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Abstract
Interactions between Biomaterials and the Sclera:
Implications on Myopia Progression
by
James Su
Doctor of Philosophy in Vision Science
University of California, Berkeley

Professor Christine F. Wildsoet, Chair

Myopia prevalence has steadily climbed worldwide in recent decades with the most
dramatic impact in East Asian countries. Treatments such as eyeglasses, contact lenses, and laser
surgery for the refractive error are widely available, but none cures the underlying cause. In
progressive high myopia, invasive surgical procedures using a scleral buckle for mechanical
support are performed since the patient is at risk of becoming blind. The treatment outcome is
highly dependent on the surgeon’s skills and the patient’s myopia progression rate, with limited
choices in buckling materials. This dissertation, in four main studies, represents efforts made to
control high myopia progression through the exploration and development of biomaterials that
influence scleral growth.

First, mRNA expression levels of the chick scleral matrix metalloproteinases, tissue-
inhibitor of matrix metalloproteinases, and transforming growth factor-beta 2 were assessed for
temporal and defocus power effects. The first study elucidated the roles that these factors play in
scleral growth regulation and suggested potential motifs that can be incorporated in future
biomaterials design. Second, poly(vinyl-pyrrolidone) as injectable gels and poly(2-hydroxyethyl
methacrylate) as solid strips were implanted in chicks to demonstrate the concept of posterior
pole scleral reinforcements. This second study found that placing appropriate biomaterials at the
posterior pole of the eye could directly influence scleral remodeling by interacting with the host
cells. Both studies advanced the idea that scleral tissue remodeling could be potentially
controlled by well-designed biomaterials.

These findings led to the exploration of biomimetic hydrogels comprising enzymatically-
degradable semi-interpenetrating polymer networks (edsIPNs) to determine their
biocompatibility and effects on the chick posterior eye wall. This third study demonstrated the
feasibility of stimulating scleral growth by applying biomimetic injectable materials. Fourth, the
muscarinic antagonist drug, atropine, was encapsulated within the edsIPNs and delivered to the
chick eye posterior pole to evaluate the local effect of atropine release. This fourth study offered
an alternative method of ocular drug delivery for treatment of myopia, with the potential to



elucidate the actual location of the inhibitive effect of atropine on myopia progression. In
summary, this dissertation contributes to the design and use of biomaterials specific to myopia
therapy and adds novel insights to scleral tissue engineering.



To my dearest great-grandmother
Su Yang Jin Ye

For her everlasting love
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Chapter I

Introduction — Toward a Bioinspired Therapy for Myopia

Abstract

High axial myopia (defined as extreme near-sightedness of -6 diopters or worse) is the
result of excessive eye elongation that leads to a significant mismatch between ocular axial
length and focal power. Blinding complications, such as retinal detachment and glaucoma,
combined with increasing prevalence worldwide, particularly in parts of Asia, have led myopia
to become a significant public health problem for which optometrists simply prescribe optical
appliances and refractive surgeries that treat the focusing error but not the axial elongation.
Although efforts have been spent to elucidate the mechanisms behind myopia progression and
develop treatment methods based on optical and pharmacological interventions, there has been
little success in developing a treatment regime that effectively stops the elongation process.
Previous research has shown that emmetropization, i.e. the reduction of refractive error during
development, is an active and visually guided process, suggesting the utilization of visual cues as
a local error signal to regulate eye growth that begins at the retina and ends at the sclera, the
outer fibrous wall of the eye. As a treatment target, the sclera is favored over other ocular tissues
due to its avascular nature and scarcity of sensory cells. These are significant advantages,
particularly for the progressing myopes in the pediatric population. Recent animal studies that
measured changes in scleral cells and proteins show tight regulation of scleral remodeling
throughout induced myopia progression. A look into how the sclera remodels during axial
elongation can significantly increase our understanding of the mechanisms underlying myopia
and offer design parameters for potential bioinspired therapies that can take advantage of the
native scleral response during myopia development.



1. Myopia & Eye Growth Regulation

Myopia is the most common refractive error and one of the top five major diseases
causing blindness in humans (McCarty and Taylor, 2000). Despite the effectiveness of
eyeglasses, contact lenses, and laser eye surgery in correcting refractive errors, there is no
current treatment that targets the underlying cause. Understanding the biological mechanisms
that cause myopia requires elucidating what factors cause the changes that lead to a mismatch
between the eye’s refractive power and its axial length. What is telling the eye to grow too long
for its refractive power? Both genetic and environmental factors are now generally accepted to
play important roles in myopia development, but the “nature versus nurture” debate continues
over the relative contribution of each factor (Morgan, 2003; Mutti et al., 1996; Wallman, 1994).
The increasing worldwide myopia prevalence (Park and Congdon, 2004) and well-known
dependence of myopia development on visual near work (Rosenfield and Gilmartin, 1998) and
level of education (Curtin, 1985; Morgan and Rose, 2005) suggest a strong environmental
influence. However, common familial patterns of inheritance (Klein et al., 2005), twin studies
(Dirani et al., 2006), and multiple identified genetic loci (Hornbeak and Young, 2009) lends
support to the inheritability of myopia. Due to its multifactorial etiology, myopia has largely
eluded the establishment of a clear developmental mechanism upon which an effective treatment
or cure could be designed.

High myopia (defined as refractive error of -6 diopters, D, or worse), once considered
rare, is also increasingly common (Lin et al., 1999; Saw et al., 1996). A seemingly small, 1 mm
increase in ocular axial length of the eye corresponds to an additional refractive error of -3 D in
humans. With longer axial lengths and associated stretching of the inner layers of the eye, high
myopes are at increased risk of retinal detachment, glaucoma, macular degeneration and other
central retinal complications that may lead to blindness (Curtin, 1985). Even moderate myopes
are four times more likely than normal to suffer retinal detachment (Chou et al., 2006). So called
“lacquer cracks” in Bruch’s membrane (supporting structure of the retinal pigment epithelium),
retinoschisis (retinal splitting), widespread atrophy of the retinal pigment epithelium and
choroidal neovascularization (called “Fuch’s spot” in the macular region), are other causes of
visual impairment associated with high myopia (Saw et al., 2005; Tano, 2002). Both optical and
surgical corrections do not alter posterior eye size, thus the risks of pathological complications
remain in highly myopic patients. Apart from the direct risks to vision, myopia has a significant
worldwide economic impact on health budgets due to costs associated with its correction. More
than $5 billion annual burden in direct medical costs to the U.S. economy has been associated
with refractive error (Frick and Rein, 2007). The ever-increasing worldwide prevalence, risk of
complications, and high economic costs not only warrant the attention and concern of the general
public, but also add to the motivation behind myopia research.

At the biological level, measuring changes that occur at each individual ocular layer
during myopic eye growth can help to identify factors involved in myopia development and
progression. The refractive state of the eye is actively adjusted during growth based on visual
information received by the retina, a finding that has been substantiated by numerous myopia
studies involving animal models (Choh et al., 2006; Howlett and McFadden, 2006; Kee et al.,
2001; Shaikh et al., 1999; Smith et al., 1999). This process is termed active emmetropization and
strongly evidenced by compensatory eye growth responses to focusing errors imposed on animal
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subjects by attached lenses (Wildsoet, 1997). Optical manipulations, such as form deprivation by
lid-suturing or wearing translucent occluders (diffusers), and wearing positive- or negative-
powered spectacle lenses on growing chick eyes, can disrupt normal ocular growth as the eyes
compensate for the imposed defocus by either shortening (with imposed myopia) or lengthening
(with imposed hyperopia) the vitreous chamber depth (Sivak et al., 1990). Form deprivation
imposes open loop conditions that also lead to lengthening of the vitreous chamber depth (Smith
et al., 1999). This compensatory eye growth response occurs even after optic nerve section, in
other words, without any input from the brain, suggesting local control of active
emmetropization (Wildsoet and Wallman, 1995; Wildsoet, 2003; Wildsoet and Pettigrew, 1988).
Separated from the central nervous system, active emmetropization most likely relies on the
effects that the neural retina imposes on the subsequent layers, including retinal pigment
epithelium, choroid, and sclera in the posterior segment of the eye. A diagram illustrating the
visually driven signaling pathway is presented in Figure 1-1. Each layer, starting with the retina,
is composed of distinctive cell types generating unique signaling molecules, and plays different
but equally important roles in determining eye growth.

Local Signaling Cascade

Visually-Driven . .
Myopia Signal % Axial EIongatlon

Retina RPE Choroid Sclera
Amacrines lon transport Fluid exchange = ECM remodeling
» dopamine * Nat*, K+, CI- * retinoic acid « fibroblasts

+ acetylcholine - fluid transport ¢ nitric oxide » myofibroblasts
* glucagon

Figure 1-1. Diagram illustrating the visually driven signaling pathway from the retina to the sclera with list
of major potential contributors involved. This represents a local signaling cascade effective without input
from the central nervous system, leading to axial elongation as seen with induced myopia progression.
RPE = retinal pigment epithelium. ECM = extracellular matrix.

1.1  Retina: Origin of the myopia signaling cascade

As retina is the first layer of the eye that processes visual information, it is also the most
likely candidate to generate the primary signal for myopia development (Wallman, 1993). The
retina’s foremost function is to sense light, with neural pathways proceeding in a serial fashion
from the photoreceptors to the bipolar cells to the ganglion cells and ultimately to the visual
cortex. However, nestled in between the bipolar and ganglion cells at the inner plexiform layer
are interneurons known as amacrine cells. These retinal cells and their respective
neurotransmitter molecules have been implicated as potential contributors to myopia
development (Wallman, 1993), with dopaminergic amacrine cells (Schaeffel et al., 1995),
muscarinic cholinergic amacrine cells (McBrien et al., 2001b), and glucagonergic amacrine cells
(Fischer et al., 1999a) being prevailing retinal cell populations that have repeatedly demonstrated
influence in eye growth regulation.



1.1.1 Dopaminergic amacrine cells

Any signaling molecule found to be the principal retinal output controlling
emmetropization would be expected to have its concentration change in opposite directions in
response to opposite defocus signs (Simon et al., 2004), and affect downstream signaling in a
matter of minutes (Zhu et al., 2005). The concept that eyes can encode the sign of defocus by
varying the concentration levels of signaling molecules is the basis upon which many
pharmacological studies are conducted. Substantial evidence exists for a role of dopamine in
form deprivation myopia. Retinal levels of dopamine are decreased during the day in form
deprived monkey eyes (Iuvone et al., 1989) and chick eyes (Stone et al., 1989). The application
of dopamine agonists, such as apomorphine, reduces form deprivation myopia in both monkeys
and chicks (Iuvone et al., 1991; Stone et al., 1989), most likely through a D2 dopamine receptor
mechanism (Rohrer et al., 1993). On the other hand, the application of 6-hydroxy dopamine (Li
et al., 1992) and continuous light (Bartmann et al., 1994), both lower retinal dopamine levels and
reduce form deprivation myopia, but not lens-induced myopia (Schaeffel et al., 1994). After
removal of form deprivation, dopamine levels slowly return to normal, but the rate of ocular
elongation abruptly drops below normal, showing that dopamine’s action is not bidirectional
(Schaeffel et al., 1995), although evidence exists that show dopamine levels respond to lens-
induced myopia (Guo et al., 1995). These results, taken together, suggest that retinal dopamine is
involved in the control of eye growth, but is not likely to be the only retinal output controlling
emmetropization.

