partially suppressed myopic refractive error
development and axial elongation (Wu et al., 2018). Additionally, two treatments used to
experimentally reduce choroidal blood perfusion (and presumably decrease oxygenation of
the sclera) were found to also induce myopia in guinea pigs (Zhou et al., 2021). These
studies suggest a relationship between hypoxia, Hif-1a and development of myopia; how-
ever, the strength of this connection and whether scleral hypoxia is solely responsible for
trans-choroidal propagation of myopigenic signaling is not clear. Additionally, whether the
signal can encode both signs of defocus is not clear; the choroid has been shown to thicken
with positive defocus and recovery from myopia, but how this translates to oxygen diffusion

to the sclera and Hif-1« is not known.

1.2.5 Pathway crosstalk

Each of the primary signaling molecules discussed in the previous section are implicated to
some degree in myopigenic retinoscleral signaling (Figure 1.4). Currently, the only retina-
derived signal with any evidence to reach and act on the sclera is atRA, and more evidence
suggests atRA acting on the sclera may be derived from the choroid. Thus, DA and other
retinal signaling molecules known to affect myopigenesis acting anterior to the choroid,
suggest that the choroid is a likely point of crosstalk between various pathways. Two mech-
anisms by which information can traverse the choroid have been presented: 1) changes to
choroidal thickness/blood flow 2) a RA-based signal propagated across the choroid, possi-
bly involving RBPs.

Many visual cues and retinal signaling molecules are known to influence choroidal
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thickness. Retina-originating signals (DA, Ado, atRA, glucagon, insulin, vasoactive intesti-
nal peptide, monamines) could interact in the retina. While the genetic evidence for DA and
Ado in human cohorts is limited, one of the most robust and repeated GWAS findings are
the associations between refractive error and the gap junction delta-2 protein (GJD2) gene
(Cheng et al., 2013; Fan et al., 2016; Hysi et al., 2020; Miyake et al., 2015; Solouki et al.,
2010; Tedjaetal., 2018; Verhoeven et al., 2013), which encodes connexin-36. As connexin-
36 is dephosphorylated by DA and phosphorylated by Ado (Li et al., 2013), connexin-36
may be a conduit for these neuromodulators to affect eye growth. While not yet evaluated
in the context of myopia, DA has also been found to act as an epigenetic histone marker
in a process termed “dopaminylation” (Lepack et al., 2020), which may provide a future
explanation linking the influence of the visual environment on genetic contribution to eye
growth.

It is likely that many retina-originating signals are relayed by the RPE, due to the pres-
ence of many receptor types. With many distinct myopigenic cues similarly affecting
choroidal thickness, and choroidal thickness possibly influenced by the RPE, many dis-
tinct retinal signals could be summed and influence choroidal thickness in a graded manner
at the RPE. If choroidal thickness does in fact influence the oxygen environment of the
sclera, further study into the role of the RPE on choroidal thickness could help elucidate
these connections.

apoA-1 expression is known to be at least partially regulated by peroxisome proliferator-
activated receptors (PPARs) (Gervois et al., 2000), which may be downregulated under hy-
poxic conditions. Intravitreal injections of the PPAR« agonist GW6747, upregulated retinal
and scleral apoA-I expression and suppressed experimental myopia in chickens (Bertrand
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et al., 2006). This increased protein expression of apoA-1 in the sclera could be from the
choroid, since the sclera has not been shown to synthesize apoA-1 (Summers et al., 2016).
However, GW6747 had no effect on choroidal apoA-1 mRNA expression (Summers et al.,
2016).

Evidence suggests that hypoxic conditions may inhibit PPAR subtypes, possibly link-
ing the effects of hypoxia to apoA-1 and atRA. When guinea pigs were treated with PPAR
o/~ antagonists, Hif-1« increased and the animals developed myopic refractive errors and
axial elongation (Pan et al., 2018). The opposite effect was found for animals treated with
agonists (Pan et al., 2018). This bidirectionality of the influence of PPAR would further
support the possibility of hypoxia as a cue for signaling increased/decreased axial elonga-
tion. However, PPAR activation has not yet been demonstrated to occur with choroidal
thickening/hyperoxia or recovery from myopia. It is also not clear if scleral hypoxia and
PPAR expression would influence apoA-1 that has presumably been transported from the

choroid.

1.2.6 Conclusions and Future Directions

All of the major signaling pathways identified in this paper contribute in some way to my-
opigenesis and retinoscleral signaling. While DAergic signaling appears to be primarily
restricted to the retina and RPE, the consequences of the signaling are known to influence
both choroidal thickness and axial length. Ado is ubiquitous through the posterior eye wall
and influences scleral remodeling; however, whether it is involved in signaling between tis-
sues is not clear. RA is a promising candidate, ubiquitous to all posterior eye wall tissues,

bidirectionally modulated with positive/negative defocus and has a plausible hypothesized
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transport mechanism by which it could cross the choroid. However, much of the work sur-
rounding this molecule has been performed in the chicken model, which displays significant
differences in scleral composition compared to mammalian species and necessitates further
study in mammalian models. While many pathways play a role in myopigenesis, signaling
across the choroid appears to be a bottleneck before which crosstalk likely occurs. Identified
here are two main mechanisms by which information originating in the retina may reach
the sclera: via an atRA-driven mechanism and/or oxygenation of the sclera. Future studies
should be performed in mammalian models in order to better understand which findings
are general mechanisms of myopigenesis. Additionally, directing research effort towards
the use of inducible knockout mouse models could help to elucidate additional details of
some of these difficult to study signaling mechanisms, such as: the role of adenosine in
the retina, how dopamine influences the RPE, whether myopigenesis can occur in apoA-1

deficient animals, and how the various pathways influence choroidal apoA-1.
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1.3 The scleral endpoint of retinoscleral signaling

While there is still much that is unknown about the process and mechanisms by which
signals can propagate from the retina to the sclera, there is an abundance of evidence that
suggests that ultimately the sclera significantly influences the overall shape and size of the
eye. Yet, the exact manner by which the sclera remodels to influence biomechanics and how

the biomechanics of the sclera in turn influence the dimensions of the eye remain uncertain.

1.3.1 Anatomy of the sclera

The sclera is a tough, highly collagenous connective tissue, maintained by fibroblasts, which
serves many functions in the eye and is thus involved in many ocular pathologies. As the
white, outer coat forming ~85% of the surface of the human eye, its primary role is often
thought to be protecting the delicate internal tissues from mechanical insult; however, its
role in determining overall shape and size of the eye is of arguably more importance to daily
life (Grytz & Siegwart, 2015; Rada et al., 2006). Due to the mammalian eye being made up
entirely of soft tissue, the eye requires an intraocular pressure (IOP) to maintain its essen-
tially spherical shape. The sclera must be able to resist this dynamic IOP that spans multi-
ple orders of magnitude, while also withstanding externally applied forces (Campbell et al.,
2014). Failure in either of these roles would decrease visual acuity by altering the retina’s
position relative to the optical focal point and possibly damaging the integrity of other ocular
tissues critical to vision, e.g., the retina and optic nerve. To fulfil these functions, the sclera

has evolved a complex structure that imparts similarly complex biomechanical functions.
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1.3.2 Scleral Biomechanics and Structure

The sclera can be considered as an active, triphasic (solid, fluid, and ion) material formed
from a hydrated, intrinsically viscoelastic (Mow et al., 1984; Shen etal., 2011), and anisotropic
solid matrix. It is active in that it responds to mechanical stimuli, and does so at different
timescales. There are a subset of contractile fibroblasts appear to respond acutely to strain
(Harper & Summers, 2015; Phillips & McBrien, 2004), but also longer term, fibroblast lin-
eage and remodeling influencing by mechanical strain (Qiu et al., 2018; Zhang et al., 2017).
The sclera demonstrates spatially and temporally heterogeneous properties and ion distri-
butions. The complex tissue-level biomechanics of the sclera are due to its biochemical
composition and structure, and the interaction of its various phases.

The human sclera is approximately 70% water by weight imbibed into a solid matrix.
This matrix is primarily composed of collagen fibrils (~90% by dry weight) arranged into
many lamellae or layers (Figure 1.5). The high collagen content gives the sclera significant
tensile stiffness and strength. Proteoglycans (PGs) and glycosaminoglycans (GAGs) (<1%
wet weight (Grytz, 2018)) interact with and connect lamellae, while also fixing charge
within the solid matrix, imparting electromechanical properties to the sclera.

Aggrecan, a large proteoglycan, concentrates most of the fixed charges within the sclera.
Each molecule of aggrecan has over 100 charged, sulfated GAGs (sGAGs) covalently
bound to its core protein, compared to 1 or 2 sGAGs on decorin and biglycan, the two
most common scleral proteoglycans. These fixed charges introduce a host of mechano-
electrochemical phenomena, such as the sequestering of water and ions within the matrix,

a Donnan osmotic swelling pressure, and streaming potentials and currents that together
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influence scleral compressive properties, hydraulic properties, and possibly cell signaling
processes (Mow et al., 1999). The orientation (Gogola et al., 2018) and quantity (Rada,
Achen, Penugonda, et al., 2000) of proteoglycans and collagen vary spatially in the sclera.
Contractile fibroblasts confer active properties to the tissue by mechanically interfacing
with the extracellular matrix (ECM) (McBrien et al., 2009). This high degree of complexity
and heterogeneity allows the sclera to tailor its properties to the local needs of its environ-
ment, such as reinforcing the optic nerve head or regions of the scleral shell compromised
by vessels. However, it also makes it challenging to mechanically characterize the tissue

and to determine the causes and effects of altered remodeling processes and biomechanics.

1.3.3 The Sclera and Myopia

1.3.3.a Scleral biomechanics and eye size

Many studies have observed a correlation between scleral biomechanics and eye size dur-
ing myopigenesis (Grytz & Siegwart, 2015; Levy et al., 2018; Lin et al., 2019; McBrien
et al., 2009). Structurally, the mammalian sclera thins during myopigenesis, which would
cause the eye to become more extensible all else being equal (McBrien et al., 2009). How-
ever, there is significant evidence of intrinsic changes to the material properties of the sclera
in myopigenesis, which is indicative of altered organization and/or relative concentrations
of its constituent components. Both the scleral elastic tensile modulus (Lin et al., 2019;
Phillips & McBrien, 1995) and viscoelastic properties (time-dependent response to load-
ing, e.g., creep rate) are altered during myopigenesis (Levy et al., 2018; Moring et al.,

2007; Phillips et al., 2000; Siegwart & Norton, 1999), in the direction of increasing the ex-
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tensibility of the eye. Therefore, in response to both instantaneous and sustained pressure
changes, myopic scleral samples elongate more than non-myopic samples.

While it is possible that scleral biomechanics change in response to ocular globe elonga-
tion, biomechanical changes instead appear to cause eye size changes. The effect of scleral
biomechanics on eye size can be observed experimentally by changing scleral properties.
For example, scleral reinforcement surgeries are one of the few direct treatments for my-
opia; in this treatment, the sclera is stiffened to reduce axial elongation/eye size (Wang &
Chen, 2012; Yan et al., 2010; Zhu et al., 2018). Additionally, collagen crosslinking, a pro-
cedure known to stiffen the sclera and change its tensile properties in a manner opposite to
the changes observed in myopic eyes, has been successfully applied to reduce/ameliorate
myopigenesis in various animal models (Levy et al., 2018; Lin et al., 2019).

Thus, the evidence to date supports altered scleral biomechanics as causal to myopic
eye growth; however, how altered scleral biomechanics cause changes in ocular size is still
unclear. While altered elastic properties of the sclera have been measured in myopic eyes,
these altered properties have rarely predicted accurate eye size. Similarly, while altered
scleral creep rates have been measured, these also fail to accurately predict overall rates
of ocular elongation measured in myopia (Grytz & Siegwart, 2015; McBrien et al., 2009;
Phillips & McBrien, 1995). Thus, there is still much to be explored regarding the connection

between scleral biomechanics and ocular size.

1.3.3.b  Scleral remodeling in myopia

Emerging evidence over the last few decades implicates scleral remodeling (change in struc-

ture), as opposed to growth (increased in tissue mass) as the primary process causing my-
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opic ocular globe elongation (Grytz, 2018). Due to collagen’s role as the primary tension-
resisting biological molecule (Harper & Summers, 2015), and the IOP imposing primarily
tensile stresses in the eye wall (Campbell et al., 2014), collagen has been one of the most-
studied scleral molecules in myopia. It was hypothesized early on that altered collagen
could lead to a decreased ability to resist eye wall tensile loading and thus lead to increased
eye size (Greene & McMahon, 1979). While there is substantial evidence that collagen
is altered in myopia, the most significant changes in bulk collagen content seem to occur
in long-term myopia after the eye has already elongated (McBrien, Cornell, et al., 2001),
suggesting major changes to collagen ultrastructure may be a consequence of myopic elon-
gation rather than a cause. Thus, the cause of elongation is likely more nuanced, involving

other biomechanically relevant scleral proteins.
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Figure 1.5: Microstructure of the sclera and aggrecan. (a) Representative image of a sclera display-
ing the lamellar structure. (Right) Within these lamellar structures, collagen is highly aligned. Pro-
teoglycans are resident within and between the lamellae, sequestering water and ions. (b) Schematic
representation of aggrecan. The core protein has three globular domains, to which keratin sulfate
and over 100 chondroitin sulfate GAGs are attached. Adapted from (a) Watson and Young, 2004
(top left panel) (b) Kiani et al., 2002.

One candidate protein likely to be involved in myopia development is aggrecan, which
is most extensively studied as a primary biomechanical constituent of cartilage. Aggrecan
is a highly charge-dense molecule; each core aggrecan protein fixes more than 100 charged,
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sGAGs 10-15 angstroms apart within the collagen matrix (Mow et al., 1999) (Figure 1.5b),
imparting electromechanical properties to the tissue. The GAGs/fixed charges are best un-
derstood in their role in conferring compressive stiffness to tissue due to the majority of
aggrecan research being performed in cartilage; however, there are now many (conflicting)
reports that detail varying effects of aggrecan/glycosaminoglycans on tissue level mechan-
ics in a number of tissues (Hatami-Marbini & Pachenari, 2020; Mattson et al., 2017; Midgett
et al., 2018; Murienne et al., 2016; Murienne et al., 2015; Yasmin et al., 2018). The seem-
ingly complex and/or context-dependent nature of the role of aggrecan and GAGs in tissue
biomechanics makes it all the more important to aggrecan study in the sclera.

Aggrecan has been implicated in the myopia signaling pathway in both humans and
animal models. In humans, a single nucleotide polymorphism in the aggrecan gene has re-
cently been associated with high myopia in the Chinese population (Yang et al., 2014). In
tree shrews, it has been demonstrated that aggrecan and related factors are modulated within
days of imposed defocus. Aggrecan mRNA has been shown to decrease with presentation
of myopigenic stimulus and increase upon removal, while the opposite is observed for its
main proteases, ADAMTS4 and ADAMTSS (aggrecanase-1 and -2) (Guo et al., 2013; Guo
et al., 2014; Moring et al., 2007; Siegwart & Strang, 2007). Further, in guinea pigs treated
with atRA, scleral aggrecan protein content was observed to decrease concurrent with in-
creased axial length (Huo et al., 2013). A better understanding of the role aggrecan plays
in scleral biomechanics and the signaling pathways that ultimately regulate its levels in the
sclera could lead to pharmacological treatments that block the effects of myopigenic visual

stimulus and reduce myopia.
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CHAPTER 2

SPECIFIC AIMS

2.1 Aim 1: Evaluate the efficacy of poroelastic theory for characterizing scleral biome-

chanics.

The sclera is a highly complex mechanical tissue that can be described as multiphasic and
anisotropic. It is often idealized as uniphasic and linear or hyperelastic, and uni-/biaxial
tensile tests or inflation tests are performed to measure its stiffness. However, these stan-
dard tests are not easily translatable to the small mouse eye. Approach: We will relax
the uniphasic idealization and utilize the multiphasic nature of the sclera to characterize its
material properties. A poroelastic material model will be used to analyze unconfined com-
pression of sclera and obtain tensile and hydraulic properties. To validate the methodology,
porcine sclera will be tested and retested, and the resulting properties compared between
tests and to literature values. This method will then be applied to the mouse sclera to mea-
sure its intrinsic material properties for the first time. Impact: The results are the first
measurements of material properties of the mouse sclera, the biomechanics of which are
understood to be central to at least glaucoma and myopia, and permit a robust characteriza-

tion of mouse myopia models in the following aims.
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2.2 Aim 2: Quantify biomechanical and related biochemical changes in myopic murine

sclera.

Altered scleral structure and biomechanics are believed to underlie the axial elongation re-
sponsible for most mammalian myopia, but there are significant uncertainties in how com-
parable mouse myopigenesis is to other species, as the small eye makes axial measurements
challenging. Additionally, there is significant evidence linking retinoic acid, glycosamino-
glycans, and scleral biomechanics; however, it is spread across many species and none
is from the mouse. Approach: Using the methodology developed in Chapter 3[Aim 1],
we will first determine how scleral biomechanics change in eyes deprived of form vision, a
common model for myopia. We will then quantify scleral sulfated glycosaminoglycans (via
the metachromatic 1,9-dimethylmethylene blue (DMMB) assay and immunohistochemistry
(IHC)) and ocular retinoids (via specialized liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) methods) in the normal and myopic mouse sclera. Impact: These re-
sults will provide important and previously unobtainable evidence on whether the mouse
develops axial myopia, as scleral biomechanical changes are understood to be necessary
preconditions to axial elongation. These results will not only inform the subsequent Aim,

but also provide important context to interpreting previous findings using the mouse model.

2.3 Aim 3: Determine the effect of retinoic acid on refractive development and scleral

biomechanics.

AtRA has been implicated at various points of the myopia pathway as a potential bi-directional

regulator of ocular size; however, there are conflicting reports as to whether or not it is re-
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sponsible for scleral changes and the development of refractive error. Approach: To isolate
and study its role as a myopigenic signal in the mouse, retinoic acid will be fed to mice. Re-
fractive development will be monitored in these animals to compare their ocular phenotype
with control and with form-deprived eyes. Techniques introduced in the previous aims will
be used to characterize the scleral phenotype induced by atRA via biomechanics and sGAG
content. Impact: The results of this aim will permit a direct comparison between visually-
mediated myopigenesis with the atRA phenotype across structural and functional outcomes,

providing evidence for or against a role of atRA in myopigenic retinoscleral signaling.
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CHAPTER 3
A BIPHASIC APPROACH FOR CHARACTERIZING TENSILE, COMPRESSIVE

AND HYDRAULIC PROPERTIES OF THE SCLERA

Authors: Dillon M. Brown, Machelle T. Pardue, C. Ross Ethier

Status: Published in Journal of the Royal Society Interface 18(174): 20200634. (2020)

3.1 Abstract

Measuring the biomechanical properties of the mouse sclera is of great interest: altered
scleral properties are features of many common ocular pathologies, and the mouse is a
powerful tool for studying genetic factors in disease, yet the small size of the mouse eye and
its thin sclera make experimental measurements in the mouse difficult. Here, a poroelastic
material model is used to analyse data from unconfined compression testing of both pig
and mouse sclera, and the tensile modulus, compressive modulus and permeability of the
sclera are obtained at three levels of compressive strain. Values for all three properties were
comparable to previously reported values measured by tests specific for each property. The
repeatability of the approach was evaluated using a test-retest experimental paradigm on
pig sclera, and tensile stiffness and permeability measurements were found to be reasonably
repeatable. The intrinsic material properties of the mouse sclera were measured for the
first time. Tensile stiffness and permeability of the sclera in both species were seen to be

dependent on the state of compressive strain. We conclude that unconfined compression
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testing of sclera, when analysed with poroelastic theory, is a powerful tool to phenotype

mouse scleral changes in future genotype—phenotype association studies.

3.2 Introduction

The eye captures, refracts, and senses light, and the sclera, the outer white coat of the eye,
has an important role in supporting these three functions. Specifically, the sclera resists
the stresses imposed on the eye wall by the intraocular pressure, making its structure and
biomechanical properties critical to overall ocular shape and size (Song et al., 2016). Scleral
biomechanics also directly impact the biomechanical loading imposed on the other more
delicate tissues of the eye, including the retina and optic nerve head (Boote et al., 2020;
Coudrillier et al., 2012; Norman et al., 2011). Pathological remodeling and altered material
properties of the sclera have been implicated in a number of ocular pathologies, including
myopia and glaucoma (Grytz & Siegwart, 2015; Pijanka et al., 2014; Rada et al., 2006).
Thus, more research on scleral biomechanics and how scleral microstructure influences its
biomechanics is warranted.

The sclera is primarily made up of collagen, proteoglycans, water, ions, and cells. The
mammalian sclera consists of a hydrated, highly collagenous solid matrix sparsely cellu-
larized by scleral fibroblasts. The collagen, primarily type I, is organized into lamellae
embedded in a proteoglycan matrix. A similar matrix has been found to impart complex
triphasic biomechanics to articular cartilage by influencing hydration and ion distributions
throughout the tissue (Mow et al., 2002), and it is likely to generally function in a simi-

lar capacity within the sclera. The proteoglycan-collagen matrix is maintained by scleral
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fibroblasts and imbibes fluid, making sclera ~70% water by weight (Boote et al., 2020).

Despite its microstructural complexity, most biomechanical studies treat the sclera as
a uniphasic material and use linear elastic, hyperelastic, or viscoelastic material models to
characterize the tissue. These studies have primarily been concerned with determining scle-
ral response to tensile loads through uniaxial, biaxial, and inflation tests (Cruz Perez et al.,
2014; Eilaghi et al., 2010; Grytz & Siegwart, 2015) and are generally performed in species
well suited to ocular biomechanical studies due to the large size of their eyes e.g. pigs, cattle,
and monkeys (Campbell et al., 2014), unfortunately, these same species are poorly suited to
studying connections between microstructure, biomechanics, and molecular factors due to
limited availability of molecular reagents and difficulties in directly manipulating genetic
factors. On the other hand, the mouse is well suited to molecular studies; however, current
methods of characterizing tissue-level material properties do not scale down well to the
small mouse eye (~3 mm diameter).

Saint Venant’s principle, which states that arbitrary stress distributions due to loading
become uniform a sufficient distance from the applied load, is normally utilized in the de-
sign and analysis of these experiments to account for stress concentrations that arise from
the mechanical interaction of the testing device gripping the sample. With a sufficiently
large sample, this uniform stress distribution assumption can be easily met and the effect of
the grips is likely negligible; however, in the case of the mouse sclera, acquiring enough tis-
sue in the area of interest is not feasible (Legerlotz et al., 2010). The small eye size imposes
further technical constraints and challenges that would need to be overcome to employ a
standard tensile test. The small diameter would also cause any strips of tissue cut from
the sphere to be significantly curved, imposing bending stresses during straightening that
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would be difficult to account for. The mouse sclera is also extremely thin (<100 um) and
this thickness is spatially heterogeneous (Myers et al., 2010; Norman et al., 2010), making
analysis of a tensile tests difficult and resulting properties prone to an additional source of
measurement error.

For these reasons, the mouse has only been involved in a handful of ocular biomechanics
studies (Myers et al., 2010; Nguyen et al., 2013; Wang et al., 2017; Wang & Larin, 2014).
While a few displacement-imaging studies have been performed on the mouse sclera, the
results are still prone to large measurement errors due to the eye size (Myers et al., 2010).
More importantly even, the biomechanical outcome measures available in these previous
studies did not separate the effect of sample geometry from material properties. Thus, the
use of these methods is of limited use for the study of ocular pathologies that involve altered
anatomy, e.g., myopia and glaucoma.

Compression testing is well suited to small and limited tissue samples due to the lack
of necessary mechanical attachment of the sample to the apparatus. However, compression
testing of uniphasic materials typically only yields compressive properties, which are likely
of secondary importance to the tensile properties in the context of the sclera due to the nature
ofthe loading imposed by the intraocular pressure (IOP). By relaxing the uniphasic idealiza-
tion of the sclera, a biphasic formulation of poroelastic theory can be applied to the analysis
of compression testing to obtain compressive, tensile, and hydraulic properties simultane-
ously. Poroelastic theory has been used to characterize the biomechanical response of many
biological tissues, including cartilage (Armstrong et al., 1984), bone (Cowin, 1999), vas-
culature (Johnson & Tarbell, 2001), ligaments, tendons (Atkinson et al., 1997), and cornea
(Hatami-Marbini & Etebu, 2013); however, it is still utilized infrequently compared to other
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material models, such as the linear elastic and hyperelastic theories, and it has never been
applied to the analysis of the sclera.

Our goal was to develop methodology for quantifying material properties of the mouse
sclera. To do so, we performed unconfined compression experiments and took advantage
of the microstructural complexity of the sclera by analyzing the experiments with a biphasic
poroelastic model. We show that this approach can reliably characterize material proper-
ties of porcine sclera and obtain results comparable to other methods in the literature. We
further show that compression testing can biomechanically interrogate the much smaller
mouse sclera, and we report its intrinsic material properties for the first time. The ability
to accurately measure the properties of the mouse sclera is desirable as it allows for a more
direct exploration of genetic contributions to scleral biomechanics and associated ocular

disorders through the use of transgenic animals and other technologies.

3.3 Materials and Methods

3.3.1 Animals

All animals were treated according to the Association for Research in Vision and Ophthal-
mology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and
relevant Institutional Animal Care and Use Committee-approved protocols at the Atlanta
Veteran Affairs Healthcare System. Male C57BL/6J mice were ordered from Jackson Labo-
ratory (Bar Harbor, Maine, USA) and housed on a 12 hr:12 hr light:dark cycle in the Atlanta
Veterans Affairs Healthcare System animal facility. A total of 7 mice from 3 litters were

used in the study, with a mean age of ~4 months. Mice were sacrificed by CO, asphyx-
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iation and eyes were immediately enucleated, marked for orientation, and stored in 0.1M
(1X) phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA). Porcine
eyes were obtained from a local abattoir (Holifield Farms, Covington, GA) and stored in
a solution of Hanks balanced salt solution (MP Biomedicals) with antibiotics. A total of 4
pig eyes were tested from pigs of approximately 6 months of age. All eyes were maintained
at 4 °C until use and used the day of animal sacrifice, except where otherwise stated.

Cornea Dissection Cuts

Optic

Nerve

Figure 3.1: Schematic detailing the dissection procedure in a mouse eye. Top: Cornea was removed
at the corneoscleral junction and intraocular tissues were removed. The resulting scleral shells were
opened into four regions. Red circles show the typical punch locations in the mouse eyes; dashed
lines show dissection cuts. Pig eyes were dissected similarly. Bottom: Punched samples were as-
sumed to be cylindrical and a cylindrical coordinate system was assigned as shown. Scleral samples
were always taken such that the axial cylindrical axis z and the material symmetry axis ag were
coincident. rg and h are the sample radius and thickness in the reference configuration.

3.3.2 Sample Preparation

Porcine eyes were dissected in open air with periodic application of PBS to prevent dehy-

dration; mouse eyes were dissected while submerged in PBS. Orbital muscle, fat, and con-
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junctiva were cleaned from the outer coat and then eyes were bisected at the corneoscleral
junction, and the intraocular tissues were removed to create a scleral shell. This shell was
then opened to create four oriented regions (Figure 3.1).

A Imm diameter sample was harvested from the posterior region of the scleral shell
using a biopsy punch immediately prior to testing. Due to the higher likelihood of failure
in the mouse samples, four samples were taken from each eye (one sample per quadrant).
Porcine and mouse samples were taken approximately Smm and 0.5 mm away from the
optic nerve head, respectively, to avoid excessive circumferential alignment of collagen
around the optic nerve head while remaining primarily in the posterior sclera (Boote et al.,
2020). Graphite powder was applied to scleral samples to reduce friction between samples
and compression platens.

Eyes were rejected prior to testing if they were grossly abnormal, e.g., had cataracts or
evident damage to the sclera from enucleation or dissection. Mouse samples were rejected
prior to testing if the biopsy did not cleanly remove the sample or if the samples were noticed

to fold prior to being placed between the compression platens.

3.3.3 Unconfined Compression Testing

A cantilever-based compression testing apparatus (CellScale Microsquisher, Waterloo, ON,
Canada) was used to perform unconfined axial compression tests on scleral samples. This
device controls the position of the base of a cantilevered tungsten beam with known geom-
etry, and a calibrated camera measures the beam tip position (resolution: 0.6155 um/px). A
glass platen is fixed to the beam by cyanoacrylate adhesive (Figure 3.2). Software (Squish-

erjoy v5.34) calculates the deflection of the beam, which is then used to calculate the force
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2D Piezo Motor

Temperature Controlled
Fluid Bath \'

Top Platen

Sample

Bottom Platen

Figure 3.2: CellScale Microsquisher Compression Device. Top: Side view of the device. A piezo
motor controls the gripped base position of a cantilevered beam. Tip position of the beam is mea-
sured by a camera and image processing software. Bottom: Side view of the interior of the fluid
bath. The top platen is affixed to the cantilevered beam by cyanoacrylate adhesive.

applied to the sample in real time throughout the test. Data was collected at the compression
system’s maximum sampling rate of SHz.

Both pig and mouse samples were submerged in a temperature-controlled bath set to
37°C and underwent the same preconditioning protocol, including a period of cyclic load-

ing followed by the application of the same static tare load (Figure 3.3). 500 uN (636 Pa

64



engineering stress) was chosen for the magnitude of the tare load, in order to flatten the sam-
ples and ensure good contact between the sample and platens, as is standard in compression
tests (Hatami-Marbini & Etebu, 2013; Soltz & Ateshian, 2000). The magnitude of tare load-
ing was comparable to loads previously used (Battaglioli & Kamm, 1984; Hatami-Marbini
& Etebu, 2013) and allowed the total applied compressive stress at final equilibrium (in-
cluding the tare load) to approximate the physiological IOP (2.164-0.31kPa). Samples were
allowed to creep under this tare load until equilibration (~ 30 min). In preliminary experi-
ments on mouse sclera where only the tare loading portion of the preconditioning protocol
was performed, the time taken to equilibrate under the tare load was variable, which likely
added additional variability in measured scleral material properties. The thickness of each
sample at equilibrium was measured optically using the testing device’s calibrated cam-

era. The equilibrated configuration was used as the reference for calculations of stress and

strain.
Preconditioning Stepwise Stress Relaxation
(Force Controlled) (Displacement Controlled)
1000 - 157
<
—~ 7501 ©
i o 10 A
. ()
o 4
L ()
250 5
5
0 L T T T T U 0 L T T T
0 1000 2000 3000 0 1000 2000
Time (s) Time (s)

Figure 3.3: Preconditioning and stress relaxation protocol for unconfined compression. (a) Precon-
ditioning protocol applied to all samples under force-controlled mode of the compression device. (b)
Representative stepwise stress relaxation experiment applied under displacement-controlled mode.
Exact duration of relaxation phase and ramp time varied by sample.
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Stepwise stress relaxation experiments were performed on tare-loaded samples. 15%
compressive strain was applied over three 5% strain ramp-hold steps, allowing stress to
relax and equilibrate before initiating the subsequent step. 15% compressive strain was
chosen as the maximum applied strain in order to conform to the assumption of small
strains used to formulate the material model. Mouse and porcine sclera were compressed
at ~0.01 1/s and 0.001 1/s, respectively, with the difference being due to the vastly dif-
ferent sample dimensions and device limitations (see Discussion). However, all samples
equilibrated to a similar state of compression (5.0140.28% strain per step).

Samples were rejected after testing if all three strain steps were not successfully applied
(3 samples), if the cyanoacrylate glue failed to sufficiently fix the glass platen to the beam
throughout the entirety of the test (3 samples), or if significant stress relaxation was still
occurring when the next step in an experiment began (1 sample).

Porcine samples were used to determine the test-retest reliability, or repeatability, of
the experimentally measured material properties. After the initial stress relaxation test,
porcine samples were stored in PBS at 4°C until retesting the following day. Mouse samples
were not used for test-retest studies due to their extremely small size, which made extended

handling difficult due to their tendency to fold on themselves.

3.3.4 Biphasic Poroelastic Theory

A modified formulation of the biphasic conewise linear elastic (BCLE) theory of Soltz and
Ateshian (Soltz & Ateshian, 2000) was used to model the unconfined compression response
of cylindrical scleral samples. The theory considers a material composed of two phases, a

solid matrix and an imbibing fluid, each individually assumed incompressible but with no
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assumptions made on the compressibility of the mixture. The solid matrix is postulated
to be bimodular, i.e., it responds differently to tension and compression. The samples are
assumed to be cylindrical and have frictionless interfaces with the platens applying the
compression, together resulting in a shear-free state of deformation and a uniform axial
strain field.

Under these conditions, compressive strains will occur in the z-direction (the through-
plane) and tensile strains will occur in the r- and #-directions (the in-plane). Due to the
separation of tensile and compressive strains into orthogonal directions in this configuration,
a cubic symmetry assumption combined with tension-compression nonlinearity is similar in
practice to a transverse isotropy assumption, in that both assign the in-plane and through-
plane directions different stiffnesses. This assumption is reasonable for the sclera since
scleral collagen fibers are preferentially aligned in-plane (Boote et al., 2020).

The total second Piola-Kirchoff stress S experienced by a biphasic poroelastic material
can be decomposed into the stress that results from the solid matrix deformation, S¢, and

an isotropic normal stress due to the interstitial fluid pressure,

S=—pI+8° (3.1)

This model is governed by two equations - the mixture momentum equation, assuming

negligible inertial and body forces

div (S) = 0 (3.2)

and the mixture continuity equation,
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div (v + w) =0 (3.3)

where w is the flux of the fluid relative to the solid and v? is the solid phase velocity.

3.3.4.a Constitutive Relations

Two constitutive relations are assumed. First, fluid flux in the tissue is linearly related to

the pressure gradient, i.e. Darcy’s law holds
w=—kVp (3.4)

where k is the permeability tensor and Vp is the pressure gradient.

Second, conewise linear elasticity (CLE) of Curnier et al (Curnier et al., 1995) is as-
sumed for the solid matrix, valid for small strains. In brief, this model describes a mate-
rial with 3 principal material directions (orthotropic) with identical properties in the three
orthogonal directions (cubic symmetry) but which responds differently to tensile and com-
pressive strains (bimodular). The strain-energy density function, W (E) , for this material

is given as

a=1

W(E)=Y? {/h[l“ztﬁE}trQ (A E) + ptr (A E?) + Zgii 2tr (ApE) tr (A,ZE)} (3.5)

which relates S to the Green-Lagrange material strain tensor E by
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=> S hi[A,: Etr(AEA—kZAﬂrAE)A + 2uE  (3.6)

a=1

b;éa

where [A, : E] and )\, are the elastic constants, y is the shear constant, A, are three texture
tensors that define the unit normals describing three orthogonal hyperplanes of material
symmetries, A, = a, Q) a,, Q) denotes the dyadic product of two vectors, and ¢r ( ) is
the trace operator.

This model captures tension-compression nonlinearity through the discontinuity of \,

across tensile and compressive deformations, represented by

A1, A,: E<O0
[A,: E] = (3.7)
Ay, A :E>0

A_1 and A\, can be mapped to more physically meaningful constants by the following

relations

H_A = )\_1 + Q,u (383)

His= A1+ 24 (3.8b)

where H_ 4 is the compressive modulus of a confined sample or aggregate compressive

modulus, and H, 4 is the aggregate tensile modulus.
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3.3.4.b  Modeling Unconfined Compression

Unconfined axial compression of a cylindrical sample, assuming frictionless contact be-

tween the platens and sample, is described by the following strain tensor

ouy

E, 0 0 Ou,
[El=| 0 Ee 0 |=1] 0
0 0 E. 0

0

Ouz
0z

(3.9)

where w is the displacement vector in the current configuration, and the subscripts r, 6, and

z represent the three dimensions of the cylindrical coordinate system.

The stress tensor describing the solid matrix under these conditions is obtained by sub-

stituting the strain components of Equation 3.9 into Equation 3.6

Ouy
H+A

8r+/\2(%+%) 0

[5] = 0 Hiat + X (

Ou. ou,
i)TT + 8;)

0 0

H_4

0

0

Béuz + )\2

z

(5 + %)

(3.10)

Under the above assumptions of frictionless contact and axisymmetric conditions, the

axial (engineering) strain imposed by the platen in a stress-relaxation experiment is in-

dependent of position and is equal to the prescribed displacement of the platens, u, (t),

normalized by the thickness, A, of the sample,

Ou,(t)
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The specific process of applying the biphasic and constitutive equations to frictionless
unconfined compression of cylindrical samples has been detailed many times previously
(Armstrong et al., 1984; Cohen et al., 1998; Mak, 1986; Soulhat et al., 1999). The main
governing equation is the differential equation describing the radial displacement of the
sample

Pu,  10u,  u, 1 Ou, 1 r

_r_ — —¢ 3.12
or2 r odr r?2  Hyak, Ot H+Ak7«2€ ( )

where the over dot ( ) implies a time derivative. Applying the boundary conditions that

enforce axisymmetry and traction-free lateral boundaries,

u- (r=0,t)=0 (3.13a)

Sy (ro,t) = —=p (10, t) + Sy, (r0,1) = 0 (3.13b)

an analytical solution to the partial differential equation can be obtained in the Laplace do-
main, permitting the determination of the fluid pressure by Equation 3.3 and Equation 3.4
and a dynamic modulus that relates engineering axial stress (7 (5) = F(3)/m72) to engi-

neering axial strain (€ ($) = w,(s)/h) through material properties in a frequency-dependent

manner
— . 2\ _ L3
i pen Py _ats) Bl (V5) - 0m .
(SJ ) ) )_ — ~ h N - I \F ( . )
Uqa(3)/ £(s I, <\/§> — ALLS)
where
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§=— (3.15a)
S0
H sk,
sp = —4 (3.15b)
To
A2
A(Hiado) =1 (3.15¢)
H. s
20 4 — 3\ + H
B(H 4 H o do) = SoA= 202t s (3.15d)
C(H_a,H 4, 20) =A(H_s+H,,—2)\) (3.15¢)

In the above expressions, F'is the total axial force applied to the sample, u, is the applied
axial displacement, r, is the sample radius, / is the sample thickness, s is the complex fre-
quency, sq is a characteristic angular frequency used to nondimensionalize s, 7 is the initial
radius of the specimen, and I, and I; are modified Bessel functions of the first kind. Over
bars (—) represent quantities in the Laplace domain and over hats ( ~ ) represent nondimen-
sionalized quantities. The nondimensionalized dynamic modulus can further be obtained
by normalizing the stress and strain signals to their equilibrated values in a stress relaxation
test, o4 and e.,. This dynamic modulus has a form common to most other biphasic models
of unconfined compression (Armstrong et al., 1984; Cohen et al., 1998; Huang et al., 2003;
Mak, 1986; Soulhat et al., 1999), with the forms of the A, B, and C parameters dependent
on the choice of material model for the solid matrix.

Four material properties describe the tissue: the aggregate compressive modulus H_ 4,
aggregate tensile modulus H, 4, the off-diagonal modulus )., and the hydraulic permeabil-

ity k.. Tensile and compressive Poisson’s ratio (v4) can be calculated by the relationship
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vy = (Hia + A2)/A2. The shear modulus cannot be measured in these experiments due
to the assumption of shear-free state of deformation. The off-diagonal modulus A, can
best be interpreted in the context of a confined compression experiment, where samples are
physically prevented from expanding radially. If a sample were fully confined and axial
compression were applied, Ao would represent the ratio of stress applied to the confining
walls to the amount of axial strain applied (Khalsa & Eisenberg, 1997).

By taking the limit of the dynamic modulus in low frequencies, we obtain a relationship
between the equilibrium unconfined compressive (Young’s) modulus £_y and the other

CLE constants

_ 9B~ C 22
L7 s\ = F = — 2
lim G (3) YT T4 Hoa+ Mo

(3.16)

In an unconfined compression stress relaxation test, this modulus is directly measured
as the ratio of equilibrium stress to equilibrium strain, £_y = o0.,/c.,. By rearranging
Equation 3.16 to isolate H_ 4, it is convenient to reformulate B and C to be in terms of this

directly determined quantity

2F y + 2% — 3\, + Hy 4

B(E_y,H, ,X\) = H+A+A22 (3.17a)
C(E_y,H A)—A(E +2—)\%+H —2>\) (3.17b)
-Y, +A)N\2) — -Y H+A+)\2 A 2 .

This modification to the formulation of the dynamic modulus allows for the direct deter-

mination of one material property from an unconfined stress relaxation experiment, whereas
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prior studies using this model performed an additional confined compression experiment to
determine H_ 4, so as to reduce the dimensionality of the optimization problem when fitting

the model to experimental data.

3.3.5 Data Analysis

Fitting of experimental data to determine material constants followed the following proce-

dure:

1. Engineering stress and engineering strain were calculated by dividing the axial force,
F, (t), and axial displacement, u, (t), by the reference configuration contact area (as-
sumed identical to the internal area of the biopsy punch) and initial sample thickness,
respectively. Each of the three stress-relaxation steps for each sample were analyzed
independently. The final 50 seconds of each step were assumed to be fully equili-
brated, and mean values of stress (o.,) and strain (e.,) over this time were used to

calculate //_y at each loading step.

2. Stress and strain signals were normalized by each of their equilibrated values and rep-
resented by a linear interpolation function with an analytical Laplace transform, as
defined in Huang et al (Huang et al., 2003). Due to the inherent force-controlled na-
ture of the compression device used, the ratio of transformed strain to stress was used
to create an experimental transfer function, ?ew (s) = /E\exp(s) / g%p(s), that could
be used to determine the experimental gain and phase; this quantity is the reciprocal

of the derived BCLE dynamic modulus (Equation 3.14).

3. The remaining three unknown material properties, H, 4, Ao, and k,., were obtained

74



~ ~

by curve fitting the reciprocal of G, Y 041, t0 761], over a limited frequency range

(10-7-10"! Hz).

The frequency range was informed by previous studies in cartilage and was chosen to
capture the behavior of the samples while limiting the influence of measurement noise. A
differential evolution algorithm was used to cover a wide expanse of the parameter space
and decrease the chance of local minima convergence during minimization of the chosen

objective function (Arruda, 1992; Hu et al., 2013),

Obj = In(1 — R) (3.18)

where R is the cross-correlation between the experimental transfer function and model,

given by

~ ~

) o Ye:pp L4 Ymodel
HYeacp HYmodel

D

=<

(3.19)

erp; Ymodel

i

Bounds were implemented for the fitted material properties to enforce positive definite-

ness of the elasticity tensor

Hoy>0 (3.20a)
H_

_TA <o < H 4 (3.20b)
H

- 2“* <Ao< Hyy (3.20¢)

Due to the inherent dependence of permeability on compressive strain, a standard ex-
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ponential model (Hatami-Marbini & Etebu, 2013; Lai & Mow, 1980) was fit to the three

permeability values obtained for each sample, given by

k, (€) = koe M€ (3.21)

where ¢ is the compressive engineering strain, k, represents the in-plane permeabil-
ity at 0% compressive strain, and M defines the nonlinearity of the relationship between
compressive strain and permeability.

It is convenient to visualize the model stress in the time domain for various purposes.
For such visualizations, the Laplace domain interpolation function describing the exper-
imental strain was substituted into Equation 3.14, and the time domain stress signal was
calculated using the De Hoog algorithm for numerical inverse Laplace transform using the

mpmath Python library (Johansson et al., 2018).

3.3.6 Statistical Analysis

~

Goodness of fits of the models, Y 0401, to the experimental transfer functions, Y .,,, are

reported as the nonlinear coefficient of determination, r2, defined as (Kvalseth, 1985)

~ ~ 2

Z (?el‘p,i - ?model,i)

PN PN D)

> (?emp,i —mean(Y ezp;)

r’=1-—

(3.22)

The four material properties obtained from each step of each experiment were analyzed
using a random-intercept generalized linear mixed effects model (GLMM) using the “Ime4”
package in R (Bates, Méchler, et al., 2015). Gamma distributed errors were assumed with

a log link function to ensure positive fitted values, as the tensile and compressive moduli
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and hydraulic conductivity are strictly positive. Due to the range of A\, values crossing zero,
all values were translated to positive using standard transformations. The statistical model

was defined as

DV ~ Species + Strain + Species : Strain + (1|/1D) (3.23)

where DV is one of the material properties, Species is either pig or mouse, Strain is
the amount of compressive strain applied, Species : Strain accounts for the interaction of
the two fixed effects, and (1|7D) is the random intercept factor that accounts for the three
repeated measurements on the same sample. Likelihood ratio tests were performed between
the full model (Equation 3.23) and three null models, each lacking one of the fixed effect
terms, to test for significance of the factors. In the presence of significant interaction effects,
Tukey post hoc tests were performed, and the adjusted p values are reported. Only the first
measurement of each porcine sample was included in the analysis comparing species.

The test-retest repeatability between first and second test of porcine scleral samples were
analyzed by calculating both Pearson (p) and Lin’s concordance (p..) correlation coefficients
for the fitted tensile stiffness and hydraulic conductivity and the measured thickness and
compressive modulus values. Perfect concordance or discordance would be represented by
pe values of =1, whereas a p of £1 would indicate perfect univariate correlation. All results

are reported as the mean + standard deviation unless otherwise noted.
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Figure 3.4: Experimental and fitted transfer functions for pig (left) and mouse (right). Vertical lines
represent the bounds of the data range used for fitting. Excellent agreement was seen over fitting
region as judged by the nonlinear R? (Equation 3.22), with deviations present at higher frequencies.
The reported R? value refers only to fitting between the vertical lines.

3.4 Results

In total, 10 eyes were included for analysis (4 porcine, 6 mouse), which included 13 unique
samples (4 porcine, 9 mouse) and 51 fitted stress relaxation steps (24 porcine, 27 mouse).
Seven samples in total were excluded from analysis after testing. One sample was taken
from each pig eye, and each sample was tested twice. When samples were successfully
tested from multiple regions of the same mouse eye, the obtained properties were averaged.
The thickness of the samples after preload was 12944241 um for the porcine sclera and

77.248.9 um for the murine sclera.