1.1.2 Muscarinic cholinergic amacrine cells

The use of muscarinic receptor antagonists such as atropine to inhibit myopia progression
started as a belief that too much near work leads to heavy eyestrain from frequent and sustained
accommodation. As this was the primary suspect in the cause of functional or physiologic
myopia, it was thought that cycloplegia, i.e. paralysis of the ciliary muscles of the eye that
controls accommodation, should be employed as part of myopia management (Bedrossian, 1971;
Sampson, 1979). However, this theory was shown to be fallible as the cycloplegic agents such as
muscarinic receptor antagonists were determined to reduce experimental myopia via a
nonaccommodative mechanism in chicks and tree shrews (Cottriall and McBrien, 1996; McBrien
et al., 1993). Chicks do not have muscarinic receptors on their ciliary muscles, and thus the
ability of muscarinic receptor antagonists to reduce myopia progression in chicks points to other
target sites of action. Still, large amounts of evidence from both animal and human studies exist
that demonstrate the effectiveness of muscarinic receptor antagonists in controlling myopia
(Chua et al., 2006; Lee et al., 2006; Luft et al., 2003; Schmid and Wildsoet, 2004; Siatkowski et
al., 2008), even though the target site of action that inhibits ocular elongation remains unclear. In
addition to atropine, pirenzepine is another muscarinic receptor antagonist that has been
researched extensively as a myopia treatment (Bartlett et al., 2003; Siatkowski et al., 2008).
However, unlike atropine, pirenzepine is selective for M1 receptors only (Cottriall and McBrien,
1996). Not all muscarinic receptor antagonists are effective against myopia, as the only ones
shown to effectively reduce myopia are atropine, pirenzepine (M1 specific), himbacine (M2
specific), and oxyphenonium (Luft et al., 2003), and at least for atropine, its effectiveness is
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lessened after extended application (Tong et al., 2009). The ineffectiveness of other muscarinic
receptor antagonists suggests that muscarinic antagonists act only through specific types of
receptors or a combination thereof, or through a non-muscarinic mechanism on which only some
of these drugs act.

There is accumulating evidence against a retinal site of action for the anti-myopia effects
of muscarinic receptor antagonists. When retinal cholinergic amacrine cells were selectively
destroyed by ethylcholine mustard aziridinium ion (ECMA), chick eyes remained emmetropic
and susceptible to form-deprivation myopia, which could still be blocked by atropine (Fischer et
al., 1998b). In the use of quisqualate to kill amacrine cells but leaving photoreceptors untouched,
the emmetropization process was demonstrated to be still functional, supporting the idea that the
outer retina is a likely site of form-deprivation detection (Diether and Schaeffel, 1999; Fischer et
al., 1998c), without the need for amacrine cells. Other identified sites of action of muscarinic
receptor antagonists include the retinal pigment epithelium, choroid, ciliary body, and the sclera
(Fischer et al., 1998a; Lind et al., 1998; McBrien et al., 2009b). Recent strong evidence supports
the idea of a scleral site of action, mostly due to influences of muscarinic receptor antagonists on
scleral cells (Casanova et al., 2006; Lind et al., 1998). However, comprehensive profiling of
muscarinic receptor gene and protein expression in tree shrew ocular tissues demonstrated that
the genes of the muscarinic receptor subtypes M1 thru M5 are not altered in their expression
levels both early in myopia development and after significant structural change with measurable
axial elongation (McBrien et al., 2009b). There was no change in retinal acetylcholine
concentration of chick or tree shrew due to form-deprivation myopia (McBrien et al., 2001b).
Additional support for a scleral site of action comes from the demonstration that guinea pig
scleras express muscarinic subtypes M1 to M5 (Qu et al., 2006), and particularly in the posterior
sclera, expression of the M1 and M4 subtypes was significantly increased in form-deprived
guinea pig eyes (Liu et al., 2007). Overall, these results point to a high likelihood that effective
muscarinic receptor antagonists inhibit myopia through a different target away from the neural
retina, with strong support for developing a new myopia control treatment targeting other ocular
tissues such as the sclera.

1.1.3 Glucagonergic amacrine cells

In the chicken myopia model, form-deprivation myopia can be suppressed by antagonists
to NMDA-type glutamate receptors (Fischer et al., 1998c; Vessey et al., 2005), while stimulation
of NMDA receptors activates immediate-early gene expression of the transcription factor known
as ZENK (an acronym for Zif268, Egr-1, NGFI-A, and Krox-24) in glucagonergic amacrine cells
(Fischer et al.,, 1999a). ZENK expression is stimulated by conditions that inhibit ocular
elongation such as imposed by plus-lens treatments and recovery from form-deprivation myopia,
but not by conditions that induce ocular elongation such as minus-lens treatments and form-
deprivation (Bitzer et al., 2006; Fischer et al., 1999a). The release of glucagon during plus-lens
treatments is coupled to induction of ZENK, and the absence of immediate-early gene expression
during minus-lens treatments and form-deprivation suggest that lack of glucagon is responsible
for the development of experimental myopia in chickens (Feldkaemper and Schaeffel, 2002;
Fischer et al., 1999a). Further evidence supporting the notion that glucagon may act as regulator
of eye growth comes from the observation that retinal glucagon receptor mRNA levels follow the
ZENK bidirectional expression pattern (Buck et al., 2004). With the application of muscarinic
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cholinergic antagonists and dopamine agonists, both of which are known to block myopic eye
growth, the down-regulation of retinal ZENK mRNA is reversed and the measured mRNA
expression is higher than in control eyes (Ashby et al., 2007). However, no evidence has yet been
found to indicate that the same signals occur in the mammalian model, as the expression patterns
of several glucagon super-family members in the mouse retina do not appear to be visually
regulated (Mathis and Schaeffel, 2007), and glucagon itself has not been found. While ZENK
gene knockout mice exhibit axial myopia, it is still unclear whether the observed effect of
deleting Egr-1 is due to altered retinal function or changes in other systems that may affect
ocular growth (Schippert et al., 2007). Although ZENK expression responds in a bidirectional
manner in correlation with the sign of imposed defocus, the glucagonergic control pathway still
requires additional studies, particularly in mammalian animal models, to elucidate the role that
glucagon plays in eye growth regulation.

1.2 Retinal pigment epithelium: Information gateway in myopia

Given that there is strong support for visually guided local eye growth control and by
being situated between the retina and the adjacent choroidal and scleral layers, the retinal
pigment epithelium (RPE) must play a critical role in relaying growth modulatory signals
between the retinal source and its targets. The RPE forms a polarized tight barrier between the
outer segment of photoreceptor cells and the choroidal vasculature, and traditionally is thought to
mainly function to recycle the outer segment of photoreceptors, isomerize all-trans-retinol to 11-
cis-retinal in the visual cycle, and generally maintain the composition of subretinal space by
regulating metabolites and fluid transport (Strauss, 2005). The RPE has not been a major focus in
myopia research, although during eye enlargement, while cell numbers remain unaltered, passive
spreading and consequent flattening of retinal pigment epithelial cells has been reported (Lin et
al., 1993). However, recent studies on retinal neurotransmitters have called for closer look into
RPE fluid transport, growth factor secretion, and their possible roles in eye growth regulation.

The fluid transport capacity of the RPE is closely regulated by tight-junctions between
epithelial cells and a plethora of ion transporters on both the apical (facing subretinal space) and
the basal (facing choroid) membranes (Rymer and Wildsoet, 2005). During chick eye recovery
from form-deprivation myopia, concentrations of sodium (Na) and chloride (Cl) ions in RPE-
photoreceptor outer segments and extravascular choroid decrease over time, returning to normal
after 48 h (Liang et al., 2004). Involvement of fluid exchange during form deprivation recovery
suggests that fluid exchange and its corresponding transporters, which are responsive to
pharmacological manipulations, may play significant roles in eye growth regulation. Ion
movement involving apical Na-K-Cl cotransporters and basal Cl channels has been directly
linked to fluid movement from the subretinal space to the choroid during light and dark
adaptation (Li et al., 1994).

Growth factor secretion in the RPE as an alternative mechanism in eye growth regulation
is supported by various studies, including findings that insulin-like growth factor (IGF) and its
receptors function as an autocrine/paracrine signaling system in the monkey RPE (Waldbillig et
al., 1992), that somatostatins inhibit IGF-1 mediated induction of vascular endothelial growth
factor (VEGF) in human RPE cells (Sall et al., 2004), and that transforming growth factor-beta
(TGF-P) blocks nitric oxide production in the murine RPE (Goureau et al., 1997). Furthermore,
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the mRNA expression patterns of insulin-like growth factor 1 receptor (IGF-1R) and
somatostatin receptor 2 have bidirectional modulation in the chick RPE, while TGF-$2 and
transforming growth factor beta receptor 1 (TGFBR1) are unidirectionally modulated (Zhan et
al., 2008). Adding to the evidence that growth factors have an active role in the RPE is the
finding that apomorphine, a dopamine receptor agonist, regulates the expression of TGF-1 and
TGF-B2 in human fetal retinal pigment epithelial cells (Zhang et al., 2009).

Using isolated retina-RPE-choroid complex of the chick eye, it was shown that
muscarinic antagonists cause spreading depression, a wave of hyperactivity followed by a wave
of inhibition, of the isolated complex, and that in turn boosts the neurotransmitter release from
cellular stores, which could potentially be the mechanism behind the eye growth inhibiting effect
of atropine (Schwahn et al., 2000). Retinal dopamine content was elevated with the application
of atropine, with subsequent damped oscillations of RPE potentials. Furthermore, atropine
suppressed myopia only at sufficiently high doses that had observable toxic effects in the retina.
In addition to dopamine, other neurotransmitters that have been shown to modulate RPE
physiology to potentially influence eye growth include glucagon and vasoactive intestinal
peptide (Koh and Chader, 1984; Rymer and Wildsoet, 2005; Seko et al., 1997). Each of these
neurotransmitters present in the retina influences RPE physiology through different pathways,
but the major contributor to eye growth regulation must ultimately influence immediate fluid
movement into and out of the adjacent choroid, either through ion transport or growth factor
secretion.