3.4.1 Quality of Curve fitting

The biphasic CLE theory successfully fit the unconfined compression response of scleral

samples from both species (Figure 3.4). The average nonlinear coefficients of determi-
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Figure 3.5: Experimental and model Bode plots for pig (left) and mouse (right) scleral samples.
Top: Gain as a function of frequency. Bottom: Phase as a function of frequency. Model values were
calculated using the material properties obtained by curve fitting the transfer function over a selected
frequency range (represented by the vertical lines). Both species show frequency dependence for
gain and phase that are matched well by the model. Noise infiltration exists at the higher frequencies
primarily due to the high frequency camera noise of the device, while noise infiltrates at lower
frequencies in the pig due to the slower ramp speed.

nation of the model to experimental data (Equation 3.22) in the frequency domain were
0.998940.0006 and 0.9982+0.0018 for samples from pig and mouse, respectively. Fitting
was repeated ten times for each of the 51 strain steps using different starting populations
selected by randomly seeded Latin hypercube sampling of the bounded parameter space.
Of the 10 fits performed for each of the 51 steps, none converged on appreciably different
sets of parameters. This translated to a small coefficient of variation for each parameter
over the repeated fittings (H 4: 0.562%, A2:2.02%, k: 2.04%).

The calculated model phase and gain components showed good agreement with the

experimental components over a wide range of frequencies (Figure 3.5). Similarly, the
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model time domain stress obtained by convolving the experimental strain with the impulse

response function also agreed well with the experimental data, showing similar peak stresses

and relaxation time between model and experiment (Figure 3.6).

Pig Mouse
5 - ©]
5 -
S 4]
2 s
3 -
£ 5
1+ 1
0- —— Applied strain 0
T T T T 1500 T T T T
3000 A ‘2? O Experimental Stress
Z(\) --- Model Fit 1250 - \‘
. 2500 1 é \ o
© S | \
& 20007 P o 1000 Lo,
! o i \
7 15004 § o 75014 4
5 10001 o 5001, %,
@ $ FL006 g0 ¢, b e
5004 ° -== -©-Q0-&@- -0 250 A %"&\0&
; ¢ g 400ty 9 %
009 049 v
0 100 200 300 0 200 400 600
Time(s) Time(s)

Figure 3.6: Representative strain measurements for both pig (left) and mouse (right) scleral samples
at the first step (0-5% strain) and the resulting model fit. Top: Engineering compressive strain
during a ramp-hold experiment at 5% compressive strain. Significant deviation from the desired
strain vs. time profile is evident in both species at both ramp speeds due to limitations of the testing
equipment (see text). Bottom: Time-domain experimental compressive stress and modelled stress,
as determined from the applied strain for pig and mouse scleral samples. Note, significantly more
noise is visible in the mouse strain signal due to the thinner sclera. The camera and beam tracking
add noise to the measurements of displacement to a similar degree in both species, but the noise
makes up a smaller percentage of the overall displacements in the pig sclera.

3.4.2 Material Properties

For both species, both tensile modulus and permeability were highly dependent on the state
of compressive strain of the sample (Figure 3.7); the tensile modulus was seen to increase
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with increasing compressive strain, while the hydraulic conductivity decreased. However,
a significant interaction effect between the state of compressive strain and species were
also found for both the tensile modulus and permeability (Species:Strain; H 4: p<0.001,
k: p<0.001), implying that both properties are dependent on state of compressive strain
in a species-dependent manner. The porcine sclera was significantly stiffer in tension than
the mouse sclera at the first two strain steps (p<0.001 for both 5 and 10% strain), with
the difference vanishing at the third strain step (p=0.098). The hydraulic conductivity of
the murine and porcine sclera were not different over the first two strain steps (5% strain:
p=0.34; 10% strain: p=0.90), with the mouse sclera significantly less permeable than the
porcine sclera at the third strain step (p<0.001). E_y and )\, were not observed to be
species-dependent (F_y: p=0.26; \o: p=0.19) or change with compressive strain (F_y:
p=0.06; A\y: p=0.29) (Table 3.1). The average tensile Poisson’s ratios were 0.469+0.048
and 0.5£0.004 for pig and mouse sclerae, respectively. The average compressive Poisson’s
ratios were 0.028+0.007 and 0.082+ 0.050 for pig and mouse sclerae, respectively, after

the removal of one outlier in the mouse group.

Table 3.1: Average poroelastic properties of porcine and mouse sclera (averaged over strain steps
and samples) as determined by the BCLE model. n values refer to the number of eyes tested.

E_y H, 4 Ao k (z10'°) ko (210%%)

Species [kPa] kPa [kPa] [m*/(Ns)] [m*/(Ns)]

Pig (n=4) 10.0£3.2 3414+£1306 95+3.6 86+42 25+33
Mouse (n=6) 10.1 £4.6 173.7+ 1189 126+79 95+£9.7 62+5I
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Figure 3.7: Relationship of tensile stiffness and hydraulic conductivity to compressive strain. Left:
Tensile stiffness of pig and mouse sclera. Stiffness of both species’ sclerae increased with increas-
ing compressive strain, and a significant interaction effect was present (Species:Strain; p<0.001).
Right: Hydraulic conductivity of pig and mouse sclera. Hydraulic conductivity of both species de-
creased with increasing compressive strain, and a significant interaction was present (Species:Strain;
p<0.001). ***: p<0.001, **: p<0.01 by Tukey post hoc analysis with adjusted alphas for multiple
comparisons.

3.4.3 Repeatability

The measured compressive moduli and thicknesses were both highly correlated (£ _y: p.=0.83,
p<0.001; thickness: p.=0.98, p=0.019); however, the concordance of the compressive
moduli between experiments was only moderate (E_y: p.=0.52; thickness: p.=0.92), show-
ing a general trend of increasing in stiffness from the first to second test (Figure 3.8). The
fitted tensile moduli and permeabilities were both highly correlated and moderately con-
cordant between the first and second tests (H, 4: p.=0.82, p=0.001, p.=0.76; k: p.=0.83,

p<0.001, p.=0.82), not displaying any obvious trends.
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3.5 Discussion

We describe here the first multiphasic biomechanical characterization of the sclera using the
BCLE model and unconfined compression testing. Previous studies implementing bipha-
sic models typically either performed both a confined and unconfined compression test on
the same samples to characterize the tissue (Huang et al., 2001; Huang et al., 2003; Soltz
& Ateshian, 2000) or made assumptions on the Poisson’s ratio (Hatami-Marbini & Etebu,
2013; Soulhat et al., 1999). We show here that by reformulating the material properties us-
ing the limit solution of the dynamic modulus, a single unconfined compression test yields
sufficient information to curve fit the model parameters consistently and yields physiolog-
ically reasonable estimates for the in plane tensile stiffness and in plane hydraulic conduc-
tivity of the tissue. This is crucial for the implementation of these methods for tissues in
the mouse eye, as truly confined compression is quite challenging to achieve even in much
larger samples. Importantly, good curve fitting was observed not only in porcine sclera, but

also mouse sclera which was ~15x thinner on average.

3.5.1 Applicability of BCLE to Sclera

The optimal scenario for determining how well a material model captures the physical char-
acteristics of a tissue involves fitting a measured quantity to determine tissue material prop-
erties and then using the model and fitted properties to predict another simultaneously mea-
sured quantity, e.g., curve fitting stress and comparing measured and model-predicted radial
expansion or interstitial fluid pressure. Due to the physical size of the samples and the con-

straints on the compression device, this was not achievable in this study as we were not
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able to simultaneously record another outcome measure. It was not possible to measure
the radial expansion using the compression device’s built-in camera due to the inability to
keep the entire specimen in frame during the experiment. In order to achieve simultaneous
measurements of a secondary outcome measure for predictive purposes, significant modi-
fications or a custom compression set up would be necessary; however, the measurement
would still not be trivial as the small specimens would lead to very small radial displace-
ments and would make the measurement of fluid pressure quite difficult without significant
deviations from the assumptions of flat, smooth platens. Future studies, potentially on much
larger samples to avoid these technical challenges, may thus be necessary to fully validate
the model’s predictive capabilities in the sclera.

Thus, to gain an understanding of how well the model described the tissue response,
we instead chose to compare the magnitude of the fitted porcine properties to the literature,
while also judging the quality of the curve fitting and the repeatability and uniqueness of
fitted properties. Each of these factors support the BCLE model as capable of describing
the biomechanical response of the sclera under unconfined compression in a physiologically

reasonable and unique manner, as detailed below.

3.5.2 Material Properties

3.5.2.a Tensile and Compressive Stiffness of Porcine Sclera

The tensile stiffness of porcine sclera has been previously characterized many times using
uniaxial testing (Campbell et al., 2014); however, the nature of the loading is quite dif-

ferent from that used here, making comparisons challenging. The in-plane normal strains
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Figure 3.8: Concordance plots of first and repeated measurements on pig scleral samples. Top:
Fitted properties, tensile modulus (Left) and hydraulic conductivity (Right). Both show moderate
concordance and repeatability. Bottom: Directly measured properties, compressive modulus (Left)
and thickness (Right). Compressive modulus is observed to change from first to second test. The
identity line is represented in gray. Perfect concordance between first and second measurement
would be indicated by points falling exactly on this line. Each symbol shape represents measure-
ments coming from the same eye over the three strain steps. Orange lines show the best fit linear
regression, and shaded areas show the 95% confidence bands.

generated from unconfined compression are biaxial and solely tensile in nature, whereas a
uniaxial tensile test generates tensile strains in only one direction. Biaxial testing of porcine
sclera has been reported by Cruz-Perez et al., who used a reduced Fung-type hyperelastic
model to analyze biaxial tensile tests (Cruz Perez et al., 2014). Scleral samples in their study
were stretched in-plane between 2-4% and had an average equivalent stiffness of 410.81 +
168.58 kPa. Here, BCLE theory estimates in-plane tensile strain to be up to 2.5% for any one

individual step, decreasing to 0% during stress relaxation, and an overall average stiffness
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of 341.4 + 130.6 kPa for porcine sclera. We conclude that despite the disparate handling,
methodology, and analysis procedures between these two studies, the tensile stiffness val-
ues measured by unconfined compression matched the results of a well-accepted biaxial
methodology reasonably well.

Studies on the compressive properties of the sclera are rare compared to those on its
tensile properties, but the results obtained here are comparable in magnitude to the few
previous studies performed. Mortavazi et al. used unconfined compression to measure a
drained secant modulus, a conceptually similar measure of elastic stiffness to the equilib-
rium Young’s modulus, £y, measured in this study and found porcine peripapillary sclera
to have a drained secant compressive modulus of approximately 4kPa (Mortazavi et al.,
2009). Worthington et al. measured a compressive Young’s modulus of porcine sclera
to be ~35kPa, which agrees closely to what was measured in human scleral samples by
Battaglioli and Kamm (Battaglioli & Kamm, 1984; Worthington et al., 2014). However,
Battaglioli and Kamm also measured scleral samples from cattle and found the compressive
modulus to be in the range of 12-18kPa, closer to the measurements found in this study. The
compressive stiffness of porcine sclera measured here had a mean of 10kPa, spanning ~6.5
to 16kPa, which is fully contained in the range of 4-35kPa found in the literature and thus
appears to be physiologically reasonable. The small differences in mean values between
studies are likely to be explained by inconsistent reference configurations used for stress
and strain calculations, namely differences in tare loading; however, differences in param-
eters used to quantify compressive stiffness (drained secant modulus, Young’s modulus,
and equilibrium Young’s modulus) and regional variability of the compressive stiffness
may also be contributing.
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3.5.2.b  Hydraulic Conductivity of Porcine Sclera

Through-plane permeability of sclera has been measured a few times in the literature using
a falling head permeability assay, but it is known that a lack of uniformity in permeabil-
ity testing methodology makes comparisons between laboratories difficult (Pennella et al.,
2013). Jackson et al. measured human scleral permeability and found an average value of
8.62e-18 £ 10.42e-18 m? from 18 human donors (Jackson et al., 2006). Stewart et al. mea-
sured porcine scleral permeability and reported an average value of 43.3e-18 £ 23.5¢-18
m? from 7 pigs (Stewart et al., 2009). Due to the dependence of permeability on compres-
sive strain and the likely anisotropic nature of the quantity due to structural anisotropy of
the sclera, a direct comparison to the literature is challenging. However, after converting
hydraulic conductivity measurements in this study to intrinsic permeability by assuming
a viscosity of 0.7MPas for PBS at 37°C (Fluxion, 2009), the average value of porcine
permeability at 5% compressive strain in this study was 9.8e-18 £ 0.50e-18 m?, and the

estimated zero-strain permeability was 17.9e-18 4 2.9¢-18 m?

. Thus, the magnitude of
permeability measured here lies between the literature values, showing that this method-
ology produces a physiologically reasonable permeability value with less variability than
the falling head methodology, which is prone to leakage, a lack of precisely controlled or

measured compressive strain, and possible sample degradation/remodeling over the typical

~24 hour testing times.
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3.5.3 Quality of curve fitting

The model was successfully able to fit the experimental data from low frequencies up to the
chosen cutoff frequency, at which point high frequency camera noise and the low sample
rate of the device precluded accurate Laplace transformations (Figure 3.4). While the mate-
rial properties were determined only from curve fitting the experimental transfer function,
defined as the Laplace domain strain signal divided by the stress signal, on the real axis of
the Laplace domain, both the gain (real) and phase (imaginary) components of the model
calculated using these fitted properties aligned well with the experimental components (Fig-
ure 3.5). Finally, the material properties determined in the frequency domain led to time
domain stress fits of similar quality; specifically, the model matched the peak stresses and

characteristic relaxation times quite well (Figure 3.6).

3.5.4 Repeatability

The ability to curve fit data alone does not prove a model’s applicability to analyzing tissue
response; a model can curve fit any data given enough degrees of freedom. It is impor-
tant that a model yields a unique set of parameters for any individual data set in order to
characterize a tissue accurately and in the most generalizable manner. Here, we probed the
uniqueness of the fits by utilizing a differential evolution algorithm to broadly interrogate
the parameter space in conjunction with performing a test-retest experiment. The sets of
parameters for any one experiment did not vary appreciably from one curve fit to another,
implying that the optimization was consistently finding a global minimum.

Similarly, the sets of parameters obtained by curve fitting varied only slightly from the
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first to second test of the porcine samples (Figure 3.8). A perfect test-retest experiment was
not achievable due to the likelihood of physical changes in the samples between the first
and second test, likely due to some combination of the loading experienced in the first test,
the time spent in PBS overnight, and continued biological processes. Evidence for these
changes are seen in the directly measured compressive modulus of the samples, which were
seemingly altered from the first to second test. Yet despite these limitations, the test-retest
methodology showed relatively concordant results for the fitted parameters, which would
be unlikely if the biphasic model employed here did not describe the physical state of the

samples in this configuration uniquely.

3.5.5 Murine vs Porcine Sclera

Both the pig and mouse sclera display the typical behavior of biphasic materials (Figure 3.7).
The application of high frequency stress resulted in a dampened strain response due to the
fluid pressurization within the sample, whereas low frequency loading led to strain magni-
tudes independent of the hydraulic properties, solely dependent on the solid matrix com-
pressive stiffness, £_y. Fluid pressurization and permeation were also seen to cause a
phase delay in the strain response from stress applied at intermediate frequencies where
fluid permeation occurs on the same timescale as the loading.

Despite these qualitative similarities, we observed quantitative differences between species,
consistent with previous reports on mechanical properties of sclera, including compressive
stiffness, tensile stiffness, and permeability (Battaglioli & Kamm, 1984; Cruz Perez et al.,
2014; Eilaghi etal., 2010; Jackson et al., 2006; Stewart et al., 2009). Here, the porcine sclera

was found to be stiffer than the sclera of the mouse on average, and a minor difference in
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permeability was observed as well at the third strain step. Species differences in properties
are an important factor to consider in the interpretation of results of animal models of ocular
conditions. While these findings may be explained by species differences in the microstruc-
ture or scleral composition, another possibility for this study is that age differences in the
two groups are driving the differences. There is evidence of age-related scleral remodeling
of the collagen and proteoglycan networks (Coudrillier et al., 2015; Rada, Achen, Penu-
gonda, et al., 2000; Stewart et al., 2009). While the pigs exact age was not known, they
were likely ~6 months of age, compared to a mean age ~ 4 months for the mice. This
difference in mean age, especially when considering the different lifespans of the mouse
and the pig, may be driving the differences in properties found in this study.

While the cause of the observed difference between the two species is left to future work,
it is important to note that unconfined compression analyzed with BCLE was able to discern
a difference between the two groups, supporting its use as a tool to detect biomechanical

differences between treatment groups.

3.5.6 Limitations

3.5.6.a Infinitesimal Strain Assumption

The formulation of the model used to analyze the stress relaxation experiments includes
an infinitesimal strain assumption that introduces error into the analysis. While the com-
pressive strains were held to a maximum of 15% in the stress relaxation experiments, a tare
stress of ~636 Pa was applied to the samples prior to the 15% strain application. Accurately

determining the corresponding amount of tare strain in these experiments is not trivial due
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to the curved and small size of the samples. However, the mean compressive stiffness of
10 kPa for the porcine and mouse scleral samples can be used to estimate ~6% strain due
to the tare loading. While the total ~20% compressive strain on the samples in this study
introduces a non-negligible amount of error (~2% strain), the associated error is generally
deemed to be an acceptable trade-off for the significant simplification of the analysis in soft
tissue mechanics (Cohen et al., 1998; Hatami-Marbini & Etebu, 2013; Soltz & Ateshian,
2000).

To obtain material properties for a constitutive relationship valid for large deforma-
tions, e.g. for general modeling purposes, it would be necessary to extend the approach to
consider finite deformations, which was beyond the scope of this manuscript. However,
we suggest that our technique is nonetheless useful for comparison of material properties
between experimental groups, since the ability to obtain three material properties closely
related to the microstructure of the tissue from one experiment, without the use of inverse
finite element modeling, is appealing. A technique of this sort is also particularly powerful
in the hard-to-work-with mouse eye, due to the multitude of readily available transgenic

mouse strains.

3.5.6.b Experimental Limitations

The compression testing device had limited accuracy in applying specific strain signals due
to the software feedback used to control the tip position. This is visible in the transient
overshooting of applied strain (Figure 3.6 compared to Figure 3.3); however, the strain
always equilibrated quite accurately on the commanded 5% strain step. The curve fitting

and calculations of model time domain stress were done independent of any assumed strain
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signal to account for the transient overshoot; however, Huang et al showed that the strain
rate of the applied compression affected fitted properties of the solid matrix of articular
cartilage due to its inherent viscoelasticity. Thus, the inconsistency of the applied strain

likely added additional variability in the fitted properties.

3.5.7 Conclusion

We evaluated the applicability of unconfined compression analyzed with poroelastic the-
ory to characterize scleral biomechanics and have shown that poroelasticity well describes
the biomechanics of the sclera, an important advance in capturing the contribution of the
sclera’s complex microstructure to its biomechanics. We showed that by reformulating the
model parameters, a single unconfined compression test can yield unique sets of parameter
values that are physiologically reasonable and consistent with other testing methodologies.
Using this method, we have characterized intrinsic material properties of the murine sclera
for the first time and found them to be quite similar to the porcine sclera. Unconfined
compression is moderately repeatable under a test-retest reliability experiment, potentially
permitting comparisons within the same sample before and after an experimental treatment.
These methods are also relatively insensitive to the thickness of the samples, since they can
characterize porcine sclera as well as the significantly thinner murine sclera, showing that
this method can likely be successfully applied to other small tissue samples. Future work
should focus on more completely validating the model’s ability to fully describe the tissue’s
biomechanics by predicting another simultaneously measured quantity and work towards
a full characterization of the tissue by measuring the shear modulus and relaxing the cubic

symmetry assumption. Importantly, this method will allow more focused study on the con-
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tribution of the glycosaminoglycans (GAGs) to scleral biomechanics, an area of increasing
interest in both glaucoma and myopia research. This study may also spur increased use
of the mouse as an animal model for future ocular biomechanics studies where the sclera
is a target, such as myopia and glaucoma, and permit more rigorous studies of the genetic

pathways regulating scleral biomechanics.
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CHAPTER 4
ALTERED STRUCTURE AND FUNCTION OF MURINE SCLERA IN

FORM-DEPRIVATION MYOPIA

4.1 Submission Details

Authors: Dillon M. Brown, Michael A. Kowalski, Quinn M. Paulus, Jianshi Yu, Praveen
Kumar, Maureen A. Kane, Jay M. Patel, C. Ross Ethier, Machelle T. Pardue

Status: Accepted for publication in Investigative Ophthalmology & Visual Science (Novem-

ber, 2022)

4.2 Introduction

Myopia is the most common refractive error and cause of visual impairment, predicted to
affect over 50% of the population by 2050 (Holden et al., 2016). Myopia is typically caused
by axial elongation of the eye beyond that necessitated by the eye’s optical power (axial my-
opia) (Flitcroft et al., 2019), i.e. incoming collimated light is focused in front of the retina.
This elongation not only disrupts the optics, but also the ocular biomechanical environment,
which may explain why excessive axial length is a risk factor for other blinding diseases
with biomechanical aspects (e.g., retinal detachment, glaucoma, optic disk abnormalities)
(Lakawicz et al., 2020; Saw et al., 2005; Shen, Melles, et al., 2016). Thus, preventing my-
opigenesis is of great interest, yet our understanding of the mechanisms of axial elongation

and myopigenesis is lacking.
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The physical process of axial elongation appears to be dictated by the biomechanics of
the sclera, which in turn are determined by the quantity/types of constituent components and
their microstructural arrangement (Harper & Summers, 2015; Summers, 2014). Presenta-
tion of myopigenic visual stimuli causes significant and rapid scleral remodeling, including
changes in sulfated GAG (sGAG) levels and an increase in extensibility (i.e., altered biome-
chanics) (Backhouse & Gentle, 2018; Grytz & Siegwart, 2015; Harper & Summers, 2015;
Lewis et al., 2014; McBrien et al., 2009; Moring et al., 2007; Phillips et al., 2000; Siegwart
& Norton, 1999). This relationship between the state of the sclera (structure and biome-
chanics) and axial length appears to be causal, as supported by both computational model-
ing (Grytz & El Hamdaoui, 2017) and studies in which the sclera is experimentally stiffened
(e.g., using collagen cross-linking agents or other mechanical reinforcement) which result
in altered axial length (Boote et al., 2020; Grytz, 2018). However, no proposed mechanisms
linking scleral biomechanics to axial length have successfully explained the magnitude and
time course of myopigenic axial elongation, indicative of the complexity of this process.

There is great interest in elucidating the mechanism by which myopigenic visual cues
are able to influence scleral remodeling (Brown et al., 2022; Summers et al., 2021). Signif-
icant evidence supports the general idea of a direct retina-to-sclera (retinoscleral) signaling
cascade capable of communicating information about magnitude and direction of optical
defocus contained in an image (McFadden & Wildsoet, 2020; Norton et al., 1994; Troilo
& Wallman, 1991; Troilo et al., 1987; Wallman et al., 1987; Wiesel & Raviola, 1977;
Wildsoet & Wallman, 1995; Wildsoet & Pettigrew, 1988b; Wildsoet, 2003). However, the
details behind this signaling cascade remain elusive, especially regarding how the signal
is being propagated through the choroid (Brown et al., 2022; Nickla & Wallman, 2010;
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Summers et al., 2021).

Retinoic acid (RA) may be an important signal capable of trans-choroidal signaling
within the retinoscleral cascade. All-trans retinoic acid (atRA) concentrations and synthe-
sis in retinal and choroidal tissue have been shown to be correlated to the refractive state and
direction of blur, dependent on both tissue and species (McFadden et al., 2004; Summers,
2013). atRA has been previously shown to disproportionately concentrate in the sclera
when co-cultured with choroidal tissue (McFadden et al., 2004), suggesting the existence
of an active transport process, and scleral concentrations of atRA influence the remodeling
processes by modulating sGAG and/or synthesis (Mertz & Wallman, 2000). Finally, exoge-
nous atRA given to guinea pigs and chickens has been shown to promote axial elongation
(McFadden et al., 2004; McFadden et al., 2006) and influence scleral remodeling (Li et al.,
2010). However, it is not clear if atRA-induced elongation occurs via the same pathways
as myopigenesis.

The mouse model of myopia has great potential to address questions pertaining to mech-
anisms of myopigenesis. Although the mouse is widely used for studying complex bio-
logical mechanisms, it is still not clear how comparable mouse myopigenesis is to other
mammalian species and thus to what degree findings in mice may translate (Pardue et al.,
2013; Schaeffel et al., 2004). Additionally, the small size of its eye (~3 mm) introduces
significant technical challenges in measuring axial elongation, scleral biomechanics, and
quantities of signaling molecules. In the mouse, axial elongation is inconsistently reported
to change with myopigenic cues (Pardue et al., 2013), and neither scleral glycosaminogly-
cans (GAGs) nor biomechanics have been studied in respect to myopigenesis.

Here, we studied the form-deprivation (FD) model of myopia in the mouse, primarily
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focusing on scleral endpoints described below. We hypothesized that myopigenesis in the
mouse progresses via a retinoscleral signaling cascade similar to other mammals, and thus,
that the sclera would be measurably more extensible in myopic eyes. Additionally, we hy-
pothesized that sSGAG content, shown to be rapidly altered in other species in response to
myopigenic visual cues, would be decreased. Finally, we measured ocular atRA content to
determine if increased retinal or choroidal atRA concentrations coincided with myopigen-

esis, as has been observed in other mammalian models.

4.3 Material and Methods

4.3.1 Animals

Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, Maine, USA) were housed at the
Atlanta Veterans Affairs Healthcare System in normal lighting conditions (12:12-hour cy-
cles, 20-200 lux) with access to mouse chow and water ad libitum. All procedures were
performed in accordance with the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and ap-

proved by the relevant Institutional Animal Care and Use Committee.

4.3.2 1In Vivo

4.3.2.a Ocular Measurements

At baseline and on the day of sacrifice, animals were prepared for in vivo measurements
(Bergen et al., 2016; Faulkner et al., 2007). Eyes were dilated with 1% tropicamide and

animals were anesthetized (ketamine: 80 mg/kg; xylazine: 16 mg/kg). Refractive error
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Figure 4.1: Experimental study design. A) In vivo measurements were made at baseline, after which
animals were either assigned to receive monocular form deprivation (form deprivation) or remain
naive controls (naive). Treatments were maintained for either 1 or 3 weeks, after which in vivo
measurements were again made at the endpoint and prior to sacrifice. B) Ex vivo outcome measures
were studied using different cohorts of animals.

(RE) (mouse automated infrared photorefractor), corneal curvature (CC) (infrared photok-
eratometry), and ocular biometry (spectral domain optical coherence tomography (OCT);
Envisu R4300, Leica Microsystems, Wetzlar, Germany) were then sequentially measured,
with the entire process taking ~20 minutes (Schaeffel, 2008; Schaeffel et al., 2004). OCT
volumes were registered to correct for motion artifacts, and tissue interfaces were manually
marked, permitting the calculation of central corneal thickness (CCT), anterior chamber
depth (ACD), lens thickness (LT), vitreous chamber depth (VCD), retinal thickness (RT),
and axial length (AL) (corneal surface to retinal pigment epithelium (RPE)). To convert op-
tical path lengths from SD-OCT to physical distances, an average refractive index of 1.39
was assumed, resulting in 4.1 um axial resolution in tissue. In vivo measurements were

excluded when significant corneal/lens opacities were observed.
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4.3.2.b Induction of Form-deprivation Myopia

After the baseline in vivo ocular measurements were made at postnatal day 28 (p28), form-
deprivation myopia was induced by head mounting diffuser lenses unilaterally OD, leaving
OS as a naive contralateral control (Faulkner et al., 2007). Lens compliance was checked
at least once daily, and no mice were eliminated from the study based on lack of lens com-

pliance. Lenses were cleaned weekly under dim lighting and maintained for either 1 week

(FD-1) or 3 weeks (FD-3).

4.3.3 Ex Vivo Protocols

Following the final in vivo measurement, animals were sacrificed, and eyes were enucleated
and processed on the same day. Specifically, depending on the animal’s assigned ex vivo

endpoint, eyes were processed in one of three ways:

1. Biomechanical characterization using unconfined compression testing (UCT);

2. Frozen for later quantification of total scleral sSGAG content by 1,9-dimethylmethylene
blue (DMMB) or for later atRA measurements using liquid chromatography-tandem

mass spectrometry (LC-MS/MS); or

3. Fixed for immunohistochemistry (IHC).

Both eyes from each animal were used for the same ex vivo endpoints to permit pairwise
comparisons within each animal and the calculation of an interocular difference (treated -
contralateral eye) (IOD) or "shift”. For some endpoints, untreated, naive animals were also

tested. The investigators were blinded in the DMMB and LC-MS/MS assays, and partially
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blind in IHC (samples were coded by the investigator and only decoded after imaging and
masking was performed). In total, 60 animals were studied between the 4 different ex vivo

endpoints (Figure 4.1).

4.3.3.a Unconfined Compression Testing (UCT)

Eyes used for quantifying scleral biomechanics were enucleated and stored in phosphate-
buffered saline (PBS) at 4°C until use the same day. As previously described (Brown,
Pardue, et al., 2021), eyes were first dissected under PBS to remove orbital muscle, fat, and
conjunctiva. Globes were divided at the limbus, and the intraocular tissues were removed to
create a scleral shell. Four cuts were made to flatten the sclera and create four regions from
which samples could be taken. 1 mm diameter cylindrical samples were taken from the pos-
terior region of the scleral shell using a biopsy punch, approximately 0.5 mm from the optic
nerve. Samples were taken randomly from the four regions, and when multiple samples
were tested from the same eye, the results were averaged. In support of this approach, in
the current study and our previous study40 detailing the methodology, we have seen no ef-
fect of region on measured mechanical properties. Samples were coated in graphite powder
and submerged in a 37°C 0.1M PBS fluid bath for biomechanical testing.

UCT was performed on the cylindrical samples using a cantilever-based compression
testing apparatus (Microsquisher; CellScale, Waterloo, ON, Canada). Samples were placed
on the platens and a 500 uN (636 Pa engineering stress) tare load was applied to flatten
the samples and keep them in place. After equilibration, the thickness of the sample was
measured via the calibrated camera (resolution: 0.6155 pm/pixel). This was used as the

reference configuration for stress/strain calculations. Then, an incremental 3 step stress
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relaxation compression protocol was performed, applying a total of 15% compressive strain
over three steps, with each step applying and maintaining an additional 5% compressive
strain until stress relaxed and equilibrated. (Average relaxation time - step 1: 12 min,
step 2: 22 min, step 3: 25 min). The time taken to relax increases with each incremental
strain step due to the viscoelastic effects being a result of fluid exudation, and the tissue
hydraulic conductivity is dependent on the state of compression, i.e., increased compression
causes pores to close and resistance to fluid flow to increase. The biphasic conewise linear
elastic material model was independently fit to each step of the compression experiment,
permitting the calculation of an aggregate” tensile modulus (intrinsic material property
reflecting resistance to tensile deformation once internal fluid flow has ceased; “tensile
stiffness”) and hydraulic conductivity (tissue permeability to water; “permeability”) at each
of the three steps (Brown, Pardue, et al., 2021; Soltz & Ateshian, 2000)(Supplementary
Figure A.1).

The 10D of each material property was calculated at each step and averaged to obtain
the mean IOD of each sample. However, in some cases, applied compressive strain deviated
up to ~ 1.5 percentage points from the target strain (Supplementary Figure A.1). Due to the
strong dependence of the properties on the state of sample compression, we included this
deviation as a factor in our statistical model (generalized linear models). IODs are presented
as estimated marginal means of the fitted statistical model in which the strain deviations are

corrected.
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4.3.3.b  Dimethylmethylene Blue Assay (DMMB)

To quantify total scleral sGAG content, eyes were enucleated and stored in PBS at 4°C until
dissection the same day. The sclera was isolated from the rest of the eye while submerged
in PBS, carefully removing the RPE and choroid by scraping with the tips of angled forceps.
Isolated sclerae were then dehydrated in a vacuum desiccator overnight and weighed 3 times
on an analytical balance (XSR205DU; Mettler Toledo, Columbus, OH, USA), with the
average being taken as the dry mass of the sclera. These procedures led to good interocular
agreement in tissue masses in a preliminary group of naive, untreated animals (n=8 pairs
of eyes, concordance correlation coefficient p. = 0.94, Supplementary Figure A.2). The
isolated sclerae were frozen on dry ice in Eppendorf tubes and stored at -80°C until use.
Total sGAG content was measured via the metachromatic DMMB assay. Samples were
first thawed and digested in 200uL papain (Sigma P3125, 2% v/v) in buffer (0.1M Sodium
Acetate, 0.01M Cysteine Hydrochloride, 0.05M EDTA, pH 6.0) at 60°C for 1-2 days, or
until completely digested. Samples were spun down every 4-6 hours to keep them im-
mersed. 200uL of the DMMB dye mixture (8mg 1,9 dimethylmethlene blue in 2.4mL
ethanol, 1g sodium formate, ImL formic acid, diluted to S00mL with ddH20) was added to
30uL of digested sample in a 96 well plate and absorbance was read at 525 nm, the accepted
preferred wavelength for measuring SGAG content with this assay (Farndale et al., 1986).
Concentration was determined by comparing absorbances to a standard curve created from
shark cartilage chondroitin sulfate (Sigma C4384). DNA was also measured in each sam-
ple via the picogreen assay. 100uL of the picogreen working reagent (50uL PicoGreen

Reagent, 0.5mL 20x TE buffer, 9.45mL ddH20) was added to SuL of digested sample, and
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absorbance was read using 480nm excitation and 520nm emission and compared to a stan-
dard curve created using Lambda DNA stock (Cat #: SD0011, Thermo Fisher Scientific,
Waltham, MA, USA). Both assays were performed in triplicate, with the average of the
three taken as the final value.

To account for variability in the amount of isolated sclera collected per eye, scleral
sGAG content is reported as a mass fraction (ug sGAG/mg sclera) and a mass ratio (ug

sGAG/pg DNA).

4.3.3.c Immunohistochemistry (IHC)

Immediately following sacrifice, eyes were immersion fixed in buffered zinc formalin (Z-
Fix; Anatech LTD, Battle Creek, MI, USA) for approximately 1 hour. Eyes were cry-
oprotected in 30% sucrose solution overnight, embedded in optimal cutting temperature
medium, and rapidly frozen at -60°C on the Peltier cooling element of a cryostat (CM1850;
Leica Microsystems, Wetzlar, Germany). 10pum sagittal sections were taken through the
optic nerve head and stored at -20°C.

For immunostaining, we used a well characterized monoclonal primary antibody (2B6)
specific to chondroitinase-generated neoepitopes on both chondroitin-4-sulfate (C-4-S) and
dermatan sulfate (DS) (Clone 2B6, Cat:1042009, Lot: S1605002; MD Biosciences, Oak-
dale, MN, USA). C-4-S and DS make up the majority of the sGAG content in the sclera
(Moring et al., 2007). Additionally, they tend to associate with two separate classes of pro-
teoglycans; DS tends to be found predominately in small leucine-rich proteoglycans that
associate with collagen (e.g., decorin and biglycan), whereas the majority of C-4-S tends to

be found in larger, aggregating proteoglycans (e.g., aggrecan) (Harper & Summers, 2015;
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Lopez & Bonassar, 2022).

To separately label C-4-S and DS, tissue sections were deglycosylated using either chon-
droitinase AC (ChAC), which specifically deglycosylates chondroitin A (C-4-S) and chon-
droitin C (C-6-S); or chondroitinase B (ChB), which targets DS (both ChB and ChAC from
Flavobacterium heparinum, Sigma-Aldrich, Saint Louis, MO, USA). Thus, tissue sections
treated with ChAC and stained with 2B6 allow visualization of only the “stub” neoepitopes
of C-4-S, and those treated with ChB and stained with 2B6 only allow visualization of DS

(Table 4.1).

Table 4.1: Enzymatic deglycosylations and immunostaining outcomes. Chondroitinase enzymes
deglycosylate and expose neoepitopes on specific SGAGs. Combining the different treatments with
antibodies (2B6 - anti-4 sulfation stub monoclonal antibody) permit labeling of specific sGAGs.
sGAG: sulfated glycosaminoglycan, ChAC: Chondroitinase AC, ChB: Chondroitinase B, C-4-S:
Chondroitin-4-sulfate, C-6-S: Chondroitin-6-sulfate, DS: Dermatan Sulfate

Deglycosylation Immunostaining
Ensyme xcoemtopes) | AT Kooty GAG.
D ces | W s
ChB DS 2B6 C;S'S DS

To prepare tissue for immunostaining, slides were first washed with tris-buffered saline
with 0.1% Triton X-100 (TBS-T) to remove excess embedding medium. After enzymatic
treatment (ChB, ChAC, or buffer-only; 0.5 U/mL, 3 hours at 24°C, 8.0 pH) sections were
permeabilized (0.5% Triton X-100 in TBS, 10 minutes at 24°C) and then incubated with
blocking buffer (10% normal goat serum and 1% bovine serum albumin in TBS-T, 45 min-
utes at 24°C). Sections were then incubated with mouse monoclonal antibody 2B6 in a

humidity-controlled environment (1:100, 18 hours at 4°C). The following day, sections
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were washed three times in TBS-T and incubated with Alexa Fluor-647 labeled goat anti-
mouse secondary antibodies in blocking buffer (1:500, 45 minutes at 24°C in darkness; Cat
# A-21244, Invitrogen). Tissue was washed, treated with DAPI (NucBlue Fixed Cell Stain
ReadyProbes DAPI, Cat # R37606, Invitrogen), washed, and finally coverslipped with an-
tifade medium (Prolong Diamond Antifade Medium, Cat # P36961, Invitrogen). All slides
were stained in parallel using the same batch of working reagents.

Stained samples were imaged on a confocal microscope (Nikon A1R, Nikon, Tokyo,
Japan) using an apochromatic 20X objective lens. Three images (600x600um per field of
view, 12 bits per channel) were taken per section — one centered on the optic nerve head,
and one each superior and inferior to the first. Three sections were imaged per slide (ChB-
treated, ChAC-treated, and buffer-only control). Microscope settings were kept constant
across all samples and imaging sessions.

Images were stitched, masked, thresholded, and quantified via custom semiautomated
macros using built-in analysis functions in FIJI (Schindelin et al., 2012). The sclera was
manually masked from other tissues. To quantify relative GAG content, average pixel inten-
sities were measured within the masked regions and normalized to each slide’s buffer-only

control.

4.3.3.d Liquid Chromatography tandem mass spectrometry (LC-MS/MS)

Eyes used to quantify retinoids were enucleated and dissected in PBS under dim red light to
limit RA isomerization (KANE et al., 2005; Kane & Napoli, 2010). The extraocular tissues,
optic nerve head, anterior chamber, and lens were removed from the eyes. The remaining

posterior cup was divided into two groups by carefully isolating the retina. The remaining

105



RPE, choroid, and sclera (R/C/S) were analyzed together due to the small quantities of tissue
(mean + std sample mass; Retina: 14.6 + 4.8 mg, R/C/S: 10.8 £ 3.3 mg). Tissues were
blotted, placed into light proof Eppendorf tubes on dry ice, and stored at -80°C.

Samples were shipped from Atlanta, GA to Baltimore, MD on dry ice for LC-MS/MS
characterization of retinoids using a previously detailed and rigorously characterized method-
ology, developed specifically for measuring endogenous RA isomers in limited tissue sam-
ples from mice (Jones et al., 2015; KANE et al., 2005; Kane, Folias, & Napoli, 2008;
Kane, Folias, Wang, et al., 2008; Kane & Napoli, 2010). In brief, samples were com-
bined, and the wet weights of the grouped samples were measured. Tissue was then ho-
mogenized in a ground glass homogenizer in 0.9% NaCl (normal saline) and extracted
using a two-step acid-base extraction previously described in detail using 4,4-dimethyl-
RA as an internal standard for RA and retinyl acetate as an internal standard for retinol
and total retinyl esters (Kane & Napoli, 2010). Levels of RA were quantified using liquid
chromatography-multistage-tandem mass spectrometry, which is an LC-MS/MS method
utilizing two distinct fragmentation events for enhanced selectivity using a Prominence
UFLC XR liquid chromatography system (Shimadzu, Columbia, MD) coupled to a 6500+
QTRAP hybrid triple quadrupole mass spectrometer (AB Sciex, Framingham, MA) using
atmospheric chemical ionization (APCI) operated in positive ion mode as previously de-
scribed (Jones et al., 2015). Levels of retinol and total retinyl esters were quantified via
HPLC-UYV as previously described (Kane, Folias, & Napoli, 2008; Kane & Napoli, 2010).
From these procedures, atRA, retinol (ROL), and total retinyl esters (tRE) were quantified
and reported. Individuals carrying out the LC-MS/MS measurements were blinded to the
identities of samples.
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4.3.4 Statistical Analysis

Generalized linear mixed effects models were constructed for each outcome measure. Fit-
ting and contrasts were done using the “lme4“ and “emmeans® packages in R (version4.1.1)
(Bates, Machler, et al., 2015; Lenth, 2021). When multiple contrasts were run, p values
were adjusted via the multivariate t method (Westfall & Tobias, 2007). Significance of
fixed effects was calculated by performing likelihood ratio tests between the full model
and null models, each lacking one of the fixed effect terms. Random effects were used to
account for correlated samples, e.g., two eyes from the same animal or multiple measure-
ments on the same eyes. Outcomes were assigned a Gamma error distribution with a log
link based on priors (outcomes that are strictly positive and/or ratios) and based on analysis
of model residuals (Supplementary Table A.1). Significant alpha threshold was taken to be

0.05, and all results are presented as mean + standard deviation.

4.4 Results

4.4.1 Form-deprivation induces myopic refractive errors in mice

At baseline and in the naive animals, refractive errors displayed good interocular agree-
ment, i.e. refractive shifts (IOD RE) were not significantly different from 0 (Baseline:
-0.13+£0.67D; Naive: 0.02+0.37D). Form-deprivation, initiated at 4 weeks of age, led to
myopia relative to the contralateral eye by 1 week (-2.35+1.11 D, p<0.001) and worsened
by 3 weeks (-4.07£0.72D, p<0.001) (Figure 4.2). Despite myopic refractive errors, no
biometry measurements were significantly altered with myopia relative to their contralat-

eral controls, including AL (Supplementary Table A.2).
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Figure 4.2: Form deprivation caused time-dependent myopigenesis in mice quantified by refractive
error. Naive animals and all animals at baseline displayed good interocular agreement in refractive
error (treated — contralateral close to 0). Form deprivation caused increasingly more myopia over
time relative to the contralateral eye. Different symbols represent the different outcome measures
studied in each animal. Brackets denote difference between groups; filled asterisks denote an inte-
rocular difference in that group. The box contains the second and third quartiles of data, with the
line indicating the median. The whiskers show the first and fourth quartiles. UCT: unconfined com-
pression test, DMMB: dimethylmethylene blue, IHC: immunohistochemistry, LC-MS/MS: Liquid
Chromatography tandem mass spectrometry. *: p<0.05, **: p<0.01, ***: p<0.001.

4.4.2  Scleral stiffness and permeability are altered during myopigenesis

In naive animals, the measured tensile stiffness and permeability displayed good interocu-
lar agreement, with only minor and insignificant differences occurring. The sclerae from
form-deprived eyes were less stiff (FD vs Contra; 1 week FD: -29.2%, p<0.001, 3 weeks
FD: -39.9%, p<0.001) and more permeable (FD vs Contra; 1 week FD: +80.1%, p=0.0025,
3 weeks FD: +131.4 %, p<0.001) than the contralateral eyes (Figure 4.3). The interocular
differences in both form-deprivation groups were significantly different from those mea-
sured in the naive animals (Naive vs FD-1: Stiffness, p=0.02; Permeability: p=0.04; Naive

vs FD-3: Stiffness, p<0.001; Permeability: p<0.001). Scleral biomechanical properties
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did not differ between contralateral eyes of either form-deprivation group or between con-

tralateral eyes and naive eyes (Supplementary Figure A.1, Supplementary Table A.3).
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Figure 4.3: Form deprivation altered the biomechanics of the sclera, decreasing the tensile stiffness
and increasing permeability as myopia develops relative to the contralateral eye. In other words, the
interocular differences in scleral aggregate tensile modulus (left) and hydraulic conductivity (i.e.,
permeability) (right) differed from 0 due to form deprivation. Interocular differences were calculated
at each step and the differences were averaged. Values plotted are the estimated marginal means
derived from the fitted statistical model. The gray dashed line shows the 0 point (no interocular
difference). Filled asterisks indicate a significant difference from 0. Brackets indicate differences
between groups. The box contains the second and third quartiles of data, with the line indicating the
median. The whiskers show the first and fourth quartiles. FD1: 1 week form deprivation, FD3: 3
weeks form deprivation, IOD: Interocular difference, H 4: Aggregate tensile modulus (“stiffness”),
k: hydraulic conductivity (“permeability”). *: p<0.05, **: p<0.01, ***: p<0.001.

4.4.3 sGAG content in the posterior sclera is decreased with myopia development

Total scleral sGAG content as quantified by the DMMB assay was not measurably altered
after 3 weeks of form deprivation (Supplementary Table A.4). However, using semiquan-
titative immunohistological methods limited to the posterior sclera to observe the primary
sGAGs, DS and C-4-S, myopic sclerae tended to have decreased sGAG content (Figure 4.4).
DS content was dependent on the duration of FD (Interaction effect: animal treatment x
eye, p=0.017). DS was not changed in the FD eye relative to the contralateral eye after 1
week of treatment (p=0.871) but decreased after 3 weeks (p<0.001, Figure 4.4). A different
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trend was observed with C-4-S, which was decreased by a similar degree after both 1 and

3 weeks of form deprivation (Main effect: eye, p<0.001, Supplementary Table A.5).