1.3 Choroid: Intermediate response against induced defocus

The choroid is a highly vascular tissue consisting of Bruch’s membrane adjacent to the
RPE, followed by an inner layer known as the choriocapillaris (a dense network of fenestrated
capillaries), and lastly an outer layer neighboring the sclera that contains numerous larger
diameter blood vessels and in the avian choroid, lymphatic vessels known as lacunae (De
Stefano and Mugnaini, 1997). The main functions of the choroid include supplying the outer
retina with oxygen and nutrients under highly regulated blood flow, and acting as a heat sink to
regulate ocular temperature (Bill, 1985; Parver et al., 1980). The regulatory functions are made
possible by dense innervation from the autonomic nervous system, and part of the autonomic
control may be accomplished by intrinsic choroidal neurons residing within the choroid (Schrddl,
2009). These neurons most likely innervate extravascular smooth muscle cells that stain positive
for a-smooth muscle actin, providing the choroid with contractile properties in response to
neural innervation (Poukens et al., 1998). In addition, the fenestrated choriocapillaris is highly
permeable to low molecular weight substances, allowing rapid fluid exchange in the choroid that
could influence smooth muscle tone (Tornquist et al., 1990). It is possible that choroidal blood
flow may also be regulated by retinal image defocus, via signals released from the RPE
(Wallman et al., 1995). Changes in choroidal blood flow was observed to precede changes in
choroid thickness following form-deprivation or recovery (Fitzgerald et al., 2002). Indeed, the
choroid has been found to thicken with plus lens treatment, or thin with minus lens treatment or
form-deprivation (Wallman et al., 1995; Wildsoet and Wallman, 1995). The debate remains open
on which molecules are ultimately responsible for causing the thinning and thickening responses
of the choroid, presumably as a result of the eye growth signals that come from the RPE with
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lens-induced defocus or form-deprivation. A number of signaling molecules have been localized
in the choroid that could potentially influence myopic eye growth, but two molecules in
particular, retinoic acid and nitric oxide, have strong support for being the major contributors to
the observed choroidal blood flow changes.

A large amount of retinoic acid is produced in the choroid (Fischer et al., 1999b), and the
production is differentially affected by lens-wear (Bitzer et al., 2000; Simon et al., 2004). In the
chick, positive lens wear, which inhibits ocular elongation, increases retinoic acid production by
more than 4-fold, while negative lens wear, which promotes ocular elongation, sharply decreases
retinoic acid synthesis (Mertz and Wallman, 2000), and similar findings have been found in the
guinea pig (McFadden et al., 2004). Physiological concentrations of retinoic acid added to in
vitro scleral fibroblast cultures inhibited proteoglycan synthesis (Mertz and Wallman, 2000).
Together with the finding that scleral fibroblasts have retinoic acid receptors (Fischer et al.,
1999b), retinoic acid could be used by the eye growth regulation system to modulate
proteoglycan synthesis and cell division in the sclera.

The choroid have been associated with rich parasympathetic innervation, with findings of
NADPH-positive nerve terminals within the extravascular smooth muscle cells, from
nonadrenergic, noncholinergic intrinsic choroidal neurons that utilize nitric oxide (NO), a
gaseous neurotransmitter (Poukens et al., 1998). Ocular NO may be involved in the visually
induced choroidal thickness change. For example, inhibition of nitric oxide synthesis using NE-
nitro-L-arginine methyl ester inhibits choroidal thickening due to myopic defocus (Nickla and
Wildsoet, 2004). On the other hand, intravitreal injections of the NO precursor L-arginine caused
transient increases in choroidal thickness, adding support to a modulatory influence of NO on the
choroid (Nickla et al., 1999b). Studies using additional specific NO synthase (NOS) inhibitors
such as nNOS inhibitor N"-propyl-L-arginine suggest that the source of NO is most likely the
intrinsic choroidal neurons or the parasympathetic innervation from the ciliary and/or
pterygopalatine ganglia (Nickla et al., 2009). NO may also play a significant role in regulating
the scleral response to visual manipulations by targeting a sparse cell population known as
myofibroblasts in the posterior region of the sclera (Poukens et al., 1998). The properties and
functions of scleral myofibroblasts are not well characterized, but these cells possess contractile
abilities similar to choroidal smooth muscle cells, and may be key in sensing changes in
intraocular pressure and in initiating scleral remodeling during compensatory eye growth.

1.4  Sclera: Controller of eye dimensions

As the outermost layer of the eye, the sclera not only determines eye size, but also serves
to protect the sensitive neural retina from the external environment. Anatomically, the avascular
sclera is adjacent to the vascular-rich choroid on its inner surface, and is sheathed by Tenon’s
capsule, a thin hypocellular membrane structure, and extraocular muscle insertions on its outer
surface (Trier, 2005; Watson and Young, 2004). The mammalian sclera is made up of extensive
fibrous connective tissue, with fibroblasts comprising the main cellular component, enmeshed in
extracellular matrix (ECM) material that includes collagen and proteoglycans (McBrien and
Gentle, 2003). A transmission electron microscopy image of the sclera is shown in Figure 1-2,
where the collagen fibers are visible around scleral fibroblasts.



Figure 1-2. Transmission electron microscopy image of chick fibrous sclera. C = collagen fibers, SF =
scleral fibroblasts. Note the different orientations of the collagen fibers organized into stacked layers
called lamellae. Bar = 2 ym.

Scleral myofibroblasts expressing o-smooth muscle actin have been identified at the
scleral spur and inner posterior sclera (Tamm et al., 1995), and found to increase in numbers
with increasing age (Poukens et al., 1998). Adult human scleral thickness ranges from 1-1.35
mm at the posterior pole, and decreases gradually to 0.4-0.6 mm at the equator, and increases to
about 0.8 mm at the limbus, where the anterior sclera meets the cornea (Norman et al., 2009;
Olsen et al., 1998; Trier, 2005). Within the mammalian sclera, collagen types I, III, V, and VI
comprise 90% of the total ECM dry weight (Edelhauser and Ubels, 2003), with type I being the
predominant type followed by type III, and only minute amounts of other collagen types (Watson
and Young, 2004). Other components that comprise the scleral ECM include elastic fibers such
as elastin (Marshall, 1995), proteoglycans such as aggrecan, decorin, and biglycan (Rada et al.,
2000; Siegwart Jr and Strang, 2007), and glycosaminoglycan side-chains such as chondroitin
sulfate, dermatan sulfate, heparin sulfate, and hyaluronan (Moring et al., 2007). Glycoproteins
that are important for cellular attachment such as fibronectin and laminin have also been
identified in the sclera (Chapman et al., 1998; Marshall, 1995). Due to its major role in
determining eye size, scleral growth is presumed to be under tight regulation through various
signaling pathways that affect its biomechanical properties.

1.4.1 Modulation of scleral growth

Scleral growth is an active process that involves visually induced signals in the retina,
which are relayed to the sclera through intervening ocular tissue layers. Observations from
animal models of myopia indicate scleral growth changes are likely to reflect the product of a
remodeling process that also underlies normal (developmental) eye enlargement, but exaggerated
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in the case of myopia. Myopia-associated changes in the activity levels of matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) in the sclera are
consistent with this interpretation (Jones et al., 1996; Siegwart and Norton, 2005). Intraocular
pressure (IOP) is likely to play a critical role, providing the inflationary force for normal eye
enlargement (Friedman, 1966). If the sclera becomes at least transiently weaker during
remodeling, the influence of even normal IOP is expected to lead to further eye enlargement. The
scleral ECM remodeling process is highly active; response to visual manipulations leads to
significant changes within the scleral ECM, most likely through activation of fibroblasts and
myofibroblasts that are also known to be responsive to select pharmacological treatments.

In the chick eye model, the synthesis of proteoglycans changes in opposite directions in
the fibrous and cartilage scleras (Marzani and Wallman, 1997). Negative lens and form-
deprivation by diffusers accelerate scleral growth, with increased ECM synthesis thickening the
cartilage layer, and decreased ECM synthesis thinning the fibrous layer. On the other hand,
positive lens wear decelerates scleral growth, with decreased ECM synthesis thinning the
cartilage layer, and increased ECM synthesis thickening the fibrous layer (Gottlieb et al., 1990;
Marzani and Wallman, 1997; Rada et al., 1998). However, the combined chick sclera does not
change thickness overall in either case, likely due to the transdifferentiation of scleral fibroblasts
into chondrocytes and vice versa during eye growth changes (Kusakari et al., 2001). The fibrous
sclera in mammalian models responds to visual manipulations in the same manner as the fibrous
sclera in the chick model, with reduced ECM synthesis with induced myopia (negative lens or
diffuser wear), and increased ECM synthesis with induced hyperopia (positive lens wear)
(McBrien and Gentle, 2003; Norton and Rada, 1995).

Many proteins related to ECM remodeling are differentially regulated during visual
manipulations. In monocular form-deprivation in tree shrews, MMP-2 mRNA level becomes
higher, while collagen mRNA level becomes lower than in control eyes (Siegwart and Norton,
2002). These differential effects reverse during recovery, i.e. when monocular form-deprivation
is removed. Treatment with intraperitoneal injections of [-aminoproprionitrile or D-
penicillamine, agents that block collagen crosslinking, increases the effects of form-deprivation
myopia in tree shrews but not chickens (McBrien and Norton, 1994), underscoring differences in
scleral responses of the avian versus the mammalian sclera. The fact that fellow eyes without
form-deprivation do not show greater elongation although they were exposed to the same amount
of drug suggests that in normal eyes collagen crosslinking does not provide the only resistance to
expansion of the eye by IOP.

Residing in the mammalian sclera are scleral myofibroblasts (Poukens et al., 1998), cells
that have the ability to contract to resist applied forces, and may account for observed shrinking
of the tree shrew eyes under elevated IOP (Phillips and McBrien, 2004). Scleral myofibroblasts
have not been well characterized for their role in myopia progression, but several studies have
already shown the ability of fibroblasts to transdifferentiate into myofibroblasts, including the
finding that sphingosine 1-phosphate induces o—smooth muscle actin expression in lung
fibroblasts (Urata et al., 2005), TGF-B1 induces transdifferentiation through integrin-mediated
signaling and focal adhesion kinase (Ding et al., 2008), and growth factors such as connective
tissue growth factor promotes myofibroblast differentiation and collagen synthesis (Grotendorst
and Duncan, 2005). On the other hand, prostaglandin E2 inhibits fibroblast to myofibroblast
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transition in human lung fibroblast cultures (Kolodsick et al., 2003). Scleral myofibroblasts
could have a function similar to the avian scleral cartilage layer in providing the necessary
biomechanical resistance against IOP, especially during periods of accelerated eye growth.
Adding the fact that scleral myofibroblasts may be innervated in the mammalian eye (Tamm et
al., 1995), this cell population warrants further study to shed light on its involvement in scleral
biomechanics as part of eye growth regulation.