4.4.4 Form-deprivation alters retinoids in ocular tissues

Retinoids (atRA, tRE, and ROL) were each quantified in the retina and combined R/C/S
(Figure 4.5). The bioactive retinoid, atRA, was significantly increased in the retina of eyes
exposed to form deprivation for 1 week compared to contralateral controls (p=0.037), which
returned to normal levels by 3 weeks. The concentration of atRA in the combined R/C/S
was not altered with treatment. tRE in the R/C/S was decreased at 1 week of form depriva-
tion relative to naive animals (Naive vs FD, p=0.028), and a decrease was observed in the

contralateral eyes at 3 weeks (Naive vs Contra, p=0.016).
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Figure 4.4: Effect of form deprivation on immunostaining of specific scleral SGAGs in the posterior
sclera. A) Representative immunostaining of the posterior eye. Without chondroitinase treatment,
staining was minimal (right). Deglycosylation using ChAC (middle) or ChB (left) increased the
amount of labeling, primarily in the sclera. The green dashed rectangle shows an annotated/magni-
fied 200 pm wide region and is representative of the distance from the optic nerve at which staining
was quantified. B) Representative normalized fluorescence of the same sample in A) presented
alongside the same animal’s form-deprived eye. Fluorescence was normalized to the average inten-
sity in the sclera of the “buffer-only” treatment to account for inter-sample differences in nonspecific
staining and autofluorescence. Red coloring indicates increased staining, white indicates no change,
and gray coloring indicates decreased staining relative to the sclera of the “buffer-only” treatment.
Arrowheads point to the sclera and the asterisk labels the optic nerve. C) Quantification of the
normalized fluorescence. DS content was significantly decreased in the sclera only after 3 weeks
of form deprivation. In contrast, C-4-S content was significantly decreased in form-deprived eyes
independent of the treatment duration (Main effect: Treatment, p<0.001). The box contains the
second and third quartiles of data, with the line indicating the median. The whiskers show the first
and fourth quartiles. Open markers show the spatially averaged values of the representative samples
in B). *: p<0.05, **: p<0.01, ***: p<0.001. 111
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Figure 4.5: Retinoid concentrations in ocular tissues were altered with form deprivation. atRA in-
creased in the retina of form-deprived eyes at 1 week. tRE decreased in the sclera of form-deprived
animals - unilaterally after 1 week and bilaterally after 3 weeks. Each plotted point is one measure-
ment made on grouped tissue from two eyes. Values above brackets are the adjusted p-values of
the simple effect contrasts of eye treatment (Naive, Contra, or FD). The box contains the second
and third quartiles of data, with the line indicating the median. The whiskers show the first and
fourth quartiles. FD: form-deprivation, Contra: contralateral, atRA: all-trans retinoic acid, tRE: to-
tal retinyl esters, ROL: retinol.
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4.5 Discussion

The present study has established that the sclera of the mouse is significantly altered during
visually mediated myopigenesis. A myopigenic visual cue (form deprivation) presented to
the retina leads to both myopic refractive errors and altered scleral biomechanics. The my-
opic mouse sclera is more extensible, consistent with studies in other species using disparate
mechanical testing methods and measures of stiffness (Grytz & Siegwart, 2015; Lewis et
al., 2014; Phillips et al., 2000; Siegwart & Norton, 1999), and more permeable, a finding
not previously reported. In our efforts to quantify degradation of sGAGs, results from semi-
quantitative IHC suggests that the two major scleral sGAGs, C-4-S and DS, are decreased
in the posterior sclera. Interestingly, DS was only reduced after 3 weeks of form depriva-
tion, while significant myopia, altered biomechanics, and reduced C-4-S were found even
at 1 week of form deprivation, suggesting that C-4-S, but not DS, may be involved in the
early process of axial elongation. Finally, we present an exploratory overview of retinoid
concentrations in ocular tissues of mice, which appear to vary throughout the posterior eye
wall in response to form deprivation. These findings together, despite having not measured
an increase in axial length, support the hypothesis that the mouse develops axial myopia via
aretinoscleral signaling pathway, with largely conserved scleral endpoints to those reported

in other mammalian species.

4.5.1 The mouse sclera becomes more extensible and permeable during myopigenesis

In contrast to the large variability of axial length (standard deviation of interocular differ-

ence ~25 um, or an estimated ~5 D in the mouse), the effects of form deprivation on the
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scleral material properties are large and consistent. One week of FD resulted in ~2 D of
myopia and corresponded with a 30% increase in the median extensibility of the myopic
sclera, relative to the contralateral eye. By 3 weeks, the amount of myopia nearly doubled
to ~4D and myopic sclerae were ~40% more extensible. Without any adjustments from
the statistical model, 1 week of FD caused 5/6 animals to have more extensible myopic scle-
rae, increasing to 6/6 animals by 3 weeks of FD. The trend of a more extensible sclera in
myopic eyes is consistent with previous findings of tensile stiffness changes in the chicken
and tree shrew sclera, measured using a variety of approaches (Grytz & Siegwart, 2015;
Lewis et al., 2014). While it is still not clear how exactly stiffness relates to axial length or
what specific remodeling processes influence stiffness, these findings support the idea that
the elongation is not driven by strictly elastic deformations of the corneoscleral shell.

The permeability of the mouse sclera was also altered in response to form deprivation, a
finding not previously reported in any species. The tissue permeability of hydrated tissues
accounts for a significant amount of viscoelasticity (time-dependent responses to loading)
under certain modes of deformation (Huang et al., 2001; Huang et al., 2003), and the eye
is constantly experiencing pulsatile, time-varying loading via the intraocular pressure and
normal eye movements (Campbell et al., 2014). Thus, while it is feasible that scleral per-
meability could have important implications for scleral deformations, it is not obvious what
role, if any, permeability may play in the proper functioning of the sclera and regulation of
eye size. We note though that permeability appeared to track myopia better than tensile
stiffness in this study; both myopic refractive errors and median permeability increased by
about 70% between 1 and 3 weeks (-2.4D to -4.1D, +83% to +139% relative to the con-
tralateral eye), whereas median tensile stiffness decreased by only ~40% (-28% to -40%).
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Despite lacking a clear understanding of this functional relationship, measurements of
the scleral permeability may serve as a useful proxy for characterizing scleral microstruc-
ture, specifically its sSGAG content. Tissue permeability has been most extensively studied
in articular cartilage, where permeability is directly tied to function, i.e., in the lubrication
of joints (Roughley & Mort, 2014). Theoretical and experimental results support a negative
correlation between permeability and SGAG content (Gu et al., 1993; Rotter et al., 2002),
i.e., decreased sGAG content results in increased permeability. If a similar relationship is
demonstrated in the sclera, the measured increase of permeability in this study would be
consistent with the widely replicated finding that scleral sSGAGs decrease during myopige-

nesis (Moring et al., 2007; Norton & Rada, 1995).

4.5.2  Specific scleral glycosaminoglycans are decreased with different time courses

To study aspects of remodeling that occur in the mouse sclera during myopigenesis, we
characterized sGAG content using two assays: DMMB (quantitative) and IHC (semiquan-
titative). While total sGAG content was not found to change after 3 weeks of form depri-
vation using the DMMB assay, the two most abundant sGAGs in the sclera, DS and C-4-S,
appeared to be altered due to form deprivation when studied using THC.

We report that C-4-S content is decreased in the myopic mouse sclera, occurring by 1
week and persisting through 3 weeks. This decrease in response to form deprivation agrees
with a study by Moring et al., in which C-4-S was found to decrease at 4 days of lens
defocus myopia in the tree shrew (Moring et al., 2007). C-4-S is primarily found on large,
aggregating proteoglycans, e.g., aggrecan (Lopez & Bonassar, 2022; Rada et al., 1997),

and aggrecan production has been shown to be rapidly downregulated while aggrecanases

115



are upregulated in the sclera in response to myopigenic visual cues (Guo et al., 2013; Guo
et al., 2014; Siegwart & Norton, 2005). Thus, the semiquantitative results of the IHC are
consistent with other methods and species.

Additionally, we found that scleral DS was decreased, but only after 3 weeks of form
deprivation. DS has been shown to associate closely with, and influence, collagen, with DS
concentrations being correlated to the amount of collagen (Junqueira et al., 1981; Keene
et al., 2000; Moring et al., 2007; Orgel et al., 2009; Raspanti et al., 2007; Robinson et al.,
2017; Svensson et al., 1995). Thus, this decrease in DS may be indicative of longer-term
decreases in type I collagen content, a conserved finding across species (McBrien, Cornell,
et al., 2001).

The apparent contradictory results obtained from the DMMB and IHC assays may be
reconciled in several ways. First, the two assays measured different regions/amounts of the
sclera. It was not feasible to isolate and measure a specific scleral region for the DMMB
assay due to the very limited amount of scleral tissue from each mouse eye (~150ug of total,
dehydrated tissue). Thus, whereas total scleral samples were used in the DMMB assay,
we limited the THC to the posterior sclera, where changes in scleral remodeling during
myopigenesis have been most commonly shown (Moring et al., 2007; Norton & Rada,
1995). Other possible explanations could include lack of sensitivity of the DMMB assay
to relatively small changes in total GAG and/or variability in the processing of the small

tissue samples.
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4.5.3 A speculative mechanism linking scleral sGAGs to biomechanics

By incorporating results from the present study with those from studies of cartilage biome-
chanics and scleral remodeling in myopia, it is possible to construct a speculative but self-
consistent mechanism linking scleral sGAGs to biomechanics. In cartilage, permeability
affects fluid pressurization in the tissue, hydration, and the loading imposed on collagen
fibrils (Mow et al., 1984), all of which may influence collagen crimp and/or recruitment
(Andrews et al., 2015; Mattson et al., 2017; Michalek et al., 2018). During myopigenesis,
aggrecan and sGAGs appear to be the most rapidly altered component in the sclera (Moring
et al., 2007), and other work shows evidence of collagen crimp being rapidly increased in
the myopic sclera (Grytz & Siegwart, 2015). We hypothesize that loss of sGAGs in the
sclera is causal to the increased tissue permeability, subsequently decreasing fluid pres-
surization and loading of the collagen fibrils, resulting in increased crimping of collagen
fibrils that translates to a decrease in the tissue-level tensile modulus. We emphasize that
results from cartilage are not guaranteed to hold in the sclera, since the relative proportion
of sGAGs/proteoglycans to other extracellular components in the sclera is different from
cartilage by approximately an order of magnitude. However, sGAGs and collagen crimp
have also been shown to be related in tendon, which is more comparable to the sclera in
terms of SGAG content (~10% in articular cartilage, ~2.5% in tendon, ~1% in the sclera)
and other anatomical features (Atta et al., 2022; Michalek et al., 2018).

A logical outcome of the above proposed mechanism is that the scleral tensile modu-
lus and sGAGs content are positively correlated, where sGAG content causally influences

tensile stiffness. Attempts to study this structure-function question have utilized ex vivo
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methods to degrade sGAGs and measure changes in biomechanics; however, there no con-
sensus has been reached, with studies showing that degrading sGAGs increases (Murienne
et al., 2016; Murienne et al., 2015), decreases (Murienne et al., 2016; Zhuola et al., 2018),
or has no effect on (Hatami-Marbini & Pachenari, 2020) the tensile stiffness of the sclera.
However, these studies digested significantly more GAGs, in quantity and type, than are
altered with myopigenesis. Short-term decreases in scleral GAGs in myopia appear to be
restricted to those associated with the aggregating proteoglycans (hyaluronan and C-4-S)
that typically reside between the collagen lamellae; the above-referenced studies nearly
completely digested all scleral sGAGs, including DS, which are typically attached to small
leucine-rich proteoglycans that associate closely with and regulate collagen fibrils (Jun-
queira et al., 1981; Keene et al., 2000; Orgel et al., 2009; Raspanti et al., 2007; Robinson
et al., 2017; Svensson et al., 1995). Additionally, the sclera was loaded under tension via
different methods in these studies; perhaps sGAGs differentially contribute to the biome-
chanical response to a directly applied tensile load (Hatami-Marbini & Pachenari, 2020)
versus tension resulting from compression or inflation (Murienne et al., 2016; Murienne
et al., 2015; Zhuola et al., 2018). Further study of the solid/fluid biphasic mechanics of the
sclera (as studied here), along with extending this work to study the sclera as a triphasic

material (solid/fluid/ions), are warranted to elucidate these relationships.

4.5.4 Ocular retinoids are altered during myopigenesis

One possible mechanism by which a visual cue may be propagated to the sclera is via
retinoids, including atR A, the bioactive form of retinoic acid. Previous studies have shown

myopigenesis in mammals is accompanied by increased concentrations of atRA in the retina
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and choroid. Here, we measured retinal and R/C/S concentrations of atRA, as well as ROL
and tRE, atRA precursors typically understood to be used for transport and storage (Theo-
dosiou et al., 2010). Our results indicate that all three retinoids were influenced by form
deprivation, with potentially interesting and unexpected temporal characteristics. Specifi-
cally, after 1 week, we observed increases in retinal atRA consistent with previous findings
in guinea pigs, chickens, and marmosets (McFadden et al., 2004; McFadden et al., 2006;
Troilo et al., 2006). However, this difference was not seen after three weeks of form de-
privation. The data in this study suggests that retinoids in the retina and at least one of
the RPE, choroid, and/or sclera are being influenced by visual cues; however, future work
using a larger cohorts of animals will be necessary to draw stronger conclusions about the

role of atRA in mouse myopigenesis.

4.5.5 Technical challenges of the mouse model of myopia

Significant effort was spent in the present study aligning, positioning, and processing OCT
images to reduce extrinsic variability in biometric measurements, yet we were unable to
measure an overall effect of form deprivation on axial length. This negative finding is
common in the mouse (Pardue et al., 2013; Schaeffel et al., 2004), raising concerns over
whether the mouse develops axial myopia consistent with other mammals.

It is possible that the mouse does not undergo axial myopigenesis; however, the ax-
1al elongation could also be falling below the threshold of detection. Schematic models
of the mouse eye have suggested that 1 D of myopia only requires about Sum of elon-
gation (Schmucker & Schaeffel, 2004b). The axial resolution of a typical OCT system

(~4pm) thus corresponds to ~1D of myopia. In practice, biological variability (e.g., in eye
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size, refractive index, cataracts, astigmatism) and noise inherent to the measurements (e.g.,
breathing artifacts, acute corneal/lens opacities, intersession/interocular alignment variabil-
ity, magnification variability in non-telecentric lenses, manual segmentation errors) will
further raise the threshold of detection above the resolution.

While there are reports of axial elongation in the myopic mouse eye (Bergen et al.,
2016; Schaeffel et al., 2004; Tkatchenko et al., 2010), it is difficult to weight the positive
and negative findings in an unbiased manner. Experimental studies reporting positive find-
ings are not consistent in the amount of axial elongation per diopter of myopia (ranging
from 5-40 um/D), thus generally also inconsistent with the Spm/D estimate from modeling
studies (Pardue et al., 2013). Lacking a replicable, consistent effect and/or additional pos-
itive findings causal to elongation (e.g., scleral remodeling/biomechanics), it is difficult to
conclude whether these studies show true positive findings or type I errors, possibly due to
bias either at the level of the researchers (e.g., “lack of blinding” bias) or literature (e.g.,

“positive result bias”).

4.5.6 Conclusions

The present study clearly shows the sclera undergoes remodeling that results in significantly
altered biomechanics, in a manner facilitating axial elongation. When compared to axial
length as an outcome measure of myopia, scleral biomechanics show a greater effect size
and consistency, readily detectable even with modest amounts of myopia (~2 D). This
suggests that, at least at present, scleral biomechanics may be a more reliable measure of
axial myopigenesis than biometry in the mouse. It also supports the idea that negative

axial elongation findings are type Il errors arising from the small magnitudes of elongation.
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With the knowledge that retinoids are changing throughout the eye in a time dependent
manner, future studies should focus on more thoroughly elucidating the spatial and temporal
characteristics. Additionally, transgenic mice could help to better understand the causal

impact of these retinoids and specific proteoglycans (aggrecan) on the mouse sclera.
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CHAPTER 5
EXOGENOUS ALL-TRANS RETINOIC ACID INDUCES MYOPIA AND

ALTERS SCLERAL BIOMECHANICS IN MICE
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Status: In Review at Investigative Ophthalmology & Visual Science (Submitted October,

2022)

5.2 Abstract

Purpose: Ocular all-trans retinoic acid (atRA) levels are influenced by visual cues, and
exogenous atRA has been shown to increase eye size in chickens and guinea pigs. However,
it is not clear whether atRA induces myopic axial elongation via scleral changes. Here, we
test the hypothesis that exogenous atRA will induce myopia and alter scleral biomechanics
in the mouse.

Methods: Male C57BL/6J mice were trained to voluntarily ingest atRA+vehicle (1% atRA
in sugar, 25 mg/kg) (RA: n=16 animals) or vehicle-only (Ctrl: n=14 animals). Refractive
error (RE) and ocular biometry were measured at baseline and after 1 and 2 weeks of daily
atRA treatment. Eyes were used in ex vivo assays to measure: scleral biomechanics (un-

confined compression: n=18), total scleral sulfated glycosaminoglycan (sGAG) content
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(dimethylmethylene blue: n=23), and specific sGAGs (immunohistochemistry: n=18).
Results: Exogenous atRA caused myopic RE and larger vitreous chamber depth (VCD)
to develop by 1 week (RE: -3.7 + 2.2 D, p<0.001; VCD: +20.7 £ 15.1 pm, p<0.001),
becoming more severe by 2 weeks (RE: -5.7 + 2.2 D, p<0.001; VCD: +32.3 + 25.8 um,
p<0.001). The anterior eye biometry was unaffected. While scleral sSGAG content was not
measurably affected, scleral biomechanics were significantly altered (Tensile stiffness: -30
+ 19.5%, p<0.001; Permeability: +60 4+ 95.3%, p<0.001).

Conclusions: In mice, atRA treatment results in an axial myopia phenotype. Eyes devel-
oped myopic RE and larger VCD without the anterior eye being affected. The decrease in
stiffness and increase in permeability of the sclera is consistent with the form-deprivation

myopia phenotype.

5.3 Introduction

The eye’s refractive state is jointly determined by its optical power and axial length, with
deviations in either causing a refractive error that decreases visual acuity. In the healthy eye,
refractive errors are minimized by a complex, homeostatic process (emmetropization) that
couples regulation of axial elongation to visual cues (Flitcroft, 2013; Troilo et al., 2019).
This coupling is achieved via a retinoscleral signaling cascade that propagates the sign and
magnitude of visual blur from the retina, through the retinal pigment epithelium and choroid,
ultimately influencing tissue remodeling in the sclera. While it is straightforward to opti-
cally correct a refractive error, such corrections do not address the underlying alterations in

scleral structure, biomechanics, and eye shape, which can predispose to blinding diseases
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(Lakawicz et al., 2020; Saw et al., 2005; Shen, Melles, et al., 2016).

For the eye size to increase, the sclera as the outermost layer must either grow (increas-
ing in total tissue volume) or remodel (reorganizing/degrading constituent components to
change tissue material properties). While the sclera grows early in life, the elongation of the
eye throughout adolescence appears to be facilitated predominately by scleral remodeling
that is increased in myopic eyes (Harper & Summers, 2015). The sclera from myopic eyes
has reduced extracellular matrix content (primarily collagen and glycosaminoglycans) that
results in a more extensible and thinner sclera than that from a control eye (Boote et al.,
2020; Harper & Summers, 2015). Correspondingly, preventing or reversing such changes
to the sclera has been demonstrated to protect against myopigenesis, €.g., by reinforcing
the scleral collagen network (Grytz, 2018) or reducing collagen degradation (Zhao et al.,
2018). However, scleral changes in myopigenesis are complex, with the sclera demon-
strating both visually mediated (Grytz & Siegwart, 2015; Harper & Summers, 2015) and
load-dependent remodeling (Campbell et al., 2014; Girard et al., 2011; Grytz et al., 2012).
Further, as the eye elongates, the loading imparted to the sclera likely changes. Thus, it is
not clear whether changes in scleral collagen are the cause or result of myopia. Proteogly-
cans (PGs)/glycosaminoglycans (GAGs) appear to be more tightly coupled to visual cues,
with myopigenic cues decreasing expression and concentration of PGs/GAGs within hours
(Summers Rada & Hollaway, 2011). However, their influence on scleral biomechanics is
still disputed.

Retinoic acid, specifically all-trans retinoic acid (atRA), has been proposed to be in-
volved in the retinoscleral signaling cascade (Mertz & Wallman, 2000; Seko et al., 1998;

Seko et al., 1996). atRA is produced in the retina, RPE, and choroid, and visual cues have
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been shown to influence ocular atRA concentrations (Brown et al., 2022). While the sclera
does not synthesize atRA, visual cues influence the scleral expression of retinoid receptors
(Guo et al., 2013; Guo et al., 2014; Guo et al., 2019; Seko et al., 1996). By co-culturing
choroid and sclera ex vivo, Mertz and Wallman found that the choroid is particularly leaky
to atRA, and the sclera was able to concentrate atRA beyond that which would be predicted
by passive diffusion (Mertz & Wallman, 2000). Additionally, they measured a significant
effect of atRA on sulfated GAG (sGAG) synthesis in culture that is supported by in vivo
work in the guinea pig (Li et al., 2010), that may indicate an important scleral remodeling
endpoint of retinoscleral signaling.

Emmetropization appears to function by modulating the rate of axial elongation to min-
imize refractive errors as the eye’s optical power develops (Brown et al., 2022), and when
emmetropization fails, the resulting eye tends to be longer, with a myopic refractive error,
but little difference in anterior biometry (Grytz, 2018). While experimentally increasing
ocular atRA concentrations causes an increase in eye size (Li et al., 2010; McFadden et al.,
2004; McFadden et al., 2006), there are some apparent differences in the resulting phe-
notype than in visually-mediated models of myopia. Some differences, such as an altered
anterior segment and more rapid axial elongation, could be due to the specifics of the treat-
ment, e.g., systemic drug delivery at supraphysiological concentrations (Grytz, 2018; Mc-
Fadden et al., 2004; McFadden et al., 2006). However, most puzzling are the findings that
atRA-induced axial elongation mostly occurred without corresponding myopic refractive
errors (McFadden et al., 2004; McFadden et al., 2006). Thus, it is still unclear how atRA is
exerting its effects on eye size and if such changes are consistent with typical myopic axial
elongation.
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Here, we studied the influence of exogenous atRA on the refractive development of
the mouse eye starting at 4 weeks of age. We hypothesized that increasing ocular atRA
would be myopigenic, resulting in features of axial myopia such as an elongated posterior
segment and altered scleral biomechanics. Scleral SGAG concentrations were measured as

a possible mediator between the atRA treatment and scleral biomechanics.

5.4 Materials and Methods

5.4.1 Animals

Mice (C57BL/6J; Jackson Laboratory, Bar Harbor, Maine, USA) were housed at the Atlanta
Veterans Affairs Healthcare System. Animals were reared with littermates in normal light-
ing (12:12-hour cycles, 20-200 lux) with access to mouse chow and water ad libitum, except
during the periods of atRA or vehicle feeding. Procedures were approved by the relevant
Institutional Animal Care and Use Committee and adhered to the Association for Research
in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic

and Vision Research.

5.4.2 Daily Voluntary Feeding of atRA

Male C57BL/6J mice were trained to voluntarily eat sugar pellets, which were then used as
a vehicle for daily oral delivery of atRA (Cadot et al., 2012). Sugar pellets (98% sucrose,
water, corn syrup, maltodextrin, cornstarch; Signature Brands, LLC) were formed and al-
lowed to set at 4°C. Pellets used as a vehicle were mixed with 1% atRA (>98% pure, Cat #

R2625, CAS: 302- 79-4; Sigma-Aldrich, Saint Louis, MO, USA) by weight prior to form-
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ing and setting. Pellets with atRA were stored for up to a week in a lightproof container at
4°C.

Voluntary feeding was carried out by first weighing each animal and placing them into
individual cages without bedding. Animals were allowed to adjust to this environment while
the appropriate doses of sugar pellets or sugar+atRA were weighed out (2.5 mg pellet/g
yielding 25 mg/kg atRA). Pellets were placed into each cage after wiping the cage with
a paper towel. After 1-2 days of training (using only sugar pellets), animals voluntarily
and quickly ingested the pellets (typically <5 minutes, always within 1 hour). Cages were
checked every few minutes, and once a mouse ate the pellet, it was returned to its regular
cage. All procedures involving atRA were performed in darkness or under dim, red/yellow
light to prevent excessive isomerization.

To confirm that orally delivered atRA was reaching the eye, a small cohort of animals
(n=6) were fed atRA (RA: n=3) or sugar (Ctrl: n=3) for two weeks. After their final treat-
ment, animals were placed in the dark for 1-2 hours prior to sacrifice by cervical dislocation.
Eyes were enucleated, and retinas and the combined RPE, choroid, and sclera (R/C/S) were
collected from each eye and stored in light-proof Eppendorf tubes at -80°C until use for

retinoid quantification via liquid chromatography-tandem mass spectrometry (LC-MS/MS).

5.4.2.a Liquid Chromatography tandem mass spectrometry (LC-MS/MS)

Characterization of retinoids in the ocular tissues were performed as previously described
(Brown et al, in review). In brief, the same tissue from left and right eyes of each an-
imal were combined and weighed prior to homogenizing in 0.9% NaCl (normal saline).

A two-step acid-base extraction was performed, including internal standards (RA: 4.,4-
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dimethyl-RA; retinol, total retinyl esters: retinyl acetate) (Kane & Napoli, 2010). Liquid
chromatography-multistage-tandem mass spectrometry was used to quantify RA and its iso-
mers (9-cis-RA, 13-cis-RA, 9,13-di-cis-RA) (Jones et al., 2015). HPLC-UV was used to
quantify retinol and total retinyl esters (Kane, Folias, & Napoli, 2008; Kane, Folias, Wang,
et al., 2008; Kane & Napoli, 2010). All experimenters handling samples after tissue was

collected were blinded to the identities/treatments of the animals.

5.4.3 In Vivo Ocular Measurements

Mice at 4 weeks of age were fed daily with atRA or vehicle for 2 weeks (Ctrl: n=14, atRA:
n=16) Several outcomes were measured in eyes prior to and after 1 and 2 weeks of daily
feeding. Eyes were dilated with 1% topical tropicamide and animals were anesthetized (in-
traperitoneal injection of ketamine: 80 mg/kg; xylazine: 16 mg/kg) (Bergen et al., 2016;
Faulkner et al., 2007). Measurements were then made of the cycloplegic refractive er-
ror (RE) using a mouse-specific automated infrared photorefractor, corneal curvature (CC)
using infrared photokeratometry, and axial ocular biometry using spectral domain optical
coherence tomography (OCT) (4.1 um axial resolution; Envisu R4300, Leica Microsys-
tems, Wetzlar, Germany) (Schaeffel, 2008; Schaeffel et al., 2004). Registration (phase-
correlation) was performed on adjacent B-scans (Guizar-Sicairos et al., 2008), and eye-
specific spatial and temporal averaging was performed to obtain a representative B-scan
with the best possible signal-to-noise ratio, as judged by the annotator. Tissue interfaces
were manually delimited, from which central corneal thickness (CCT), anterior chamber
depth (ACD), lens thickness (LT), vitreous chamber depth (VCD), retinal thickness (RT),

and axial length (AL) (corneal surface to retinal pigment epithelium (RPE)) were calculated.
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Optical path lengths of the SD-OCT were converted to physical distances by assuming an
average refractive index of 1.39 (Chakraborty et al., 2022; Landis et al., 2020). Eyes were
excluded when significant opacities were seen in the cornea or lens, and animals were in-
cluded if at least one eye was measured.

In vivo measurements are presented as either values relative to the control group at
each timepoint ,, (“shifts” = x!» — z}%, ) or as a change from baseline (Alz; = x!" — ),
where z; is the average of the two eyes from mouse ¢, Z¢y, 1s the mean of the Ctrl group,

and superscript ¢,, denotes the timepoint. ¢, denotes the baseline timepoint.

5.4.4 Ex Vivo Endpoints

Ex vivo endpoints were assigned to each eye pseudo randomly prior to the 1-week time-
point, typically assigning two different endpoints to each animal. After the two-week treat-
ment period, animals were sacrificed, and eyes were enucleated and processed the same day

according to the chosen ex vivo endpoint, as listed below:

1. Kept fresh for biomechanical measurements via unconfined compression testing (UCT);

2. Frozen for quantification of total scleral sGAG/DNA content by 1,9-dimethylmethylene

blue (DMMB)/PicoGreen; or

3. Fixed for semiquantitative immunohistochemistry (IHC).

In total, 59 eyes from 30 animals were studied across the 3 ex vivo endpoints, in addition

to 12 eyes used for confirming oral atRA reached the ocular tissues (Figure 5.1).
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( A) In Vivo Measurements
Training Baseline 1 Wk 2 Wks

- Endpoint
s Daily treatment
Sugar (Ctrl)
OR
atRA + Sugar (RA)
(B) _ Outcomes # Eyes Ex vivo Assay
1) Ocular retinoids (n=12) Mass Spectrometry (LC-MS/MS)
2) Biomechanics (n=18) Unconfined Compression (UCT)
3) Total sGAGs (n=23) Dimethylmethylene Blue (DMMB)
4) Specific sGAGs (n=18) Immunohistochemistry (IHC)

Figure 5.1: Experimental study design. A) In vivo measurements were made at baseline, after which
animals were either assigned to daily feeding of atRA in sugar pellets (RA; 25 mg/kg) or sugar
pellets-only (Ctrl). Treatments were maintained for 2 weeks, with body mass recorded daily and
ocular measurements made weekly (3 times total). B) The outcomes studied are presented alongside
their associated ex vivo assays and the number of eyes sampled.

5.4.4.a Unconfined Compression Testing (UCT)

Eyes were stored in phosphate-buffered saline (PBS) at 4°C after enucleation and scleral
biomechanical properties were characterized the same day as previously described (Brown,
Pardue, et al., 2021). Posterior eye cups were obtained as described above for LC-MS/MS
measurements (under normal lighting). The retina was removed from the posterior eye cup.
Four cuts were made to flatten the posterior eye, and the choroid and RPE were removed.
A biopsy punch was used to obtain 1 mm diameter cylindrical samples from the posterior
region of the scleral shell (~0.5 mm from the optic nerve). A small amount of graphite pow-
der was applied to samples to minimize friction between samples and compressive platens.
Samples were then placed into a 37°C PBS fluid bath, in which biomechanical testing was
carried out.

A compression testing apparatus designed for small samples (Microsquisher; CellScale,
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Waterloo, ON, Canada) was used to perform unconfined compression stress relaxation ex-
periments on scleral samples. A tare load (500 uN) was applied to flatten the samples and
ensure samples were in contact with the platens. After equilibrating, 3 compressive strain
steps were incrementally applied (5% strain per step, 15% maximum compressive strain).
At each step, strain was rapidly applied and maintained until stress relaxed and equilibrated,
after which the next step was started. The biphasic conewise linear elastic model was in-
dependently fit to each step, whose parameters include the aggregate tensile modulus H, 4
(i.e., in-plane tensile stiffness) and hydraulic conductivity k£ (i.e. permeability to water)
(Brown, Pardue, et al., 2021). One estimate of each parameter was obtained at each of the
three strain steps, yielding 3 measurements of each parameter per sample over the test.
Due to the variability in the strain applied at each step and the dependence of the ma-
terial properties on compressive strain, both the raw values and estimated marginal means
obtained from the fitted statistical model are reported, in which strains are adjusted to ex-

actly the target strains (5%, 10%, and 15%).

5.4.4.b Dimethylmethylene Blue Assay (DMMB)

Eyes were stored in PBS at 4°C until dissection the same day, following the same procedures
described for unconfined compression. Isolated sclerae were dehydrated overnight in a
vacuum desiccator and weighed 3 times on an analytical balance (XSR205DU; Mettler
Toledo, Columbus, OH, USA), with the average being taken as the dry mass of the sclera.
The isolated sclerae were stored at -80°C until use.

Total scleral sSGAG and DNA content were quantified via spectrophotometric assays,

the DMMB assay and PicoGreen assay, respectively (Brown et al., in review). In brief,
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samples were thawed and digested in 200microiter papain solution (0.1M Sodium Acetate
(anhydrous), 10mM Cysteine Hydrochloride, S0mM EDTA, pH 6, 2% v/v papain), dis-
tributing the digestate between the two assays. For the DMMB assay, absorbance was read
at 525 nm immediately following the addition of the DMMB dye mixture. To measure
DNA, the PicoGreen working reagent was added and absorbance was read using 480 nm
excitation and 520 nm emission.

Concentrations of each were then determined by comparing absorbances to a standard
curve. Absorbances from the DMMB assay were compared to shark cartilage chondroitin
sulfate (working range 0-25 pg sGAG/uL, 8 measured standards; Sigma C4384). Ab-
sorbances from the PicoGreen assay were compared to Lambda DNA stock (working range
0-4 ng DNA/uL, 8 measured standards; Sigma Cat #: SD0011, Thermo Fisher Scientific,
Waltham, MA, USA). Both assays were performed in triplicate, with the average of the
three readings taken as the final value. Scleral SGAG content is reported as a mass fraction
(ng sGAG/mg sclera) and as a mass ratio (ug sGAG/pg DNA) to account for differences in

quantity of collected tissue.

5.4.4.c Immunohistochemistry (IHC)

Eyes were enucleated and immersion fixed in buffered zinc formalin (Z-Fix; Anatech LTD,
Battle Creek, MI, USA) for 1 hour immediately following sacrifice. Extraocular tissue,
cornea, and lens were removed after fixation. Prior to cryosectioning, eyes were allowed
to equilibrate in 30% sucrose solution overnight, following which they were embedded in
optimal cutting temperature medium and frozen on the Peltier cooling element of a cryostat

(CM1850; Leica Microsystems, Wetzlar, Germany). Sagittal sections were taken through
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the optic nerve head (10pm), applied to charged slides (Superfrost Plus; Thermo Fisher
Scientific, Waltham, MA, USA), and stored at -20°C.

A monoclonal primary antibody (Clone 2B6, Cat:1042009, Lot: S1605002; MD Bio-
sciences, Oakdale, MN, USA) was used to stain specific SGAGs. 2B6 is specific to neoepi-
topes generated by chondroitinase digestion of chondroitin-4-sulfate (C-4-S) and dermatan
sulfate (DS), but not chondroitin-6-sulfate (C-6-S). C-4-S and DS were separately labeled
by treating tissue sections with one of two chondroitinases: either chondroitinase AC (ChAC),
which specifically deglycosylates chondroitin A (C-4-S) and chondroitin C (C-6-S); or
chondroitinase B (ChB), which targets chondroitin B (DS) (both from Flavobacterium hep-
arinum, Sigma-Aldrich, Saint Louis, MO, USA). Thus, one antigen site recognized by 2B6
will be exposed per C-4-S chain when tissue is treated with ChAC; similarly, one site rec-
ognized by 2B6 will be exposed per DS chain when treated with ChB.

Tissue was prepared for immunostaining by first washing the samples with tris-buffered
saline with 0.1% Triton X-100 (TBS-T) to remove embedding medium and then samples
were treated with chondroitinase (3 hours at 24°C; ChB, ChAC, or buffer-only; 0.5 U/mL,
8.0 pH). Sections were then permeabilized (10 minutes at 24°C; 0.5% Triton X-100 in
TBS), blocked (45 minutes at 24°C; 10% normal goat serum, 1% bovine serum albumin
in TBS-T), and incubated with primary antibody overnight (18 hours at 4°C; mouse mon-
oclonal antibody 2B6 in blocking buffer, 1:100). The next day, sections were washed and
incubated with secondary antibodies (45 minutes at 24°C in darkness; 1:500; Alexa Fluor-
647 conjugated goat anti-mouse antibodies in blocking buffer, Cat # A-21244, Invitrogen).
Samples were washed, treated with DAPI (NucBlue Fixed Cell Stain ReadyProbes DAPI,
Cat # R37606, Invitrogen), washed, and coverslipped with antifade medium (Prolong Di-
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amond Antifade Medium, Cat # P36961, Invitrogen). Staining was done using the same
batch of working reagents on all slides in parallel, and each slide had sections from the
same eye treated with each of the chondroitinase conditions (ChB-treated, ChAC-treated,
and buffer-only control).

A confocal microscope (Nikon A1R, Nikon, Tokyo, Japan) with an apochromatic 20X
objective lens was used to image immunolabeled tissue, keeping all settings the same across
all samples. Three images (600x600um each, 2 channels, 12 bits per channel) were taken
per section, centered around the optic nerve head as a reference location. Semiautomated
macros in FIJI (Schindelin et al., 2012) were used to stitch, mask, threshold, and quantify
images. The sclera was manually masked from the adjacent choroid and the region directly
surrounding the optic nerve. For regional analysis, the masked regions were split at the
optic nerve to divide the superior and inferior sclera.

On each slide, average pixel intensities within the masked sclera were calculated for a
ChB-treated section, a ChAC-treated section, and a buffer-only section. Normalized fluo-
rescence is reported as a semiquantitative measure of the specific sSGAGs (DS = Intensity
of ChB-treated section/Intensity of buffer-only; C-4-S = Intensity of ChAC-treated sec-
tion/Intensity of buffer-only), and is related to the number of GAG attachment sites on

proteoglycans.

5.4.5 Statistical Analysis

Each outcome measure was analyzed by constructing a generalized linear mixed model re-
flecting the experimental design. Outcomes were assigned a Gamma error distribution with

a log link when this led to reasonable predictions (e.g., strictly positive quantities) and based
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on analysis of the model residuals (Supplementary Table B.1). Significance of fixed effects
was calculated by performing likelihood ratio tests between the full model and null models,
each lacking one of the fixed effect terms. Random intercepts were included to account for
inter-sample correlation, such as multiple measurements of the same animals/eyes. Fitting,
contrasts, and p value calculations were done using the “lme4” and “emmeans” packages in
R (version 4.1.1) (Bates, Machler, et al., 2015; Lenth, 2021). The significant alpha thresh-
old was set to 0.05, and when multiple contrasts were run, adjusted p values are reported

(multivariate t method) (Westfall & Tobias, 2007).

5.5 Results

5.5.1 Effects of orally delivered atRA on the mouse

Animals treated with atRA daily for 2 weeks displayed no obvious changes in behavior or
health; no animals were lost due to treatment. Animals consumed food/water normally,
and treatment did not affect the normal body mass development (Interaction: treatment:du-
ration, p=0.06, Supplementary Figure B.1). Animals voluntarily ingested the drug for the
entire treatment period.

Oral ingestion of atR A significantly increased ocular atRA levels (atRA vs Ctrl: p<0.001
for both retina and combined R/C/S) without affecting the levels of other retinoids (Fig-
ure 5.2). On average, isomerization of atRA to all measured cis forms (combined) was
approximately 7%, which is the amount expected when atRA is in the presence of biologi-
cal tissue matrix (KANE et al., 2005), and there were no signs of significant isomerization

in the internal standards.

135



atRA Retinol Retinyl Esters
10 - 10° 105 ~
I Ctrl

EEERA

*kk *okk

103 A 103 -

101 101 ~

Concentration
[pmol/g]
—
Q

1071 1071 -
Retina R/C/S Retina R/C/S Retina R/C/S

10—1 m

Figure 5.2: Oral delivery of atRA significantly increased the concentration of atRA in the retina and
R/C/S without influencing levels of other retinoids. Similar tissue from the two eyes from each ani-
mal were grouped and measured together. R/C/S: combined RPE, choroid, and sclera; Ctrl: Vehicle-
treated group (n=3 animals/6 eyes); RA: atRA-treated group (n=3 animals/6 eyes). *: p<0.05, **:
p<0.01, ***: p<0.001.

5.5.2 Increasing ocular atRA induces axial myopia in the mouse

Prior to treatment, animals in both groups had similar refractive errors (RE shift; 0.12 4
1.1 D, p=0.72). Treatment with atRA for both 1 and 2 weeks caused animals to develop
significant myopic shifts in refractive error (RE shift; 1 week: -3.7 + 2.2 D, p<0.001; 2
weeks: -5.7 £ 2.2 D, p<0.001). Every animal treated with atRA was relatively myopic
compared to the mean of the littermate controls after 2 weeks (Figure 5.3a).
Measurements of AL and VCD were consistent with the development of refractive er-
rors. At baseline, neither VCD nor AL were different between treatment groups (VCD:
p=0.72, AL: p=0.55, Supplementary Table B.2). VCD decreased with age in both groups
but less in the atR A-treated animals than controls (VCD Afz;; 1 week: Ctrl: -25.2 4-24.2
um, RA: -2.2 £ 25.8 pm, p<0.001; 2 weeks: -45.1 4+ 32.1 um, RA: -18.2 + 37.3 um,
p<0.001, Supplementary Figure B.2b), resulting in atRA-treated animals having deeper
vitreous chambers at both timepoints (VCD shift; 1 week: +20.7 £ 15.1 um, p<0.001; 2

weeks: +32.3 + 24.8 um, p<0.001; Figure 5.3b). The VCD decreases with age due to the
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growth of the lens overtaking the rate of elongation. In other words, because the lens de-
velopment is not affected by treatment, the shift in VCD is consistent with excess posterior
elongation of the eye.

A similar but more variable trend was observed in axial length (Figure 5.3c). While
the mean axial lengths were not significantly different at any timepoint (AL shift; 1 week:
13.7 £ 42.5 pm, p=0.42; 2 weeks: 19.1 + 34.5 um, p=0.14), atRA-treated eyes elongated
more than control eyes after both 1 and 2 weeks (AL Alz;; 1 week: Ctrl: 82.6 £ 14.7 um,
RA:90.9 £+ 17.5 um, p=0.024; 2 weeks: Ctrl: 132.1 + 15.1 pm, RA: 145.0 + 16.6 pum,
p<0.001).

Treatment with atRA did not cause any significant shifts in anterior eye biometry out-
comes that influence optical power (anterior corneal curvature, corneal thickness, lens thick-
ness, anterior chamber depth) (Supplementary Table B.2). However, atRA treatment had
a minor but significant effect on the development of the anterior chamber depth. Specif-
ically, the anterior chamber depth increased over time in both groups, but less so in the
atRA-treated animals (ACD A’x;; 1 week: Ctrl: +19.9 4+ 7.5 um, RA: +11.1 £ 8.8 um,
p<0.001; 2 weeks: +35.7 = 9.1 um, RA: +26.7 £ 7.1 pm, p<0.001, Supplementary Fig-
ure B.2e), but this did not result in a significant shift at either timepoint (ACD shift; baseline:
2.5 £ 11.7 pm, p=0.97; 1 week: -7.0 4= 12.8 um, p=0.29; 2 weeks: -7.7 £ 12.0 um, p=0.22,

Figure 5.3¢).
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Figure 5.3: Treatment with atRA caused significant changes in refractive state and ocular biometry.
Plots show the “shifts” of each outcome (shift = xﬁ” — a’:téftrl), where a:f" represents the measured
value in animal ¢ at timepoint ¢,,, and a_:tc"trl is the mean of the control group at timepoint ¢,,. A)
Control and atRA-treated animals had very similar refractive errors at baseline prior to treatment. 1
and 2 weeks of daily atRA caused significant myopia to develop. B) Vitreous chamber depth (VCD)
increased with atRA feeding, consistent with a myopic refractive error. (C-F) Other measurements
of optical biometry were unaffected by atRA, including those in the anterior chamber. Individual
animals are shown with fainter lines in A). Solid blue (gray) lines are the mean (median) of the
control group, dashed red (gray) lines are the mean (median) of the atR A-treated group. Error bars
show the 95% confidence intervals. Ctrl: Vehicle-treated group (n=14 animals); RA: atR A-treated
group (n=16 animals). *: p<0.05, **: p<0.01, ***: p<0.001, adjusting for deviations in age and

multiple comparisons.

5.5.3 Scleral stiffness and permeability are both altered as a result of increased ocular

atRA.

Scleral biomechanical properties were altered by atRA feeding. Averaged across all strain
steps, sclerae from atRA-treated animals were less stiff (atRA: 104 4+ 47 kPa, Ctrl: 160 +
96 kPa, Main effect: treatment, p<<0.001) and more permeable (atRA: 0.96E-14 m*/(Pas),
Ctrl: 0.73E-14 m*/(Pas), Main effect: treatment, p=0.02) (Figure 5.4). When compared

to the mean of the control group at the same strain step, the sclerae from atRA-treated
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animals were ~30% less stiff and ~60% more permeable compared to control animals
(Supplementary Table B.5).

These differences were more pronounced with increasing compressive strain (Interac-
tions: Stiffness:strain: p<0.001, Permeability:strain: p=0.03). Specifically, with increas-
ing compressive loads, sclerae from atRA treated animals stiffened less (p<<0.001) and per-
meability decreased less (p=0.03) than was the case for control sclerae (Figure 5.4). For
example, sclerae from atRA treated eyes were approximately half as stiff and twice as per-
meable than those from control eyes at 15% compressive strain (Supplementary Table B.5).
Using the fitted statistical model to estimate properties at 0% compressive strain, there were

no differences between atRA and control eyes in either outcome.