1.4.2 Scleral biomechanics

Changes in scleral biomechanics during myopia development have largely been attributed
to changes in matrix composition (McBrien et al., 2000; Norton and Rada, 1995), but cellular
contributions have also been recently explored (McBrien et al., 2009a; Shelton and Rada, 2007).
Scleral collagen fibers exhibit large variations in diameters, and are arranged irregularly in multi-
layered lamellae of varying thickness (Curtin et al., 1979). The collagen fibers run tangential to
the scleral shell surface, with a preferred direction of orientation within individual lamellae
(Watson and Young, 2004). In normal sclera, the collagen fibers show a gradient in fiber
diameters from smaller diameters in the inner sclera towards larger diameters in the outer sclera.
However, in myopic sclera, the collagen fiber diameter gradient is lost and replaced by more
uniformly sized collagen fibers of smaller diameter (McBrien et al., 2001a). With increasing age,
natural collagen crosslinking in the body is a characteristic of soft tissues (Bailey et al., 1998),
which results in an increase of tissue stiffness, a property that was also observed in the human
sclera (Friberg and Lace, 1988). In highly myopic human or animal eyes with experimentally
induced myopia, reductions in both collagen content and fiber diameters have been linked to
decreased creep resistance (McBrien et al., 2001a; Norton and Rada, 1995). Form-deprivation
myopia in both the chick and tree shrew has been associated with increased creep rate of
posterior and equatorial sclera (Phillips et al., 2000), with creep rate being directly related to the
change in axial elongation rate (Siegwart and Norton, 1999). Furthermore, scleral tissue modulus
has been measured and reported to characterize scleral biomechanics. Normal chick scleral
elastic modulus is around 15.38 MPa, tree shrew scleral elastic modulus is around 2.72 MPa
(Phillips and McBrien, 1995; Phillips et al., 2000), and human scleral elastic modulus is on the
order of 1.8-2.9 MPa (Battaglioli and Kamm, 1984; Friberg and Lace, 1988). Comparison
between chick and tree shrew normal and myopic eyes demonstrated that there was no
significant difference in mean values of posterior scleral elastic modulus or failure load (Phillips
and McBrien, 1995; Phillips et al., 2000). These findings imply that most differences found in
load versus extension behavior can be attributed to differences in scleral thickness changes, and
not structural changes within the scleral matrix.

Another consideration in scleral biomechanics for high axial myopia is that any
reinforcement strategy must be able to withstand the forces acting on the scleral shell. A well-
known relationship between pressure and wall tension for a sphere is the Law of Laplace (Berne
and Levy, 2001). When applied to the eye, assuming spherical shape with uniform ocular shell
thickness, Laplace’s law states that:

_APxr

T
h

(Equation 1-1),
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where scleral wall tension 7 is the product of trans-scleral pressure gradient AP and the spherical
radius 7, and inversely proportional to scleral wall thickness 4 (Davanger, 1971). This model has
limitations in describing the eye, including the assumption that the eye wall structure is
homogeneous and isotropic. In a simplified myopia model, assuming no change in the trans-
scleral pressure gradient as myopia progresses, the spherical radius is increased (axial length
increase) while the scleral wall thickness decreases. Both of these changes contribute to an
increased wall tension, and any reinforcement strategy should take into account the significantly
increased wall tension due to myopia progression. In addition, the effect of eye wall tension on
scleral cell viability is an area that needs further investigation.

The sclera is normally subject to cyclic strain from extraocular muscle and lid
movements, i.e. blinking, that applies pressure to the eye. Furthermore, underlying changes in
scleral biomechanics might be the remodeling of scleral extracellular matrix by native scleral
cells due to mechanical strains imposed by variations in IOP. A wide range of mechanical strain
levels on scleral fibroblasts has been found to trigger remodeling of the ECM, including 0.45%
cyclic strain with suppression of TIMP-1 (Yamaoka et al., 2001) to 15% cyclic strain with
production of MMP-2 and suppression of TIMP-2 (Shelton and Rada, 2007). However, further
cellular work may need to narrow the range for appropriate physiological strain levels, as recent
study in monkeys show highest physiological peak strain at 2.4% (Girard et al., 2009). Although
the role of cyclic strain in the maintenance of sclera is unknown, these results point to the
establishment of targets, namely the MMPs and TIMPs, to measure cellular response in the
sclera. Without a doubt, the scleral extracellular matrix and native cellular populations play
significant roles in the control of scleral biomechanics, which in turn influences axial elongation
rate during eye growth regulation.

1.5 Sclera as a safe potential target for myopia treatment

Having a multitude of neural synapses makes the retina a difficult site to develop a highly
specific treatment for myopia with well-controlled targets. Adding the fact that the majority of
patients developing myopia are young and getting younger (Morgan and Rose, 2005), a retinal
treatment could easily lead to the development of unwanted visual side effects due to expected
prolonged treatment into early adulthood to prevent myopia. As for RPE, it plays an important
role in regulating the transport of biological signals and ions between the retina and the choroid.
Any treatment targeting the RPE could be problematic as altering the fluid transport properties
could be detrimental to retinal health. Following behind is the choroid, which is influenced by
both the RPE and autonomic innervation that regulates the blood flow through its rich vascular
network. Any disruption to the regulated blood flow in the choroid could be damaging to retinal
health, not to mention the potential immediate changes to optical focus due to the thinning or
thickening response. In contrast, the sclera is the endpoint target of myopic eye growth signals.
Potential complications in the other layers of the eye support the sclera as the preferred target for
potential myopia treatments. With its relatively avascular nature and lack of sensory neural
fibers, the sclera actively remodels the ECM through cellular response to eye growth signals, a
property that could be exploited to safely intervene in myopia progression. To date, researchers
in the field of ophthalmology have explored only materials adapted from different non-medical
fields and applied them to the sclera in an attempt to passively prevent further elongation in high
axial myopia. However, current advances in biomaterials have made possible the control of
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cellular behavior within defined microenvironments, paving the way for the development of
novel biomaterials that can actively sense and respond to scleral changes during myopia
progression.

2. History of Scleral Biomaterials

The application of various biomaterials to the sclera for treating different ocular
conditions such as retinal detachments has been in practice since the 1930s (Schepens and
Acosta, 1991). Most of these are shaped into bands known as “scleral buckles”, which are
typically made from silicone- and hydrogel-based polymers, and used in surgery to close retinal
breaks after detachments (Colthurst et al., 2000). In relation to the latter application, there are
reports of signs of inflammation after less than one year with silicone materials and hydrogels
such as poly(methyl acrylate-co-2-hydroxyethyl acrylate) crosslinked with ethylene diacrylate.
Some of these scleral buckles, marketed under trade names MAI (Ho et al., 1984) and MIRAgel
(D'Hermies et al., 1995; D'Hermies et al., 1998), have been reported to degrade into fragments
leading to foreign body giant cell granulomatous reactions, rendering the implants ineffective
with respect to their intended functions. In the context of myopia control, a treatment for very
high myopia used in the U.S. since the 1950s involves the attachment of scleral strips cut from
donor cadaveric eyes, as means of providing at least temporary mechanical support (Borley and
Snyder, 1958; Ward et al., 2009). This method has proven to be less than ideal, not only because
of limited availability of donor eyes, but also because the diseased eyes are abnormally long,
often necessitating splicing donor tissues to completely wrap around the posterior pole. In
addition, the host tissue may resorb portions of the donor graft, reducing the surface contact area
reinforcing the globe (Curtin and Whitmore, 1987). These procedures focused entirely on
mechanically supporting the weakened posterior sclera without much understanding of the
biological responses of the host sclera.

More recent studies have been carried out to understand how the sclera responds to
different types of implant materials. A practical surgical approach for applying synthetic
polymers to the sclera (scleroplasty) for high axial myopia has utilized pre-formed polymer
formulations, which are expected to act as scleral bands reinforcing the posterior pole (Jacob-
LaBarre et al., 1994; Tarutta et al., 1999). These types of synthetic scleral bands typically induce
fibrous encapsulation of the implant, and the fibrous capsule is likely to change in cellular and
collagen composition over time, with the shift from an approximately equal mix of type I and III
collagen at 3 months to mostly type I collagen by 18 months, observed in a long-term rabbit
study (Jacob et al., 1996). The fibrous capsule represents new tissue formation that potentially
could mechanically strengthen the sclera, as the native sclera is composed of predominantly type
I collagen. Over time, due to constant exposure to stresses from ocular movement and intraocular
pressure variations, synthetic scleral bands exhibit changes in their physical properties (Jacob et
al., 1997). The changes in physical properties could include material compliance and creep.
Material compliance, the reciprocal of Young’s modulus, in the diseased sclera is much higher
than that of the normal sclera. Similarly, scleral creep rate, the amount of tissue extension under
a constant load over time, increases in eyes with developing myopia, and decreases in eyes
recovering from myopia. (McBrien et al., 2009a). In order to prevent further scleral distension,
the reinforcement materials should have lower compliance than the myopic sclera, yet sufficient
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compliance to avoid cutting into the sclera. Porous materials such as polyurethane fabric have
been shown to allow additional strength increase after implantation due to cellular in-growth, and
expanded polytetrafluoroethylene (e-PTFE) has been shown to be most stable and resistant to
creep extension under constant stress in the ocular environment (Jacob et al., 1997). Although
these recent studies have started looking at the biological response when studying the effects of
synthetic scleral bands, no studies have been conducted where specific design parameters for the
scleral bands are introduced to allow controllable biological scleral responses at the cellular and
tissue levels.

Other materials that have been applied to the sclera include glaucoma filtration implants
(De Feo et al., 2009; DeCroos et al., 2009; Lloyd et al., 2001), for reducing intraocular pressure
by creating a direct opening from the intraocular cavity to the extraorbital space, and scleral
plugs (Liu et al., 2009; Yasukawa et al., 2001; Zhang et al., 2008), which act to seal scleral
incisions after vitrectomy or delivery of drugs to the inside of the eye via a embedded drug depot
secured at the scleral wall (Short, 2008). Observed scleral responses to these devices have been
relatively similar to what were found for scleral bands. Since these devices are made for the
treatment of other ocular conditions and most are implanted at the anterior sclera, in contact with
the aqueous humor, readers are directed to the aforementioned references for additional
information in regards to their respective performance.

The field of biomaterials has evolved from incorporating materials from various
industries, and using them to restore the structure and/or function of tissues and organs, to the
modern day use of tailored materials that elicit specific biological responses (Healy et al., 1999;
Hubbell, 1995; Kohane and Langer, 2008; Peppas and Langer, 1994). Biomimetic polymers that
are environmentally responsive (e.g. pH and temperature responsive) that could be modified to
respond appropriately to a disease state in the body are not only possible, but have been
extensively investigated for various applications. One class of this type of material is a peptide-
modified hydrogel that is thermally responsive to body temperature and is degradable by the
body’s natural proteases (Stile et al., 2001; Kim et al., 2005), both of which are desirable
properties given the need for mechanical support and the heightened protease activities observed
during visually guided scleral remodeling. This class of materials would lend itself to the
incorporation of specific design parameters where controlled biological responses are needed to
halt or even reverse the axial elongation observed during myopia progression.

3. General experimental approach & methods

All of the experimental approach and methods employed in this dissertation work are
either described in detail or referenced as appropriate in respective chapters. However, since the
chick model and A-scan ultrasonography are both extensively utilized in all studies, the animal
model and the ocular dimensions monitoring method are described here in more detail to help
with understanding the experiments. A brief description on an X-ray imaging technique is
included to demonstrate the localization of polymer implantations at the posterior pole of the
eye.
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Chicks (Gallus gallus domesticus) are chosen as the animal model for this dissertation
work since there are reliable established chick protocols for inducing myopia. Although the chick
sclera is bi-layered with an inner cartilage layer, it has a fibrous layer that shows similar changes
in myopia to the mammalian sclera. Also, because it is fast growing, the chick is suitable for the
initial testing of treatment options, acknowledging that further testing in mammalian and/or
primate models will probably be required before any use in humans. In addition, the chick model
is likely the most economical due to relatively low acquisition and maintenance costs. Finally,
the Wildsoet lab has a wealth of experience in working with the chick model, having contributed
significantly to chick-based myopia research findings. We use negative defocusing lenses to
provoke myopic responses in the chicks. An image of the chick eye wearing a negative
defocusing lens is shown in Figure 1-3, with the schematic showing consequent ocular
elongation in response to backward shifting of focal plane.
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Figure 1-3. A) Image of chick wearing a negative lens. B) Lens-induced myopia (LIM) showing the
backward shifting of the focal plane leading to a blurred image on the retina, causing the eye to elongate
in order to match the shifted focal plane.

This lens treatment imposes similar visual conditions to those encountered with faulty
accommodation, which plays a role in the development of human myopia. Although chicks are
small animals, their eyes are relatively large compared to their body size. All polymer
formulations were implanted in the orbital space, sandwiched between the posterior pole of the
eye where most of the myopic “growth” occurs, and the extraocular muscles.

Outcome measures of all polymer treatments described in this dissertation work include
evidence of ocular growth, as measured by high frequency A-scan ultrasonography. Current
equipment can measure eye length and scleral thickness to a resolution of 10 um, with the
potential to also detect implanted polymers. Evidence of reduced eye elongation and thickened
sclera in response to implantation is detectable by this methodology. The axial dimensions of the
principal ocular components (anterior chamber depth, lens, vitreous chamber depth, retina,
choroid, and scleral thicknesses) can be derived from the recorded ultrasonography traces. A
sample ultrasonography trace is illustrated in Figure 1-4.
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Figure 1-4. Sample ultrasonography trace depicting all principal dimensions of the chick eye. 1 = anterior
chamber depth. 2 = lens thickness. 3 = vitreous chamber depth. 4 = retinal thickness. 5 = choroidal
thickness. 6 = scleral thickness.

Typically a large number of traces (n > 12) are collected for each measurement. Two
major parameters, scleral cup depth and axial length, are presented in many of the studies
reported in this dissertation work to describe ocular growth. Scleral cup depth is represented by
the sum of vitreous chamber depth, retinal thickness, and choroidal thickness. Axial length is
represented by the sum of anterior chamber depth, lens thickness, and scleral cup depth. These
two parameters are reported separately to account for potential contribution to ocular growth by
the anterior segment of the eye.

An X-ray imaging technique that makes use of fine gold beads can be utilized to visualize
polymer location (Hainfeld and Powell, 2000). This method was used to initially demonstrate
polyvinylpyrrolidone (PVP) polymer location post-implantation, providing confidence in the
reliability of the surgical implantation technique used throughout this dissertation work. Gold
beads of approximately 100 um uniform diameter were physically mixed together inside the PVP
polymer gel. A sample image of the X-ray imaging technique in chick eye is shown in Figure 1-5
along with transformed images of the gold beads showing different viewing angles. This imaging
method could potentially be utilized to characterize the distribution of injected polymers and also
regional changes in scleral growth by tracking the movement of the fine gold beads over time.
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Figure 1-5. Images of gold beads, collected with an X-ray imaging technique, showing localization of the
implanted PVP polymer to the outer scleral surface at the posterior pole of the eye. A) Location of gold
beads embedded in polymer inside the chick orbit. B) Superior, C) Posterior, and D) Lateral views.

4. Dissertation Outline

In this dissertation, the feasibility and efficacy of using polymer-based implants to slow
the remodeling process and/or increase the mechanical strength of the sclera are investigated. A
plausible strategy for arresting myopic eye growth put forward by this dissertation work involves
understanding the biological changes that occur in the myopic sclera, and utilizing that
information to design biomimetic materials that can actively respond to the cellular and tissue
demands of the sclera during myopic growth.

3.1  Specific aims

Chapters I1, III, IV, and V of this dissertation are divided and organized according to the
specific aims in the following order:

1. To evaluate the scleral responses to two different polymer formulations, poly(2-
hydroxyethyl methacrylate) (pHEMA) and poly(vinyl-pyrrolidone) (PVP), implanted
adjacent to the outer scleral surface of normal chick eyes, as well as form-deprived
and lens-induced myopic chick eyes for the latter formulation. Both polymer systems
are formulated to strengthen the sclera, although the underlying mechanisms are
expected to be different, and to assess the practical (surgical) implications in pre-
molded (pHEMA) versus injectable (PVP) polymer systems. This work was
published in the journal of Experimental Eye Research.
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2. To investigate the temporal and magnitude effects of myopic and hyperopic defocus
on the mRNA expression levels of geltinase-A (MMP-2), collagenase 3 (MMP-13),
transforming growth factor beta-2 (TGFp-2), and tissue inhibitor of matrix
metalloproteinase-2 (TIMP-2), which are implicated in scleral remodeling and have
the potential to be applied to tailor novel biomaterials for the treatment of high axial
myopia.

3. To develop and characterize an implantable synthetic biomimetic hydrogel that is
capable of inducing new tissue growth by allowing cellular in-growth and
degradation through protease activities. The goal is to prevent excessive eye
enlargement by effectively increasing the scleral wall thickness in the chick eye
model. A biomaterial could achieve that goal by serving as a tissue scaffold that can
attract native scleral cells to migrate and proliferate inside the synthetic ECM. This
work was published in the journal of Tissue Engineering.

4. To characterize the developed biomimetic hydrogel formulation for delivering
atropine in chick eyes. Atropine has been shown to have the potential to control
myopia progression, and the development of a sustained release formulation could
allow the drug to be applied at the posterior segment, avoiding complications such as
photophobia in the anterior segment of the eye. Depending on the intended treatment
duration, the polymer will need to possess predictable degradation profile over time.
The drug release profile also has the potential to be controlled by the inclusion of
degradable nanoparticles that encapsulate the drug at the core of the nanoparticles.

These individual specific aims are expanded and discussed in further detail in the
subsequent chapters II-V. In chapter VI, the major findings of the dissertation work are
summarized with a discussion of its contributions to the various interdisciplinary fields in
general, including myopia, ocular therapies, and biomaterials research. Lastly, a discussion on
future directions and potential further developments is included.
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Chapter 11

Effects of Poly(2-hydroxyethyl methacrylate) and Poly(vinyl-pyrrolidone)
Hydrogel Implants on Myopic and Normal Chick Sclera

Abstract

There has been generally little attention paid to the utilization of biomaterials as anti-
myopia treatments. The purpose of this study was to investigate whether polymeric hydrogels,
either implanted or injected adjacent to the outer scleral surface, slow ocular elongation. White
Leghorn (Gallus gallus domesticus) chicks were used at 2 weeks of age. Chicks had either (1)
strip of poly(2-hydroxyethyl methacrylate) (pHEMA) implanted monocularly against the outer
sclera at the posterior pole, or (2) an in situ polymerizing gel [main ingredient: poly(vinyl-
pyrrolidone) (PVP)] injected monocularly at the same location. Some of the eyes injected with
the polymer were fitted with a diffuser or a -10D lens. In each experiment, ocular lengths were
measured at regular intervals by high frequency A-scan ultrasonography, and chicks were
sacrificed for histology at staged intervals. No in vivo signs of either orbital or ocular
inflammation were observed. The pHEMA implant significantly increased scleral thickness by
the third week after implantation, and the implant became encapsulated with fibrous tissue. The
PVP-injected eyes left otherwise untreated, showed a significant increase in scleral thickness,
due to increased chondrocyte proliferation and extracellular matrix deposition. However, there
was no effect of the PVP injection on ocular elongation. In eyes wearing optical devices, there
was no effect on either scleral thickness or ocular elongation. These results represent “proof of
principle” that scleral growth can be manipulated without adverse inflammatory responses.
However, since neither approach slowed ocular elongation, additional factors must influence
scleral surface area expansion in the avian eye.

Chapter III was reproduced with modification from the following published paper:
Su J, Iomdina E, Tarutta E, Ward B, Song J, Wildsoet CF, 2009. Effects of poly(2-hydroxyethyl

methacrylate) and poly(vinyl-pyrrolidone) hydrogel implants on myopic and normal chick sclera.
Experimental Eye Research 88(3): 445-57.
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1. Introduction

Anti-myopia treatments are still limited, and indeed controversial, despite increased
research efforts directed towards this need and an overall increase in the prevalence of myopia
worldwide, currently estimated at between 10-25% in the western countries and 60-80% in the
eastern countries (Gilmartin, 2004; Saw, 2003).. To slow myopia progression, there is only one
pharmacological treatment currently in use - topical atropine (Fan et al., 2007; Shih et al., 2001),
whose use is accompanied by numerous side effects and offers little benefit for already highly
myopic eyes. For these high-risk eyes, the only available treatment is donor scleral graft
reinforcement surgery (Avetisov et al., 1997; Thompson, 1978), which is reserved for eyes
exhibiting scleral creep, and is limited by access to suitable donor tissue. While a limited range
of synthetic polymer scleral reinforcement materials have been developed (Jacob et al., 1997,
Tarutta et al., 1999), they have not yet seen widespread clinical use. Ways of promoting collagen
crosslinking to strengthen the sclera and so prevent eye elongation have also been explored (Paik
et al., 2008; Wollensak and Spoerl, 2004), but there remain obstacles to their clinical application.
Specifically, the chemical cross-linking agents typically used, e.g., glutaraldehyde, are highly
toxic and radiation alternatives, e.g., riboflavin-UVA irradiation, may elicit cellular reactions,
potentially leading to local photoreceptor death (Wollensak et al., 2005).

The chick was chosen here as the animal myopia model for testing the notion that
biocompatible synthetic hydrogel polymers can be used to reinforce and/or alter the native
ultrastructure of the sclera, to inhibit the excessive eye elongation underlying myopia. The sclera
is a relatively accessible and safe target for therapeutic intervention. The significant accumulated
evidence for the role of visual environmental factors in the development of human myopia
(Morgan and Rose, 2005; Saw, 2003) supports the use of animal models relying on visual
manipulations to induce myopia. The chick is the most commonly used animal model for
myopia, although there are also tree shrew, guinea pig, and monkey models. For inducing
myopia, there are two experimental paradigms, form-depriving diffusers and negative defocusing
lenses (Norton, 1999; Wildsoet and Wallman, 1995). As in human myopia, the induced changes
are largely confined to the posterior vitreous chamber of the eye, which is encased by the sclera
(McBrien and Gentle, 2003; Rymer and Wildsoet, 2005).