5.5.4 Scleral sGAGs and DNA content were not measurably altered with atRA treatment.

No effect of atRA was seen on the DNA content of the total sclera, indicating no large in-
fluence on the proliferation of resident cells (Ctrl: 1.19+0.16 ng DNA/mg sclera, RA:
1.2940.21 pg DNA/mg sclera). Two measurements of SGAGs in the sclera were per-
formed: total concentration in the sclera (via DMMB assay) and fluorescence intensity
of immunolabelling in the posterior sclera (via IHC as a semiquantitative proxy for number
of sGAG attachment sites). Neither sSGAG concentration nor fluorescence intensity were
affected by atRA treatment (Figure 5.5, Table 5.1). An additional regional analysis was
performed on the IHC images, in which the regions superior and inferior to the optic nerve
were analyzed separately, and no regional differences were observed (Supplementary Fig-

ure B.3).
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Figure 5.4: Scleral biomechanics were altered in response to atRA treatment. A) In-plane aggregate
tensile modulus (Hy 4), i.e., stiffness and B) hydraulic conductivity (k), i.e., permeability were
altered in response to treatment. Plots show the raw values obtained from fitting the poroelastic
material model, regressions, and 95% credible intervals obtained from the statistical model (left) and
the estimated marginal means obtained from the statistical model (right), both plotted as a function
of the applied compressive strain. Ctrl: Vehicle-treated group (n=8 animals/eyes); RA: atRA-treated
group (n=10 animals/eyes). *: p<0.05, **: p<0.01, ***: p<0.001.
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Table 5.1: Biochemical makeup of the sclera was not measurably changed with atRA treatment.
Tabulated quantities are mean £ standard deviation (# eyes). Scleral DNA was quantified by the
PicoGreen assay, and sGAGs were quantified by both the DMMB assay (total) and immunostaining
of chondroitinase-treated samples (specific sGAGs). sGAG: sulfated Glycosaminoglycans; AU: Ar-
bitrary units (normalized fluorescence); C-4-S: Chondroitin-4-sulfate; DS: Dermatan Sulfate; Ctrl:
Vehicle-treated group (n=14 animals); RA: atRA-treated group (n=16 animals).

Body Weight  Sclera mass (dry) DNA Conc. GAG Conc. GAG/DNA C-4-S DS
(e] [ne] [ng/mg] [ng/mg] [ng/ng] [AU] [AU]

Ctrl | 22.89£1.65(9) 1402242194 (9) 1.19£0.16(9) 7.1842.10(9) 5.97+1.30(9) | 14842028 (7) 3.69%1.31(7)
RA | 20214233 (14) 135.334+16.93 (14) 1294021 (14) 8.70+1.98 (14) 6.81+1.43 (14) | 1.5240.32(11) 3.91+1.42 (11)

Group
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Figure 5.5: Effect of oral atRA on immunostaining of specific scleral sSGAGs. A) Representative
immunostaining of the posterior eye subjected to the different chondroitinase treatments. Staining
was minimal in the absence of chondroitinase during incubation (top right). When samples were
incubated with either ChAC (top middle) or ChB (top left), labeling increased, primarily in the sclera.
The green dashed rectangle outlines a 200 um wide region and its magnified/annotated view. B)
From the immunostaining in A), normalized fluorescence is obtained for ChB and ChAC conditions
by normalizing to the average intensity in the sclera of the buffer-only condition. There were no
quantifiable differences between the control and atR A-treated animals. Red pixels indicate increased
staining, white indicates no change, and gray indicates decreased staining relative to the sclera of
the same eye’s “buffer-only” treatment, as shown in the colorbar. Arrowheads label the sclera;
the asterisk denotes the optic nerve. ChAC: Chondroitinase AC, ChB: Chondroitinase B, sGAG:
sulfated glycosaminoglycan
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5.6 Discussion

The present study demonstrates a causal link between increased ocular atRA levels and my-
opic axial elongation in the mouse. Systemic delivery of atRA specifically increased the
concentration of atRA in the eye, without increasing other retinoic acid isomers, and resulted
in mice developing myopic refractive errors. Treatment with atRA minimally affected the
biometry of the anterior eye but led to significantly increased axial elongation and corre-
spondingly longer vitreous chambers than control animals, indicating an elongation of the
posterior eye that is consistent with axial myopia in other species. We have also established
that the myopic phenotype induced by atRA is accompanied by altered scleral biomechan-
ics, with the sclera becoming more extensible and permeable, an effect consistent with that
seen in visually-mediated myopia in other species (Grytz & Siegwart, 2015; Phillips et al.,
2000; Siegwart & Norton, 1999; Westfall & Tobias, 2007), including our previous report
in the mouse (Brown et al., in review). The overall impact of atRA on the eye appeared to
be limited entirely to the posterior eye, except for a minor effect on anterior chamber depth
that was also observed to occur in chickens (McFadden et al., 2006). We did not identify
changes in scleral sGAGs or obvious signs of systemic or ocular toxicity. Together, these
findings support a role for atRA in myopigenic retinoscleral signaling by influencing both

axial length and scleral biomechanics similarly to visually-mediated myopigenesis.

5.6.1 atRA causes axial myopia in the mouse

The results of this study are consistent with the results of previous studies in guinea pigs and

chickens (Li et al., 2010; McFadden et al., 2004; McFadden et al., 2006) demonstrating that
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experimentally elevating atRA levels causes an increase in eye size; however, it is not clear
by what mechanism this occurs. In the studies by McFadden et al. (McFadden et al., 2004),
atRA caused increases in eye size but did not induce refractive errors, indicating that the
optical power of the eyes was also affected in a manner that kept the focal point of light on
the retina. Additional significant changes uncharacteristic of axial myopia were observed by
McFadden et al., e.g., a thinner lens and shorter anterior chamber, even with atRA doses as
small as 2 mg/kg (McFadden et al., 2006). While Li et al. reported myopic refractive errors,
axial elongation, and changes in scleral proteoglycans in response to atRA in guinea pigs
(Lietal., 2010), other ocular biometry was not reported, and scleral proteoglycans were not
quantified (Li et al., 2010), making comparison to the other studies difficult. Thus, most
previous studies suggest that atRA causes the eye to enlarge in a manner disparate from
what occurs in axial myopia.

In agreement with previous studies, we have demonstrated a causal connection between
ocular atRA and the size of the eye (McFadden et al., 2004; McFadden et al., 2006). How-
ever, the present study has shown that increasing ocular atRA levels caused mice to develop
myopic refractive errors; notably, eyes elongated more over the treatment period and had
longer vitreous chambers on average than the control animals, and the anterior segment was
only minimally affected. Additionally, while remodeling outcomes were not measurably
different, the biomechanics of the sclera were significantly altered, resulting in a biome-
chanical phenotype in close agreement with the outcomes of form-deprivation models of
myopia (Brown et al., in review); specifically, atRA caused the sclera to become more
extensible and more permeable.

While we measured no effect of atRA on lens thickness, we did observe a mild short-
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ening of the anterior chamber similar to that observed in the guinea pig (McFadden et al.,
2004). McFadden et al. speculated that the effect on ACD could be the result of a flattened
cornea; however, we observed no changes in the anterior corneal curvature with atRA treat-
ment. Whatever the cause of the change in ACD, the effect was relatively small when com-
pared to the axial elongation. Estimates from simple ray tracing would suggest the ~8um
decrease in ACD seen here would be responsible for <1 D of myopia (Lewis et al., 2014).
In contrast, the ~30um longer vitreous chamber is estimated to cause 6 D of myopia in
the mouse, which closely agrees with the measured ~-5.7 D refractive error (Schmucker
& Schaeffel, 2004a). Thus, while atRA may have a minor impact on the anterior ocular
tissues, the effects in the mouse are predominately in the posterior eye and characteristic of
myopic axial elongation.

The present study has significant phenotypic differences from those reported previously
by McFadden et al., and comparison could be informative. Two primary methodological
differences between the present study and those of McFadden are in the means of drug de-
livery (voluntary feeding here vs. gavage by McFadden et al.) and the age of the animals at
the onset of treatment. While gavage and feeding both deliver the drug systemically via the
gastrointestinal tract, it has been previously shown that there are differences in the effect
of atRA when the two methods are compared directly (Cadot et al., 2012). Perhaps more
relevant to myopigenesis is the choice of age of the animals. Here, treatment was initiated
at 4 weeks of age, when the mouse eye has already reached 90-95% of its mature size but
is still emmetropizing (Lewis et al., 2014; Schmucker & Schaeffel, 2004b). In the studies
by McFadden et al., both guinea pigs and chickens were treated starting at 1 week of age
(McFadden et al., 2004; McFadden et al., 2006), when the eye is still elongating rapidly and
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is only approximately 60-80% of its mature size (Schaeffel et al., 1986; Tkatchenko et al.,
2010). Considering that atRA is centrally involved in developmental processes in many
organs, influencing the transcription of c. 100 genes and displaying precise spatiotemporal
regulation (Howlett & McFadden, 2007), it is not unreasonable to speculate that atRA may
be involved in modulating both eye growth and myopigenic axial elongation, with the rel-
ative contribution to these processes depending on the age of the animal. However, to date

no studies have directly explored this hypothesized dual role.

5.6.2 Form-deprivation compared to atRA-induced myopigenesis in the mouse

We have previously reported that form-deprivation in the mouse results in altered scle-
ral biomechanics and decreased scleral sGAGs levels (Brown et al., in review). Specifi-
cally, after 3 weeks of form-deprivation, mice developed 4.1D of myopia, and the sclera
was 40% more extensible and 140% more permeable compared to the contralateral control
eyes. Here, daily atRA treatment for 2 weeks caused 5.7D of myopia, and an average 30%
and 60% increase in scleral extensibility and permeability compared to the control group.
Considering the difference in how these percentages were calculated (pairwise within each
animal in the form-deprivation study, compared to mean of the control group in the current
study) and the fact that the minor effects of atRA on ACD may be responsible for ~1D of re-
fractive myopia, the degree of myopigenesis and associated scleral biomechanical changes
agree reasonably well.

However, whereas we previously measured a decrease in C-4-S and DS in the sclera
of form-deprived eyes, here, using identical methodologies, we saw no measurable change

in scleral sGAG content with atRA treatment. While this difference could be indicative
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of disparate remodeling and myopigenesis mechanisms, it could also be an artifact of the
treatment. One obvious difference between form deprivation and atRA as delivered in this
study is the different temporal characteristics of the stimuli. To induce form-deprivation
myopia, a diffuser lens is maintained over the eyes of animals, which presumably yields
a roughly steady-state retinoscleral signal. However, the bioavailability of orally-ingested
atRA will vary with time, as it is uptaken and eventually metabolized. In chickens, atRA
delivery caused a day of rapid growth before a rebound the following day (McFadden et al.,
2006). Both scleral biomechanics and sGAG synthesis have been demonstrated to respond
rapidly to visual stimuli, on the timescale of hours to days (Moring et al., 2007; Summers,
2019). Thus, it is possible that by the time animals were sacrificed (~24 hours after their
last dose of atRA), sGAG content had rebounded back to or above the control level.
However, there is also precedent in the literature showing that periods of myopigenic
stimuli followed by periods of normal vision can prevent certain aspects of the myopic
phenotype, from axial elongation to choroidal changes (Mertz & Wallman, 2000). The
bolus delivery of atRA in this study possibly mimics this type of signaling to some degree
and perhaps sGAGs are not reduced unless scleral atRA is maintained above normal levels
for longer periods of time. Further studies on the short-term effects of atRA are warranted
to help elucidate these potential confounders and better understand the timescales of the

scleral response to atRA.

5.6.3 Altered scleral biomechanics without altered sGAGs

GAG content has been demonstrated to influence the hydraulic conductivity of biological

tissues. Consistent with such data, we previously reported that both scleral hydraulic con-

147



ductivity and C-4-S levels changed in the mouse model of form deprivation myopia (Brown
et al., in review). However, in the present study, treatment with atRA caused changes to
the hydraulic conductivity without a measurable effect on sSGAG content. One explana-
tion for this apparent “decoupling” between conductivity and sGAG levels may be that an-
other unmeasured scleral constituent that influences the hydraulic conductivity was altered,
such as another GAG (e.g., heparin sulfate) or the architecture of the collagen network was
changed. A second possible explanation is that the physical distribution/configuration of
sGAGs changed at the cellular level without a change in overall scleral sGAG concentra-
tion, since such changes are known to affect hydraulic conductivity in other tissues (Levick,
1987; Quinn et al., 2001). In particular, if sGAG configuration were to be affected by the
biomechanical environment (strain levels), this could also explain why neither hydraulic
conductivity nor stiffness estimated at 0% compressive strain were significantly different

between the atRA-treated and control sclera.

5.7 Conclusion

We have demonstrated that orally delivered atRA is highly myopigenic in mice, causing
myopic refractive errors. In contrast to previous studies, the anterior eye was largely unaf-
fected, whereas the posterior eye was significantly elongated, both consistent with a typical
axial myopia phenotype. For the first time, the effect of atRA on scleral biomechanics was
studied, where atRA treatment led to a more extensible and permeable sclera, comparable
to what is seen in the sclerae of form-deprived eyes. Together, this study supports a role for

atRA in visually-mediated myopigenesis; future work examining the effects of atRA, both
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in animals of different ages and studying effects at different times after atRA administration,

are warranted to better understand the myopic phenotype.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

In a recent series of whitepapers, the International Myopia Institute (IMI) emphasized the
need to discriminate axial myopia from refractive myopia, as most clinical cases of my-
opia appear to be axial in nature, with the excessive axial elongation driving an increase
in the risk of other blinding conditions (Tideman et al., 2016). Axial myopia is driven by
retinoscleral signaling that transforms visual cues from the retina into remodeling of the
sclera, and a deeper mechanistic understanding of this signaling cascade would aid in the
development of more effective interventions.

The mouse has been introduced and slowly adopted as an animal model for myopia
over the last two decades, potentially facilitating the study of these mechanistic questions.
However, despite having accumulated an unparalleled collection of general knowledge and
genetic infrastructure/tools specific to the mouse, technical challenges associated with the
small mouse eye have made even the confirmation of myopic phenotypes quite challenging,
whereas in most species this is easily confirmed. The purpose of this dissertation was mul-
tifaceted: In Aim 1 we developed new methods for studying the biomechanics of the mouse
sclera, applicable outside of myopia research; while in Aims 2 and 3 we applied these tech-
niques to the study of a classical model of myopia and a potential molecule implicated in
myopigenic retinoscleral signaling. Below, I summarize my conclusions, limitations, and

future directions for each aim.
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6.1 Aim 1: Evaluate the efficacy of poroelastic theory for characterizing scleral biome-

chanics.

6.1.1 Conclusions

In Chapter 3 of this dissertation, we presented the first quantification of the intrinsic material
properties of the mouse sclera. Compression as a mode of testing is more suitable for small
samples than tensile tests, as stretching a sample requires an interface between the tissue
and device that invariably introduces stress concentrations and significant error unless a
large enough sample is used (Choi & Horgan, 1977; Ng et al., 2005). We demonstrated
that the sclera can be successfully analyzed as a biphasic material, allowing us to more
comprehensively characterize its biomechanics than is typical; notably, a through-plane
compressive modulus can be directly calculated from unconfined compression experiments,
while an in-plane tensile modulus and a hydraulic conductivity can be obtained from fitting
a biphasic model to the experimental data. The mechanical testing was repeatable (both
when testing a sample twice and in fitting the model to the data) and fitted properties were
highly comparable to values obtained through more direct measurements on large samples.
The benefit of our new approach is that it can be performed on small samples of mouse
sclera.

Importantly, the tensile modulus of the mouse sclera was comparable to that of the pig
sclera. While not immediately obvious, this suggests that the biomechanical properties of
the sclera do not scale significantly with the size of the eye. This subtle point has important
implications for the use of scleral biomechanical properties as an outcome measure in the

study of myopia. Unlike axial elongation, which scales with eye size and often falls below
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the noise threshold in the mouse eye, scleral biomechanical changes in the mouse model of
myopia should be of a similar magnitude as changes in larger eyes. In other words, while 1
D of myopia will cause different magnitudes of axial elongation in the mouse versus larger
animals, it is feasible that the same 1 D myopic shift should cause comparable changes in

biomechanical properties between eyes from mice and larger animals.

6.1.2 Limitations

The chosen poroelastic model included an infinitesimal strain assumption that introduces a
non-negligible amount of error into the results. Additionally, the linear elastic properties
that result are clearly dependent on the amount of compressive strain applied to the sample,
which confirms that the sclera is not a linear elastic material. The sclera is known to have
significant viscoelasticity intrinsic to the collagen itself, and this model only accounts for
the viscoelasticity due to solid-fluid interaction. Together, these limitations mean that our
quantification of scleral biomechanical properties are not fully separated from the testing
conditions, i.e., derived material properties will be influenced by the amount of tare loading
applied, the degree of loading chosen, the rate at which the loads are applied, etc. While
these limitations do not influence the utility for comparative studies, they do raise concerns
about using the resulting properties for general modeling purposes intended to accurately
model the response of the sclera.

Additionally, there were significant experimental limitations involving the device used
for the compression testing. Specifically, experimental control over the strain applied by
the compression device was poor for these small/thin samples. Together, this not only

introduced additional variability into the results, but also limited the amount of information
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that could be obtained, e.g., measuring differential responses to varying strain rates could in
principle be used to obtain viscoelastic properties of the collagen matrix (Huang et al., 2001;
Huang et al., 2003), but we were unable to do so because we could not precisely control the
strain rate. Finally, the experiments themselves required a well-trained individual and were

technically demanding.

6.1.3 Future Work

Although multiphasic material models have been primarily developed and used in the con-
text of biomechanical testing of articular cartilage, they have been demonstrated to be
widely applicable to other biological tissues (Atkinson et al., 1997; Cowin, 1999; Ehret et
al., 2017; Hatami-Marbini & Etebu, 2013; Yang & Taber, 1991). We showed that the sclera
is a biphasic material under compression, displaying significant frequency-dependence to
loading and showed that a commercial compression device is accurate enough to obtain
biphasic material properties of the sclera. However, with more accurate or specialized
compression testing devices, or by testing sclera from larger eyes, this approach could be
extended to measure the viscoelasticity of the collagen matrix (Huang et al., 2001; Huang
et al., 2003), which may be more directly responsible for axial elongation (Ku & Greene,
1981; Levy et al., 2018; Moring et al., 2007; Phillips et al., 2000). Additionally, extension
to a triphasic model that includes ions as a third phase (Mow et al., 2002) would permit the
inclusion of the effect of fixed charge density on tissue biomechanics, which could possibly
allow glycosaminoglycan changes to be determined.

With or without these modeling extensions, the effects of glycosaminoglycans on scleral

poroelastic material properties should be further explored. Ex vivo biomechanical studies
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in which specific glycosaminoglycans were degraded or collagen was degraded/crosslinked
and the biomechanics characterized using poroelastic models would lead to a clearer under-
standing of the structure/function relationship between scleral microstructure and biome-
chanics. As of now, it is assumed that tensile stiffness is largely dominated by collagen, and
permeability largely dominated by glycosaminoglycans. However, as described in Chap-
ters 1 and 4, there is a logical mechanism that may connect glycosaminoglycans to scleral
in-plane tensile stiffness via influences on collagen (Figure A.3).

The current study developed an experimental method for use in comparative studies;
however, finite element modeling of inflation testing could be impactful. The eye is of-
ten idealized as a thin-walled pressure vessel, in which tension is generated throughout the
sclera. From this perspective, compressive properties are at least an order of magnitude less
influential and thus largely secondary to tensile properties (Sinclair & Helms, 2015). Yet,
the eye is not truly a thin-walled pressure vessel, and the sclera is not a passive, uniphasic
material. Sensitivity studies on the effects of biphasic (or triphasic) properties on global
eye deformations/shape/size under inflation would help connect the biomechanics to scle-
ral function. Glycosaminoglycans have been shown to influence permeability of certain
tissues (Gu et al., 1993; Rotter et al., 2002), and proteoglycans concentrate and fix charges
within the tissue matrix. Modeling inflation of a biphasic scleral shell with a dynamic in-
traocular pressure and varying permeability/fixed charge density could help lead to a better
understanding of how the fluid phase influences ocular globe deformations and how gly-
cosaminoglycans may influence eye shape and size. Additionally, such work could allow
detailed studies of the effects of intraocular pressure pulsations on time-dependent global
eye deformations (Ku & Greene, 1981).
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6.2 Aim 2: Quantify biomechanical and related biochemical changes in myopic murine

sclera.

6.2.1 Conclusions

After developing the unconfined compression testing in Aim 1, we conducted a study of
form-deprivation myopia in the mouse. The primary results of this study suggest that the
mouse sclera is profoundly altered in response to form deprivation. Notably, we showed
that mouse scleral biomechanics were altered significantly and rapidly in response to my-
opigenic visual cues, and confirmed that scleral biomechanical properties quantified via
compression testing are useful for comparative studies. As has been shown in other species,
the tensile modulus of the sclera was decreased compared to the contralateral eye that was
not subjected to myopigenic visual cues. However, we also showed for the first time that the
hydraulic conductivity of the myopic sclera was increased. Correspondingly, we also deter-
mined that glycosaminoglycans in the myopic sclera were likely decreased, agreeing with
results from other species (Moring et al., 2007; Norton & Rada, 1995; Rada, Nickla, et al.,
2000; Troilo et al., 2006). Results in other tissues predict that permeability will increase in
response to a decrease in glycosaminoglycans, which demonstrates an internal consistency
in our results. Finally, retinoid concentrations appear to be changing throughout the eye in
response to myopigenic visual cues, which lays the groundwork for more detailed studies

of specific retinoid receptors that are currently most feasible in the mouse.
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6.2.2 Limitations

The obvious limitations to this work are related to sampling. Only male mice from one
strain were used. Both eyes from each animal were used in their entirety for a single assay,
i.e., sclera from left and right eyes were both used for unconfined compression testing,
and leftover tissue was not used for any other assay, which precluded correlations between
different endpoints within the same animals or eyes.

The retinoid characterization is one of the most detailed analyses to date applied to the
myopic eye, measuring many different retinoids and retinoic acid isomers. While it ap-
pears that retinoids are changing, it is difficult to draw more conclusive results from this
data. For one, the method necessitated combining tissue from multiple animals, reducing
our statistical power. Additionally, dissections were performed submerged in PBS. Tissues
were separated as quickly as possible during dissection, and medium was changed and sur-
faces/tools bleached between eyes/animals to prevent contamination; however, the choroid
has previously been shown to be particularly ”leaky” to atRA and thus it is possible that a

significant fraction of the retinoids were lost to the medium used during dissection.

6.2.3 Future Work

We have demonstrated that scleral biomechanics are altered in a time-dependent manner
due to form-deprivation in the mouse. However, the methods and experimental design used
here could be used to gain a deeper mechanistic understanding of the structure-function re-
lationships of the sclera by studying additional timepoints. It has been reported that scleral

biomechanics and glycosaminoglycan synthesis can be changed rapidly, on the order of

156



hours to days (Moring et al., 2007; Siegwart & Norton, 1999). While the results of this
study are consistent with the idea that glycosaminoglycans are driving a biomechanical
change in the sclera, the results of the 1-week timepoint in this chapter would be bolstered
by measurements at <24 hour and 1-2 days of treatment. For example, if biomechanical
changes were shown to be uncoupled from changes in glycosaminoglycans, it would imply
that an additional remodeling outcome may be driving the changes, e.g., instead of gly-
cosaminoglycans driving changes in collagen crimp, perhaps the opposite is occurring.

Additionally, the results of the retinoid quantification show an intriguing trend that
could form the basis for many future studies - in the retina, atRA is increased at 1 week, but
returns to baseline at 3 weeks. Adding earlier timepoints and potentially a 2-week timepoint,
and/or starting the form-deprivation treatment at a different baseline age (e.g., 3 weeks or
5 weeks) could help discern the origins of this effect. Additionally, repeating the current
study with different powered lenses could show whether atRA levels return to baseline after
myopigenesis is complete, i.e., after the mouse has fully emmetropized to the lens.