Because the sclera represents the outer mechanical support layer of the eye and shows
both ultrastructural and biomechanical changes in high myopia, it is arguably a prime target for
therapeutic manipulation of myopia progression. The mammalian sclera is made up of fibrous
connective tissue, with fibroblasts comprising the main cellular component of the mammalian
sclera. These cells are enmeshed in extracellular matrix material that includes collagen and
proteoglycans (Ihanamaki et al., 2004; McBrien and Gentle, 2003). In high myopia, the usual
collagen fiber diameter gradient (smallest fibers innermost) is lost (Curtin et al., 1979; McBrien
et al., 2001a), and there is also a significant decrease in amounts of glycosaminoglycans and
proteoglycans in mammals (Avetisov et al., 1983; Norton and Rada, 1995). These changes likely
reflect the increased scleral remodeling reported in both high human myopia and animal models
of the same (Nickla et al., 1999a; Rada et al., 2000), rendering such eyes more vulnerable to the
stretching influence of intraocular pressure (Friedman, 1966; Phillips and McBrien, 2004).
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The sclera of the chick, which was used in the current study, shares some features with
mammalian and primate scleras, but there are also important differences. In addition to a fibrous
layer, as in mammals, there is an inner cartilaginous layer with chondrocytes and chondroblasts.
The chondroblasts are transitional cells that lie between fibroblasts and chondrocytes
morphologically, and are located at the boundary of the cartilaginous and fibrous layers of the
sclera (Kusakari et al., 1997; Marzani and Wallman, 1997). These chondroblasts contribute to
the appositional growth of the cartilage layer, as a result of mitosis and deposition of new matrix
near the boundary. From within the cartilage, mitosis of chondrocytes and deposition of new
matrix contributes to interstitial growth of the same cartilage layer (Hayes et al., 2001; Tortora
and Grabowski, 1992). This layer is composed mainly of collagen type II, while the fibrous outer
layer is composed mainly of collagen types I, IIl and V (McBrien and Gentle, 2003).

With myopia-inducing stimuli, the fibrous layer of the chick sclera thins (Gottlieb et al.,
1990), similar to other fibrous only scleras, and there are increased numbers of smaller diameter
collagen fibril in the posterior regions (Kusakari et al., 2001). The fibrous and cartilaginous
layers appear to respond reciprocally to visual manipulations (Marzani and Wallman, 1997,
Schippert et al., 2006). Thus, instead of thinning, the posterior cartilaginous sclera thickens
(Gottlieb et al., 1990), correlating with observed increases in the number of proliferating
chondrocytes and extracellular matrix deposition (Marzani and Wallman, 1997; Rada et al.,
1994). These findings relate to form-deprived myopic eyes. Despite myopic scleras having a
thicker than normal cartilage layer, they were found to be weaker than normal in an independent
study of scleral creep (Phillips et al., 2000), lending support for our choice of the chick model for
our initial exploration of scleral strengthening strategies. Equivalent histological data are not
available for the defocus (negative lenses)-induced myopia in the chick, although increased
accumulation of ECM in the cartilaginous layer of eyes exposed to negative lenses has been
reported (Rada et al., 1998). Nonetheless, the rate of ocular elongation is reported to be slightly
lower in negative lens-wearing eyes than that of form deprived eyes (Kee et al., 2001). While the
mechanism by which these and other changes, e.g. in gene expression of matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) (Schippert et al.,
2006), are translated into eye size changes is not well understood, nonetheless, they appear
fundamental to myopia progression.

The study reported here evaluated the scleral responses to two different polymer
formulations, poly(2-hydroxyethyl methacrylate) (pHEMA) and poly(vinyl-pyrrolidone) (PVP),
implanted adjacent to the outer scleral surface of normal chick eyes, as well as form-deprived
and lens-induced myopic chick eyes for the latter formulation. Both polymers were considered as
potential candidates for synthetic scleral grafts for treating high myopia. Our goal was to
strengthen the sclera in both cases, although the underlying mechanisms were expected to be
different. The choice of pHEMA hydrogel was based on their proven ocular biocompatibility as
contact lenses (Kidane et al., 1998; Yasuda, 2006). We anticipated fibrous encapsulation of the
pHEMA implant, which was not expected to show any substantial degradation over time. We
speculated that the encapsulated implant could provide mechanical support to the sclera. On the
other hand, the PVP hydrogel was expected to dissolve over time and thus offer no direct
mechanical support. However, the stimulation of connective tissue formation as reported with
sub-Tenon’s capsule injections of PVP in a Russian-based human myopia control study
(Avetisov et al., 1997) may serve to strengthen the sclera directly and slow ocular elongation.
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Although granulomatous inflammatory reaction was mentioned, the specific mechanism was not
elucidated. By using the chick in the current study, we aimed to learn more about the anti-
myopia effect of this polymer as well as the differences in the mechanisms underlying normal
and myopia eye enlargement, and also differences between avian and mammalian eyes.

2. Materials & Methods

2.1  Animals & experiments

White Leghorn chicks (Gallus gallus domesticus) were obtained as hatchlings from a
commercial hatchery (Privett Hatchery, Portales, NM) and reared in 12/12-hour light/dark cycle,
with food and water available ad libitum. The room temperature was maintained between 83-
89°F. A total of fifty-four birds were used for this study. Care and use of the animals were in
compliance with an animal use protocol approved by the Animal Care and Use Committee of the
University of California, Berkeley, and adhered to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Table 2-1. Treatments and animal numbers detailed for each of the 4 experiments in the study. All
treatments were monocular, with random but equal distribution of L and R eyes. Chicks were 14 days old
at the time of surgery.

Experiment Nun}ber of Implant Optical thys
birds surgery treatment monitored
1 6 pHEMA none 29
5 12 PVP none 22
4 saline none 22
3 12 PVP diffuser 25
4 saline diffuser 25
4 12 PVP -10D 25
4 saline -10D 25

The study comprised four experiments, the details of which are summarized in Table 2-1.
In brief, chicks underwent one of two types of monocular scleral implant surgery involving
either a solid pHEMA implant or an injectable PVP implant material designed for in situ
polymerization. Both procedures were performed on otherwise untreated eyes. In addition,
because we were interested in the efficacy of such implants for myopia control, PVP implants
were combined with 2 myopia-inducing optical manipulations, white plastic diffusers and -10 D
lenses, which were fitted over the implanted eyes immediately after the surgical procedure. As a
control for the surgical procedure, all experiments included birds that underwent sham surgery.
All chicks were 14 days old at the time of implantation. Greater number of chicks was used for
treatment groups than sham groups since treatment group chicks were sacrificed weekly for
histological analyses. The small differences in the durations of treatment periods between
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polymer treatment groups are solely due to logistical planning, but were kept as close as
possible. Left and right eyes were randomly selected for treatments.

2.2 Preparations of implant materials

2.2.1 pHEMA synthesis (Song et al., 2003; Song et al., 2005)

Implant materials were used as provided by the Lawrence Berkeley National Laboratory
(Berkeley, CA). The synthesis is briefly described here. All chemicals were from Aldrich (St.
Louis, MO) and used without further purification unless otherwise specified. All water used was
ultra pure ASTM type I reagent grade (18.2 MQ-cm, pyrogen free, endotoxin < 0.03 EU/m).
pHEMA was fabricated from the hydrogel monomer, 2-hydroxyethyl methacrylate (HEMA),
with ethylene glycol dimethacrylate (EGDMA) as a crosslinker. The hydrogel monomer was
freshly distilled under reduced pressure to remove radical inhibitors prior to its use. The
crosslinker was stored over 4-A molecular sieve prior to use. In a typical procedure, HEMA and
EGDMA were mixed with Milli-Q water (100 pL water / 500 mg HEMA), ethylene glycol
(EG)(150 uL EG / 500 mg HEMA), and 2 radical initiators, sodium metabisulfite (150 mg/mL
aqueous solution, 50 pL / 500 mg HEMA) and ammonium persulfate (400 mg/mL aqueous
solution, 50 pL / 500 mg HEMA). The mixture was thoroughly mixed, transferred into a glass
chamber (approx. 5 cm X 2 cm X 1 mm), and left to polymerize overnight. The crosslinked
hydrogels were then washed in Milli-Q water for a day with frequent changes of water to remove
both the radical initiators and residual unpolymerized monomers and crosslinkers. pHEMA
hydrogels were then sterilized in 70% ethanol, after which they were stored in sterile saline at
room temperature until implantation. Although four different hydrogels corresponding to 4
different crosslinker densities - 2, 5, 10 and 20 wt% (weight of crosslinker EGDMA divided by
the weight of monomer HEMA) were synthesized, the 2 wt% hydrogel had insufficient handling
strength, and the 10 and 20 wt% hydrogels were too stiff for surgical implantation. Thus, only
the 5 wt% hydrogel was implanted.

2.2.2 PVP preparation (Avetisov et al., 1997)

The polymer reagents were provided by the Helmholtz Research Institute of Eye Diseases
(Moscow, Russia), and stored at room temperature away from light until used. They comprised a
mixture of PVP, acrylamide hydrazide, and ethylacrylate, which accounted for 75% of the total
mass of the polymer, and a catalytic solution containing iron monoxide, copper citrate, boric
acid, and hydrochloric acid, which accounted for the residual 25% of the total mass. To prepare
the polymer for injection, one drop of 3% hydrogen peroxide (approximately 5 uL) was added as
an initiator to 500 pL total volume of the above mixture, followed by vigorous stirring to ensure
its uniform distribution. Because this polymer is designed for in situ polymerization, it was
always freshly prepared, then drawn into a 1 cc syringe for delivery.

2.3 Implant surgical procedures

Chicks were anesthetized with 2% isoflurane in oxygen for surgery. In both surgeries,
access to the orbit was gained through a small temporal incision. To maximally expose the
posterior pole, a 7-0 silk anchoring suture was placed in the anterior sclera to rotate and fix the
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eye. With the pHEMA hydrogel, individual strips (~10 X 3 X 0.5 mm) were positioned over the
posterior pole, longest dimension horizontally oriented, and sandwiched between the sclera and
the dorsal oblique extraocular muscle. With the PVP hydrogel, about 100 uL was injected over
the posterior pole using a curved, blunt-end 19G needle (sub-Tenon’s anesthesia cannula needle,
BD Ophthalmic Systems; Franklin Lakes, NJ). After injection, a gauze pad was applied over the
incision site as the needle was withdrawn to prevent backflow of the liquid polymer. The incision
site was then slightly massaged with the gauze to ensure even distribution of the polymer over
the scleral surface. As the final step of both procedures, the incision site was sutured close and an
antibiotic ointment was prophylactically applied. The procedure followed in the sham surgery
was identical to that followed for PVP hydrogel except that sterile phosphate buffered saline
(PBS) was injected instead.

2.4 Measurement & analyses of ocular dimensions

Axial eye growth was monitored in vivo using a custom high frequency (30 MHz) A-scan
ultrasonography set-up (Nickla et al., 1998; Schmid et al., 1996), which offers measurement
precision down to 10 um. The axial dimensions of the main ocular components - anterior
chamber, crystalline lens, and vitreous chamber, as well as thicknesses of the retina, choroid, and
sclera were obtained by averaging a minimum number of 12 measurements per eye per time
point. Chicks were anaesthetized with 1.5% isoflurane in oxygen during all measurements. Data
were collected on the day of but before the surgery (day 0; baseline), as well as at 2-4 day
intervals out to 29 days post-surgery for the pHEMA-implanted chicks, and at 3-7 day intervals
out to 22 or 25 days for PVP-implanted chicks. The chosen time frame for the experiment
involving the defocusing lenses took into account the fact that the myopic eye growth
compensates for the imposed defocus. As such strategies cannot guarantee consistency of
myopic growth signals, we chose to terminate the study at a time when the chicks were likely to
have nearly compensated for the imposed defocus.

Of greatest interest in this study were the effects of the implants on scleral growth. Apart
from scleral thickness, scleral cup depth was calculated as the sum of vitreous chamber depth,
retinal thickness, and choroidal thickness, as an index of scleral surface area. Scleral thickness
was not included in this parameter to allow for the possibility that it changed independently of
sclera surface area. It was also not included in the derived axial length, which was calculated as
the sum of anterior chamber depth, lens thickness, and scleral cup depth. Axial length is used as
an index of ocular elongation.

Data from treated and fellow control eyes were compared statistically on the animals
surviving the experimental duration (n = 6 chicks for each pHEMA or PVP treatment group
analyzed; n = 4 chicks for each sham group), using two-way repeated measures ANOVAs, post-
hoc tests, and paired #-tests (Statview, Version 4.0; SAS Institute, Cary, NC). ANOVAs used
normalized data for both treated and fellow eyes; in each case, the baseline means for each group
matched the overall baseline mean for all groups. A p-value of less than 0.05 was taken as an
indicator of statistical significance. Data were reported as means with standard errors in tables,
and normalized means with standard errors in graphs.
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2.5 Histological analyses

To investigate the effects of the implants on scleral histology, three randomly selected
chicks from the polymer-implanted groups were sacrificed by CO, asphyxiation at weekly
intervals post-implantation, with the remainder six being sacrificed at the end of each
experiment. All chicks undergoing sham surgery were sacrificed at the end of the experiments.
Eyes were carefully enucleated immediately after sacrifice, leaving the implants and any
associated connective tissue in place. The enucleated eyes and implants were visually inspected
under a surgical microscope. The anterior segments of the eyes were then removed and the
posterior scleral cups fixed overnight at 4 °C in 4% paraformaldehyde in 0.1 M Sorensen’s
buffer with 3% sucrose. The fixed scleral cups were then rinsed three times in 0.1 M Sorensen’s
buffer for 10 min each, before being cryoprotected overnight with 30% sucrose in 0.1 M
Sorensen’s buffer at 4 °C. Afterwards, samples were embedded in Tissue-Tek Optimal Cutting
Temperature compound at -25 °C using a dry ice-chilled alcohol slurry. Posterior eyecups were
embedded with clearly marked directions on the frozen sample block to allow localization of the
posterior pole in subsequent sectioning. Ten um horizontal (temporal-nasal direction) cryostat
sections were cut, air-dried, and stained with 1% toluidine blue in benzoate buffer (pH 4.4, room
temperature) for pHEMA treatment sections, and with Masson’s Trichrome for PVP treatment
sections.

Because changes in chondrocyte numbers are an expected feature of scleral growth
changes, four sections representing each time interval for each treatment group were randomly
selected for cell counting. Sections were spaced at least 0.5 mm apart (range: 0.5 to 1 mm). A 0.1
mm” area, randomly selected from the posterior pole region of each section was analyzed using
ImageJ (Abramoff et al., 2004) with a Cell Counter plug-in installed (Kurt De Vos, University of
Sheffield, UK). Only chondrocytes with distinct nuclei were counted. Data from each treatment
group, expressed as mean counts per unit area (0.1 mm?; + standard error), were analyzed
statistically and compared to their fellow groups across each time interval, using paired z-tests,
with a value of p < 0.05 as the cut-off for statistical significance. These mean data were shown
graphically with standard errors as error bars.

3. Results

The implantation procedures targeted the sclera, the intention being to promote scleral
thickening at the posterior pole and slow ocular elongation. There were significant differences in
responses induced by the two polymers. Additional fibrous tissue was observed, encapsulating
the pHEMA implant. On the other hand, the PVP polymer induced significant scleral thickening
although not under all conditions. The scleral implants did not affect the overall rate of
elongation of eyes under any of the test conditions. These results are described in more detail
below.
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3.1 Ocular components

3.1.1 Effects of pHEMA hydrogel implants

Normal eyes: In terms of the axial growth of the principal ocular components, the
pHEMA implants applied to otherwise untreated eyes had no significant effect, except on scleral
thickness, which increased in response to the implant towards the end of the monitoring period.
The mean axial dimensions of the principal ocular components collected at the last time point for
implanted and fellow eyes are summarized in Table 2-2, and the changes across the monitoring
period in scleral thickness, scleral cup depth, and axial length for implanted and fellow eyes are
plotted in Figure 2-1. Interocular differences in scleral thickness reached statistical significance
on days 22, 25, and 29 (p < 0.05, ANOVA post-hoc tests). By the end of the monitoring period
(day 29), treated eyes recorded a mean scleral thickness of 170 = 6 um compared to 154 = 6 um
for the fellow eyes, an increase of approximately 10%.

Table 2-2. Mean axial ocular dimensions (+ standard error) of pHEMA group measured 29 days after
implantation, normalized to pretreatment baseline (* p < 0.05, paired t-test).

Ocular Component Eye Mean + SE (mm)

Treated 1.845 £ 0.020
Fellow 1.877 £ 0.0015

Treated 2.826 +£0.035
Fellow 2.777 £0.035

Treated 6.561 £0.101
Fellow 6.587 = 0.087

Treated 0.241 £+ 0.004

Anterior chamber

Crystalline lens

Vitreous chamber

Retina
Fellow 0.245 + 0.005
Choroid Treated 0.189 + 0.0015
orot Fellow | 0.217+0.021
Treated 0.170 £ 0.006"

Sclera

Fellow 0.154 £ 0.006

Treated 6.991 £0.108
Fellow 7.049 £+ 0.080

Treated 11.661 £0.114
Fellow 11.703 £ 0.096

Scleral cup

Axial length
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Figure 2-1. Mean scleral thickness (A), scleral cup depth (B) and axial length (C), plotted as a function of
time for pHEMA-implanted eyes and their fellows. Asterisks indicate significant interocular differences (p
< 0.05, ANOVA post-hoc tests; n = 6). Error bars = SEM.
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3.1.2 Effects of PVP hydrogel implants

Normal eyes: As with the pHEMA implants, the PVP implants did not significantly affect
the growth of the principal ocular components of implanted eyes except for scleral thickness
(Table 2-3). Implanted eyes showed significant increases in scleral thickness, with the changes
being more dramatic with this polymer. Scleral thickness increase reached statistical significance
beyond 8 days post-implantation (p < 0.01, repeated measures ANOVA; Fig. 2-2A: PVP/No
Lens), and by day 22, the last day of the monitoring period, the scleras of treated eyes were
approximately 51% thicker than the scleras of fellow eyes, i.e. 206 = 30 um compared to 136 £7
pm (p < 0.01, paired #-test; Table 2-3). Interestingly, despite the implanted eyes having thicker
than normal scleras, there were no statistically significant differences between the implanted
eyes and their fellows with respect to either axial length or scleral cup depth, the latter dimension
providing an index of scleral surface area (Fig. 2-2B, C: PVP/No Lens).

Table 2-3. Mean axial ocular dimensions (+ standard error) measured 22 days after implantation,
normalized to pretreatment baseline values (* p < 0.01, paired t-test).

Mean + SE (mm)
Ocular Component | Eye

PVP implant Saline control

Anterior champey | T | 1:793£0.023 17700037
NECHOT ChAmBEr | pollow | 1.798 £ 0.022  1.764 + 0.049
Crvetalline 1 Treated | 2.700 £0.002  2.722 + 0.032
TYSTHINC NS | pellow | 2,716+ 0.046  2.746 + 0.038

, Treated | 6.478 +0.152  6.293 + 0.129

Vitreous chamber

Fellow | 6.451+0.136 6274+ 0.145

, Treated | 0.238+0.002  0.247 + 0.008

Retina

Fellow | 0.235+0.003 0251 +0.007

, Treated | 0.215+0.001 0.194 + 0.001

Choroid

Fellow | 0.237+0.030 0.175 + 0.009

Sl Treated | 0.206 = 0.030°  0.140 £ 0.008

clera Fellow | 0.136+0.007 0.137 + 0.004
Seleral Treated | 6.931£0.111 6.734 4 0.137
cletal cup Fellow | 6.923+0.109 6.700 + 0.149
Aial lomoth Treated | 11.423 + 0.147 11.226+0.174
xalieng Fellow | 11.436 +0.126 11.210+ 0.185
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Figure 2-2. Mean scleral thickness (A), scleral cup depth (B), and axial length (C), plotted as a function of
time for implanted treatment eyes (T) and their fellows (F) for PVP/No Lens group (left column),
PVP/Diffuser group (middle column), and PVP/-10D Lens group (right column). Equivalent data for saline-
injected (Sal) sham surgery groups are also shown. Asterisks indicate significant differences between
treated and fellow eyes (p < 0.01, repeated measures ANOVA; n = 6). Error bars = SEM.

Form-deprived myopic eyes: As expected, the saline-injected, diffuser-treated eyes
(sham-surgery group) showed significantly increased axial lengths, being approximately 10%
longer than their fellow eyes by day 25 (p < 0.01, paired #-test; Table 2-4 & Fig. 2-2C:
PVP/Diffuser). The PVP-injected, diffuser-treated eyes showed a similar growth profile to the
sham-surgery group, increasing their axial lengths by 11% relative to their fellow eyes by day 25
(p < 0.01, paired #-test; Table 2-4 & Fig. 2-2C: PVP/Diffuser). Likewise, both PVP/diffuser
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(13.8%) and saline/diffuser (14.4%) groups recorded significant increases in scleral cup depths
of treated eyes compared to those of fellows by day 25 (p < 0.01, paired #-test; Table 2-4).

Table 2-4. Mean axial ocular dimensions (+ standard error) measured 25 days after implantation,
normalized to pretreatment baseline values (* p < 0.05, ** p < 0.01; paired t-test).

Ocular Eye Mean = SE (mm)

Component PVP/Diffuser Saline/Diffuser PVP/-10 D Saline/-10 D
Anterior Treated |  2.309 +0.373 222340075 2.103+0.071  1.972+0.099
chamber Fellow 1.876 +0.023 1.855 + 0.002 1.812 +0.022 1.787 £ 0.024

Crystalline | Treated |  2.780+0.034 2711 +0.048 2.661 + 0.029 2.670 £ 0.024
Lens Fellow 2.865 + 0.033 2.896 +0.027 2.789 + 0.036 2773 £0.001
Vitreous Treated | 7.670+0.222" 7597 +0.202" 7118 £0.178°  7.048£0.254"
chamber Fellow 6.619 £ 0.088 6.532 £ 0.083 6.431 £ 0.075 6.371 £ 0.085
Rei Treated | 0224+ 0.001" 0.191£0.002  0226+0.008  0.229+0.005
ctina
Fellow 0.245 + 0.003 0.244 + 0.007 0.247 + 0.005 0.250 + 0.002
Choroid Treated |  0.131+0.002 0.202 = 0.035 0.182 + 0.028 0.188 + 0.001
0Oroi1
Fellow 0.188 = 0.024 0.211 + 0.002 0.222 + 0.001 0.229 + 0.002
Sl Treated | 0.143 +0.003" 0.138 = 0.001 0.148 + 0.002 0.140 + 0.001
clera
Fellow 0.151 + 0.003 0.145 + 0.009 0.142 + 0.005 0.145 + 0.009
Treated | 8.025+0232" 7990+0.185 7.525+0.193  7.465+0.246
Scleral cup
Fellow 7.051 + 0.084 6.987 + 0.085 6.899 + 0.067 6.850 + 0.098
, Treated | 13.113+0613 12.924+0272 12.289+0213  12.108+0330
Axial length
Fellow 11.792 + 0.136 11.738 £ 0.115 11.500+£0.110 11.411+0.125

In comparing the interocular differences between PVP and sham groups, statistical
significance was obtained for scleral thickness at day 18 and for scleral cup depth at day 2 (p <
0.05, paired #-test; Table 2-5). Statistically significant increases in interocular differences were
observed in both scleral cup depth and axial length from 2 to 25 days for both PVP and sham
groups (p < 0.01, repeated-measures ANOVA; Table 2-5). The PVP-injected eyes did show a
somewhat slower rate of growth in axial length and scleral cup depth initially relative to the
sham group, perhaps indicating a subtle inhibitory effect of the PVP hydrogel implant on ocular
elongation. However, this effect was both subtle and transient (Fig. 2-2B, C: PVP/Diffuser), and
between-group differences in either scleral cup depth or axial length never reached statistical
significance.