A working hypothesis of this thesis is that the number of distinct signaling pathways
involved in retinoscleral signaling are reduced as signaling propagates from the retina to
the sclera, i.e., pathways merge. Whereas different visual cues (lens defocus, chromatic
aberrations, form deprivation) have been noted to cause different retinal signaling (Bart-
mann et al., 1994; Kee et al., 2001; Schaeffel et al., 1994), no stark differences have been
observed in the sclera (Guo et al., 2013). The biphasic characterization introduced here
is more informative than other tests, and thus, it would be of interest to study the scleral
outcomes of these different visual cues. If the scleral biomechanics change similarly with

disparate visual cues, this would support the idea that the various retinal signaling converges
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into a limited, perhaps singular, signaling molecule/pathway in order to influence scleral re-
modeling, which would thus make it a clinically relevant point to target pharmacological

interventions.

6.3 Aim 3: Determine the effect of retinoic acid on refractive development and scleral

biomechanics.

6.3.1 Conclusions

Our study of the effects of exogenous atRA on refractive development included the most
complete ocular characterization among studies that have treated animals with atRA, and
our results overwhelmingly show that mice develop axial myopia after atRA administration.
Notably, treatment with atRA caused an increase in axial elongation, and resulted in eyes
with longer vitreous chambers and altered scleral biomechanics with very minimally altered
anterior segments. The manner by which the sclera was altered was very similar to that seen

in form deprivation, namely decreased in-plane tensile stiffness and increased permeability.

6.3.2 Limitations

atRA influences the transcription of c. 100 genes, and thus, systemic atRA treatment is most
likely not only affecting the eyes/sclerae of the animals. In addition to the primary outcomes
of Chapter 5, we measured body mass, scleral DNA content, and retinal thickness/general
retinal health via spectral domain optical coherence tomography (OCT); while none were
obviously affected by the atRA treatment, in the case that they had been, the interpretation

of our results would change. Thus, it is conceivable, albeit unlikely, that atRA was influ-
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encing some unknown latent variables that caused the myopic phenotype. Smaller doses of
atRA, or more targeted treatments directly to the eye (e.g., lipid nanoparticles, transgenic
approaches), would help to strengthen our results and implicate ocular atRA as the source
of the measured effects.

Interestingly, while biomechanics of the form-deprived sclera were similar to that seen
after treatment with exogenous atRA, scleral glycosaminoglycans were not found to be al-
tered with atRA treatment. We speculate that the timing and type of treatment, along with
the timing of sacrifice, may have led to a rebound in glycosaminoglycan levels. Previous
studies have shown the effects of orally delivered atRA to last on the order of ~1 day,
while glycosaminoglycans and scleral biomechanics have been shown to change on a simi-
lar timescale. While measurements were typically done <24 hours after the last atRA dose,
it is possible that glycosaminoglycans had already rebounded to normal or above normal

values at the time of measurement.

6.3.3 Future Work

There are many studies motivated by our results. Studies should be performed to obtain
a dose-response curve of atRA on ocular development and scleral remodeling. Previous
studies have shown effects at concentrations as low as 0.5-2 mg/kg (compared to the 25
mg/kg used here) (McFadden et al., 2006). Lowering the dose, in conjunction with col-
lecting serum and additional tissues (liver, brain) could be useful in understanding how
specifically atRA concentrates in the eye relative to other tissues and lower the chances of
an off-target effect confounding the results.

Additionally, there remain discrepancies between existing studies related to atRA and
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axial elongation. In our work, axial myopia clearly and conclusively developed due to
exogenous atRA, whereas this was not necessarily the case in other studies. A difference
between our study and others is the age at which atRA treatment was started (4 weeks
here, 1 week in both chicken and guinea pig). Beginning atRA treatment earlier in the
mouse or later in other species would help determine whether the discrepancy is a species-
dependent effect or whether it perhaps relates to an age-dependent effect of atRA on ocular
development.

Along with an earlier timepoint for starting the treatment, earlier ex vivo timepoints
should be considered. For example, repeating our experiments only a few hours or 1 day
after atRA feeding could help discern the timescale of the effects of atRA on the sclera.
Further, in vivo fluorescent imaging (e.g. confocal scanning laser ophthalmology) and a
fluorescent retinoid could be used to monitor how long it takes atRA to reach the eye, where
the atRA comes from (presumably the choroid), and whether atRA travels from the choroid
into the retina/sclera.

Finally, emmetropization has been demonstrated to be possible without a connection
between the eye and the brain; however, there is still dispute over how much of an effect
the brain can have on the eye’s development and scleral remodeling. An informative study
motivated by our results would be to deliver atRA after transecting the optic nerve, which

would identify whether the effect of atRA on the eye originate in the brain.
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6.4 Final Thoughts

This dissertation has demonstrated that the mouse can be a useful model for ocular biome-
chanics and the study of myopia, despite its small eye size. We introduced a methodology
that, while more complex than the average tensile test, yields information-dense results that
can be applied successfully to compare phenotypes using a commercially available biome-
chanical testing device. Using this detailed biomechanical characterization in parallel with
other ocular measurements, we have provided evidence that the mouse develops axial my-
opia in response to visual cues, despite not measuring axial elongation. The structure and
function of the mouse sclera changes significantly with form-deprivation in a manner that is
consistent with other species, with specific glycosaminoglycans decreasing and the sclera
becoming more extensible. Additionally, while the implications are not understood, the
increased permeability of the myopic sclera is consistent with results in cartilage showing
glycosaminoglycans and permeability are correlated. Finally, while minor differences were
observed between the observed phenotypes, myopia due to exogenous atRA caused scleral
biomechanical changes that were strikingly similar to those due to form-deprivation. Con-
sidering that decades of research have yielded minimal candidate molecules that may be
capable of retinoscleral signaling, the causal impacts of exogenous atRA and the similarity
in the biomechanical phenotypes together warrant increased attention on retinoid signaling

in the mammalian eye.
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Appendices



Table 1: Aggrecan antibodies tested.

Antigen Supplier Cat. Num RRID Host Species  Clonality  Clone ID Isotype
Aggrecan GeneTex GTX03179 Rabbit Monoclonal  GT1267 IgG
Aggrecan Boster Bio M04655-1 Rabbit Monoclonal ~ 17A33 IgG
Aggrecan St John’s Laboratory STJ11101391 Rabbit Monoclonal ARC0678 IgG
Aggrecan Santa Cruz sc-33695 Mouse Monoclonal 4F4 IgG
Aggrecan Santa Cruz sc-166951 Mouse Monoclonal D-4 IgM &
Aggrecan Boster Bio A04655-1 Rabbit Polyclonal IgG
Aggrecan Abcam ab216965 Rabbit Polyclonal IgG
Aggrecan EMD Millipore ABTI1373 Rabbit Polyclonal IgG

NITIGE Thermo Fisher Scientific PA1-1746 AB 2242021 Rabbit Polyclonal IgG
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APPENDIX A

SUPPLEMENTARY INFORMATION FOR CHAPTER 4

Table A.1: Summary of statistical models used to analyze outcome measures. Covariates iden-
tify continuous predictors set to 0 during analysis. Covariate days_deviation is the difference from
timepoint in the in vivo measurements (4 weeks, 5 weeks, 7 weeks) or the mean age at the time
of sacrifice. “*”: full interaction operator indicating inclusion of all main effects and interactions,
“I|animal_id”: random intercept for each animal. UCT: unconfined compression test, DMMB:
dimethylmethylene blue assay, PG: picogreen assay, IHC: immunohistochemistry, LC-MS/MS: Lig-
uid chromatography tandem mass spectrometry, DVs: Dependent variables, RE: Refractive error,
AL: Axial length, H 4: Aggregate tensile modulus (tensile stiffness), k: permeability, GAG: gly-
cosaminoglycan, atRA: all-trans retinoic acid, tRE: total retinyl esters, ROL: Retinol.

Outcomes DVs Fixed Effects Covariates Random Effects Family Link
In Vivo RE, AL ~ age*animal_treatment¥eye  days_deviation 1|animal_id Gaussian Identity
UCT H,ak ~ animal_treatment¥*eye*strain days_deviation 1|animal_id Gamma Log
DMMB/PG GAG/mass, GAG/DNA ~ eye 1|animal id Gamma Log
IHC Normlntensity ~ animal_treatment*eye l|animal_id Gamma Log
LC-MS/MS atRA, tRE, ROL ~ age*eye_treatment*tissue Gaussian Identity

Table A.2: Effect of form deprivation on ocular biometry. Tabulated data are the mean + standard
deviation of interocular differences for each outcome. Bolded values are significantly different from
0 (p<0.05). RE: Refractive error, CC: Corneal curvature, CT: corneal thickness, ACD: Anterior
chamber depth, LT: Lens thickness, VCD: Vitreous chamber depth, AL: Axial length

RE CcC CT ACD LT VCD RT AL
[D] [nm] [um] [pm] [pm] [nm] [nm] [nm]

Baseline (53) -0.13+0.67 -2.524+12.90 -1.31+6.86 -1.65+10.04 -3.50£13.90 2.83+16.12 0.06£10.73 -3.10£27.01
Naive (16) 0.02+0.37  -2.07+5.81 -1.56£2.58 1.61£6.97 -3.194+14.58 3.58£13.22 3.76£5.59  5.27+24.41

1 Week FD (17)  -2.354+1.11 -4.524+7.80 -1.2844.48 -0.20+11.19 -4.40+12.40 3.48+16.62 -1.2948.57 -0.89+27.29
3 Weeks FD (27) -4.07£0.72 1.53+16.43 0.00+£6.31  3.394£9.65 2.61£17.17 4.74+16.52 -2.96+10.15 9.87£25.05

Group
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Figure A.1: The biomechanical material properties of the sclera were altered as a result of form depri-
vation. Specifically, aggregate tensile modulus (i.e., stiffness) (top) and hydraulic conductivity (i.e.,
permeability) (bottom) were both altered relative to the contralateral control eyes. Plots show the
raw values obtained from fitting the poroelastic material model and the regressions obtained from the
statistical model (left) and the estimated marginal means obtained from the statistical model (right),
both plotted as a function of the compressive strain magnitude (strain steps). The box contains the
second and third quartiles of data, with the line indicating the median. The whiskers show the first
and fourth quartiles. FD1: 1 Week form deprivation, FD3: 3 weeks form deprivation. *: p<0.05,
**: p<0.01, ***: p<0.001.
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Figure A.2: Preliminary experiments demonstrate high concordance in GAG measurements made
within control animals using the DMMB assay protocol. Each data point represents measurements
of the scleral GAGs in the left (OS) and right (OD) eyes of an individual animal. Some samples
were blotted (diamonds, hydrated) and others were dehydrated (circles, dehydrated). The DMMB
assay measured differences in the two treatments and had high concordance across the entire range
of concentrations (concordance = 0.94). The solid line represents the identity line (OD = OS). Per-
fect concordance (Concordance=1) would occur if every point fell on the identity line. DMMB:
dimethylmethylene blue, GAG: glycosaminoglycans.

Table A.3: Material properties obtained from 3 step unconfined compression testing of the mouse
sclera. Tabulated values are the mean + standard deviation of unadjusted, fitted material properties
at each step, and averaged over the three-step protocol ( 5%, 10%, 15% compressive strain). Hy 4:
Aggregate tensile modulus, k: permeability, FD1: 1 week FD, FD3: 3 weeks FD, Contra: Con-
tralateral eye.

H, 4 [kPa] k [m*/Pa- s] (x10)

Group (# eyes) Step 1 Step 2 Step 3 Average Step 1 Step 2 Step 3 Average

Naive (6) 67.31£8.60 118.61+£20.42 234.65+41.00 140.19£76.34 | 1.76+1.08 0.56+£0.33 0.194+0.07 0.84+0.92
Contra (12) | 78.75+£17.82 132.21+£38.85 371.23+182.99 194.06+166.53 | 1.72+£0.68 0.48+£0.43 0.15+£0.12 0.78+0.82
FD1 (6) 58.10+£20.21  92.72423.70  189.32+5590  113.38+66.85 | 3.18+£3.89 0.66+£0.39 0.34+0.18 1.39+2.49
FD3 (6) 57.18+17.55 109.83£17.86 201.74+93.63  122.92+80.88 | 3.84+£3.49 1.18+£1.35 0.33£0.22 1.78+2.55

Table A.4: Effect of form deprivation on total scleral sulfated GAG content as measured by the
DMMB assay. Total sulfated GAG content was not significantly altered after 3 weeks of form de-
privation when compared to contralateral control eyes (p>0.05 for all). GAG: glycosaminoglycans,
DMMB: dimethylmethylene blue assay.

Scleral mass (dry) Total GAG GAG Conc. GAG/DNA

Grou
P [ug] [ng] [ng/mg] [ng/ug]
Contralateral (n=9) 161.78 4+ 16.85 1.04 +-0.10 6.54+1.21 8504 0.94
Form-deprived (n=9) 167.78 4+ 16.01 1.16 =0.17 7.01 +£140 93041.72

Interocular Difference (n=9) 6.00 & 26.05 0.12+ 021 048 +233 0.80+1.95
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Figure A.3: Hypothesized mechanism connecting scleral remodeling to altered biomechanics

Table A.5: Effect of form-deprivation on scleral SGAGs as measured by immunostaining of
chondroitinase-treated samples. Chondroitin-4-sulfate content was significantly decreased in form-
deprived eyes, independent of the duration of form-deprivation treatment. Dermatan sulfate content
was only significantly decreased after 3 weeks of form-deprivation. Tabulated quantities are mean
+ standard deviation. Groups are presented as Treatment-Duration (# eyes). Durations (1 and 3) are
weeks of form-deprivation treatment. Bolded values are significantly different from the contralateral
groups (p<0.05). Contra: contralateral eye, FD: form-deprivation, sGAG: sulfated Glycosamino-
glycans, AU: Arbitrary units (ratio of pixel intensities).

Chondroitin-4-Sulfate Dermatan Sulfate
Group

[AU] [AU]
Contra-1 (4) 1.50+0.20 3.09+0.53
FD-1 (5) 1.3440.25 3.09+0.89
Contra-3 (6) 1.68+0.25 3.11£0.85
FD-3 (6) 1.3940.27 2.31+0.56
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR CHAPTER 5

221
2 20-
0
0
©
=
> 181
©
@)
o

16

2 4 6 8 10 12 14
Treatment Duration (days)
Figure B.1: Body mass was not significantly affected by two-weeks of atRA treatment. Lines are

the mean body masses of the control (solid, blue) and atRA-treated (dashed, red) animals. Shaded
regions show the 95% confidence intervals. Ctrl: Vehicle-treated group (n=14 animals); RA: atRA-

treated group (n=16 animals).
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Figure B.2: Treatment with atRA significantly alters the development of refractive state and ocular
biometry. Plots show the changes from baseline (o) of each outcome (Alz;; 2/ — azﬁo), where x.;"
represents the measured quantity in animal ¢ at timepoint ¢,,. A) Development of refractive error
was significantly influenced by atRA, with 1 and 2 weeks of daily atRA causing significant myopia
to develop relative to the control animals. B) VCD and C) axial length increased more over the
treatment period in the atRA-treated animals vs. controls. D-F) Biometry of the anterior eye was
largely unaffected, except for a small shrinkage of the anterior chamber. Individual animals are
shown with fainter lines in A). Solid (blue) lines are the mean of the control group, dashed (red)
lines are the mean of the atRA-treated group. Error bars show the 95% confidence intervals. Ctrl:
Vehicle-treated group (n=14 animals); RA: atRA-treated group (n=16 animals). *: p<0.05, **:
p<0.01, ***: p<0.001, adjusting for deviations in age and multiple comparisons
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Figure B.3: Immunolabeling of glycosaminoglycans was not measurably changed by atR A treatment
or different between the superior and inferior sclera.
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Table B.1: Summary of statistical models used to analyze study outcomes. Covariate “days de-
viation” adjusts for deviations in age at the time of a measurement. “*”: full interaction operator
(indicating both main effects and their interaction), “1|animal id”’: random intercept for each animal.
unconfined compression testing (UCT): unconfined compression test; 1,9-dimethylmethylene blue
(DMMB): dimethylmethylene blue assay; PG: picogreen assay; immunohistochemistry (IHC): im-
munohistochemistry; liquid chromatography-tandem mass spectrometry (LC-MS/MS): Liquid chro-
matography tandem mass spectrometry; DVs: Dependent variables; refractive error (RE): Refrac-
tive error; axial length (AL): Axial length; H, 4: Aggregate tensile modulus (tensile stiffness); k:
hydraulic conductivity (permeability); GAG: glycosaminoglycan; all-trans retinoic acid (atRA): all-
trans retinoic acid; tRE: total retinyl esters; ROL: Retinol.

Outcomes DVs Fixed Effects Covariates Random Effects Family Link
In Vivo RE, AL, etc. ~ timepoint*treatment days_deviation 1|animal id Gaussian Identity
body mass ~ treatment*log(days) Gamma Log
LCMSMS atRA, tRE, ROL ~ treatment*tissue Gaussian Identity
UCT Hiak ~ treatment*strain 1|animal id Gamma Log
DMMB/PG GAG/mass, GAG/DNA ~ treatment l|animal_id Gamma Log
IHC NormlIntensity ~ treatment l|animal id Gamma Log

Table B.2: Raw ocular biometry at each timepoint of the study. Groups are presented as “Group
(# animals)”. Tabulated data are the mean = standard deviation of the outcome. Bolded values are
significantly different from the controls at the same timepoint (p<0.05), using the regression models
and adjusting for deviations in age. RE: Refractive error; corneal curvature (CC): Corneal curvature;
central corneal thickness (CCT): central corneal thickness; anterior chamber depth (ACD): Anterior
chamber depth; lens thickness (LT): Lens thickness; vitreous chamber depth (VCD): Vitreous cham-
ber depth; AL: Axial length; Ctrl: Vehicle-treated group; RA: atRA-treated group.

RE cc CcCT ACD LT vCD RT AL
(D] [mm] [wm] [wm] [mm] [wm] [wm] [mm]

Ctrl (14)  0.90+0.87 1.414+0.01 92.80£3.06 335.99+13.91 1.7840.01 669.57+£21.59 181.71£9.28 3.09+0.03

Timepoint Group (n)

Baseline  pA(16) 1024105 1404002 95361351 3384941174 1782002 670.152440 1842547.06 3.1040.03
CCtl(14) 4884065 1464002 95604221 3549941085 187+0.02 645464602 17698+7.08 3.1740.02
TWek  RA(I6) 175220 1465002 96394328 3479651278 1874002 6661841514 176165533  3.190.04
7 ; ;);;e;(; CCul(14) 6454043 1494002 94614253 370.67+11.76 1.9240.02 6257141516 175.54+4.80 3.2240.02

RA (16)  0.74+2.20 1.48+0.01 94.49+3.72 363.01+12.04 1.924+0.03 657.99+24.83 173.01+10.26 3.2440.03
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Table B.3: Shift in ocular biometry over the atRA treatment period. Groups are presented as “Group
(# animals)”. Tabulated data are the mean =+ standard deviation of the shift in outcomes (”Shift”;
:cf” — xtcﬁtrl), where xf" represents animal ¢ at timepoint ¢,,. Bolded values are significantly different
from the controls at the same timepoint (p<<0.05), using the regression models and adjusting for de-
viations in age. RE: Refractive error; CC: Corneal curvature; CCT: central corneal thickness; ACD:
Anterior chamber depth; LT: Lens thickness; VCD: Vitreous chamber depth; AL: Axial length; Ctrl:

Vehicle-treated group; RA: atRA-treated group

RE cc CCT ACD LT VCD RT AL
[D] [nm] [pm] [nm] [pm] [pm] [pm] [pm]

Baseline RA-Ctrl ~ 0.12£1.05 -6.12£19.87 2.56+3.51 2.50+£11.74 2.20£20.46 0.58+24.40  2.53£7.06 11.52+34.43

Timepoint Group (n)

1 Week RA-Ctrl  -3.714£2.20 -3.98+21.36 0.79£3.28 -7.04+12.78 -0.92+22.93 20.72+15.14 -0.82+5.33  13.69+42.49

2 Weeks RA-Ctrl  -5.714+2.20 -3.68+14.98 -0.114+3.72 -7.67+£12.04 -3.23+27.18 32.284+24.83 -2.53+10.26 19.094+34.53

Table B.4: Change from baseline of ocular biometry over the atRA treatment period. Groups are
presented as “Group (# animals)”. Tabulated data are the mean + standard deviation of the change
from baseline (¢y) of each animal (Alx;; :L‘f" — x;‘fo), where :rf” represents the measured quantity
in animal ¢ at timepoint ¢,,. Bolded values are significantly different from the controls at the same
timepoint (p<0.05), using the regression models and adjusting for deviations in age. RE: Refractive
error; CC: Corneal curvature; CCT: central corneal thickness; ACD: Anterior chamber depth; LT:
Lens thickness; VCD: Vitreous chamber depth; AL: Axial length; Ctrl: Vehicle-treated group; RA:

atRA-treated group.

Timepoint Group (n) RE ccC CCT ACD LT VCD RT AL
[D] [nm] [um] [nm] [um] [um] [um] [nm]
Ctrl (14)  3.9840.97 56.85+12.28 3.01+3.58 19.86+7.45 89.05425.12 -25.16424.19 -4.84+8.60 82.58+14.72
1 week RA (16)  0.14+1.57 59.06+£16.73 0.61+325 11.13+£8.78 86.74+24.14  -2.16+25.80 -6.85+6.75 90.86-:17.45
’ zweek o Cl(14)  5.5541.02 82.28415.13 22143.51 35.6849.13 1449143033 -45.08432.07 -6.37+8.50 132.05:15.14

RA (16) -0.27+1.64 82.71£17.18 0.02+4.11 26.69+7.12 143.36+28.67 -18.17+£37.29 -7.59+7.53 145.01+16.64

Table B.5: Material properties of the sclera obtained from unconfined compression. Groups are pre-
sented as “Group (# animals)”. Tabulated values are the mean + standard deviation of unadjusted,
fitted material properties at each step (5%, 10%, 15% compressive strain) and the average over the
steps. Bolded values are significantly different from the controls (p<0.05), using the regression
models and adjusting for deviations in applied compressive strain. H+A: Aggregate in-plane ten-
sile modulus (stiffness); k: Hydraulic conductivity (permeability); RA: atRA-treated animals; Ctrl:
vehicle-treated animals.

H, 4 [kPa] k [m*/Pa - s] (x10*)

Group (# eyes) Step 1 Step 2 Step 3 Average Step 1 Step 2 Step 3 Average

Ctrl (8) 79.42+13.70 131.814£33.02 269.12+83.27 160.12+95.79 | 1.60+0.88 0.45+0.28 0.154+0.06 0.7340.82
RA (10) 64.34+14.32 94.94+21.12 152.29+46.99 103.86+47.56 | 1.89+1.04 0.68+0.25 0.33+0.20 0.96+0.91
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Figure C.1: Interocular concordance of collected scleral tissue.

C.1 DMMB Assay
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Figure C.2: Interocular concordance of DMMB assay.

C.2 Picogreen Assay
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Figure C.3: Interocular concordance of Picogreen assay.
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