Statistically significant changes were also found in other components of the treated eyes,
consistent with previously reported ocular effects of form deprivation in chicks (Kee et al., 2001;
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Wildsoet and Wallman, 1995). The treated eyes of the saline/diffuser group exhibited significant
increases in both anterior and vitreous chamber depths compared to their fellow eyes (p <0.01 &
p <0.05, respectively, paired ¢-test; Table 2-4). Similarly, in the PVP/diffuser group, the vitreous
chamber increase in treated compared to fellow eyes reached statistical significance (p < 0.05,
paired ¢-test; Table 2-4). The treated eyes of both groups also recorded thinner retinas compared
to their fellow eyes, although only the difference for the PVP/diffuser group reached statistical
significance (p < 0.05, paired #-test; Table 2-4). Between-group interocular differences did not
reach statistical significance for any of these ocular components.

Table 2-5. Mean interocular difference data (treated — fellow eyes; + standard error) measured up to 25
days post implantation, normalized to pretreatment baseline values. (* p < 0.05, ** p < 0.01; between PVP
and sham: unpaired t-test; within PVP or sham over 25 days: repeated-measures ANOVA)

Parameter Days
Lens Treatment Y
(nm) 2 7 12 18 25
. PVP 4+3 6+2 123 1246 -8+2
Diffuser
Scleral Sham -3+3 -4x15 4+7 -4+7 7+8
thickness 10D PVP 245 543 847 4+8 6+17
i Sham 145 545 1+7 345 545
, PVP"” 9+50° 186246 50430 779+111 974151
Diffuser -
Scleral cup Sham 89+28 543132  753%178  1000£241 10042228
depth 0D PVP"” 10432 344446 368+67 488+101 6262140
Sham”™ 6+39  322+123  330£132 503183 615+181
. PVP"” 4225 20173 6122216  916+329 13224519
Diffuser -
Axial Sham 10916  574%167 8222253 1155305 1187312
length 0D pVP"” 10£29  479+37  557+44 68279 789125
Sham”™ 1438 411£150  411£172 5724230 6974242

Lens-induced myopic eyes: Again as expected, saline-injected eyes fitted with -10 D
defocusing lenses responded by significantly increasing their axial length, by approximately 6%
compared to their fellow untreated eyes by day 25, their axial lengths being significantly
different at this time point (p < 0.01, paired #¢-test; Table 2-4, Fig. 2-2C: PVP/-10D). Eyes
implanted with PVP hydrogel and fitted with -10D lenses responded similarly, their axial lengths
being significantly longer, by approximately 7% compared to their fellows by day 25 (p < 0.01,
paired t-test; Table 2-4, Fig. 2-2C: PVP/-10D). There was no significant difference between the
two groups in terms of the growth rates of fellow untreated eyes. The treated eyes of both groups
also recorded similar and statistically significant increases in scleral cup depth, of approximately
9% by day 25 (p < 0.05 saline-injected, and p < 0.01 PVP-injected, paired #-test; Table 2-4, Fig.
2-2B: PVP/-10D). Interocular differences in scleral cup depth were significant for both PVP and
sham groups over the 2 to 25 days period (p < 0.01, repeated measures ANOVA; Table 2-5), as
were interocular differences for both PVP and sham groups in axial length (p < 0.01, repeated
measures ANOVA, Table 2-5). However, with respect to scleral thickness there was no
difference between treated eyes and their fellows for PVP/-10D lens group (e.g. 148 £ 1.6 vs.
142 £ 5 pm, day 25), or between the treated eyes of the PVP- and saline/-10D lens groups (e.g.
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148 £ 1.6 vs. 140 £ 1.2 um, day 25; Table 2-4, Fig. 2-2A: PVP/-10D). Interocular differences in
scleral thickness were also not significantly different between the two groups (Table 2-5).

As with the form-deprived groups, the anterior chambers as well as the vitreous chambers
of both the PVP- and saline-injected lens-treated groups were enlarged, although this effect on
the anterior chamber reached statistical significance for only the PVP/-10D lens group (p < 0.01
anterior chamber, p < 0.01 and p < 0.05, respectively, vitreous chamber; paired #-test; Table 2-4).
Here also, treated eyes showed significant retinal thinning, with interocular differences on day 25
reaching statistical significance for both groups (p < 0.01 PVP/-10D lens, p < 0.01 saline/-10D
lens, paired ¢-test; Table 2-4).

3.2 Histological study

3.2.1 Effects of pHEMA hydrogel implants

Normal eyes: Inspection of implanted eyes after their enucleation confirmed that all
pHEMA implants were still in place over the posterior pole, between the outer scleral surface
and the extraocular muscles. Subsequent histological analyses revealed clearly defined fibrous
capsules by 3 weeks post implantation; the capsules were about 50-75 um thick and surrounded
the implants, isolating them from the host tissue (Fig. 2-3A, B, C). The capsules were apparently
continuous on their global side with the fibrous layer of the sclera. The pHEMA implants
showed minimal change in either transparency or color, suggesting minimal chemical
degradation. However, while most of the implants were still physically intact at the end of the
monitoring period, some had fragmented, with the resulting smaller pieces of implant material
becoming separately encapsulated (Fig. 2-3C). It is plausible that grip marks left by the forceps
during positioning of the implants created vulnerable sites for cellular infiltration and subsequent
fragmentation. Capsular contraction may also have contributed to fragmentation of the pHEMA
implants.

Figure 2-3. Toluidine blue-stained sections from posterior pole region of pHEMA-implanted eyes post
implantation, showing (A) pHEMA implant (P), sandwiched between the fibrous sclera (FS) and
extraocular muscles (EM) and (B) fibrous capsule (FC) surrounding implant, with cellular infiltration in
capsule at 3 weeks; (C) encapsulated fragments of implant at 4 weeks. CS = cartilage sclera. Scale bars:
500, 200, and 500 pm, respectively.
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3.2.2 Effects of PVP hydrogel implants

Normal eyes: The origin of the scleral thickness increase recorded with A-scan
ultrasonography was a marked increase in the thickness of the cartilage component of the sclera,
as revealed in histological analyses (Fig. 2-4IA, B, C). There was no clear visible sign of the
PVP polymer when the eyes were inspected post-enucleation, and there was no evidence of the
implanted polymer in any of the histology sections. The scleral thickness increase reflected
greatly increased chondrocyte numbers. While there was no difference in the scleral cartilage
layers of treated and fellow eyes on day 8 post-implantation, by day 15, the numbers of
chondrocytes had significantly increased, by 204% in the scleras of treated eyes compared to
those of their fellows (Fig. 2-5A, p < 0.01, paired #-test). Chondrocyte numbers were still
significantly elevated in the scleras of implanted eyes on day 22, by 63% compared to the
numbers for fellow eyes (p < 0.01, paired #-test). These differences imply an increased rate of
chondrocyte mitosis in response to the implant.

PVP
Treated

Fellow

Figure 2-41. Masson’s trichrome-stained scleral sections from the posterior poles of otherwise untreated
PVP-injected eyes and their fellows at 8 (A, D), 15 (B, E) and 22 (C, F) days after implantation. FS =
fibrous sclera, CS = cartilaginous sclera, Ch = chondrocyte.

While the increase in mitotic activity did not appear to be localized, the outermost
(orbital) region contained nests of chondrocytes, which were enclosed in large lacunae, cartilage
spaces occupied by numerous proliferating chondrocytes. This gave the tissue a “Swiss cheese”
appearance. The proliferating chondrocytes contributed to the increase in thickness of the

33



cartilage layer (Fig. 2-41B) and this swiss cheese appearance had largely disappeared by day 22,
suggesting that new extracellular matrix material had been added to fill the lacunae (Fig. 2-41C).
No comparable changes in either scleral chondrocyte numbers or histological appearance were
evident in fellow eyes over the monitoring period (Figs. 2-5A; 2-4ID, E, F). Specifically, the
chondrocytes remained relatively quiescent, although their density increased significantly over
the monitoring period (from days 8 to 22; p < 0.01, paired t-test), likely representing the
contribution of chondrocyte proliferation to normal scleral growth. The scleras of saline-injected
(sham surgery) eyes were histologically similar to those of fellow eyes, and likewise, their
chondrocyte density was significantly less compared to those of the PVP-injected eyes on day 22
(18,600 £ 1,000 vs. 29,400 + 900 cells/mmz, respectively, p <0.01, paired z-test; Fig. 2-5A).

II.

PVP/
Diffuser

Fellow

Figure 2-4ll. Masson’s trichrome-stained scleral sections from the posterior poles of PVP-injected and
form-deprived eyes and their fellows at 12 (A, D), 18 (B, E) and 25 (C, F) days after implantation. FS =
fibrous sclera, CS = cartilaginous sclera, Ch = chondrocyte.

Form-deprived myopic eyes: Histological analyses of the scleral tissue from form-
deprived, PVP-injected eyes revealed both similarities and differences from the results described
above for the non-deprived, PVP-injected eyes. Up to 12 days post implantation, treated eyes
again showed significantly increased chondrocyte numbers compared to fellow eyes (64,150 +
1,438 and 16,950 + 507 cells/mmz, respectively; p < 0.01, paired #-test; Fig. 2-5B) with
numerous large lacunae in the scleras of implanted eyes (Fig. 2-411A). However, in the form-
deprived eyes, the proliferative response to injected PVP was more transient than in non-
deprived eyes. Thus, although chondrocyte density was still significantly elevated in treated
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compared to fellow eyes on both days 18 and 25 (p < 0.01, paired z-test; Figs. 2-41IB, C; 2-5B),
the scleras of implanted eyes showed a significant decrease in chondrocyte density from day 12
to day 25 (p < 0.01, ANOVA post-hoc test). Qualitatively, the scleras of implanted eyes
appeared near normal by day 18 (Fig. 2-41IB). Fellow eyes did not show as much change in
either chondrocyte density or histological appearance over the monitoring period (Figs. 2-41ID,
E, F; 2-5B), although overall chondrocyte density did show a statistically significant decrease
from day 12 to day 25 (p < 0.01, ANOVA post-hoc test). This occurred in parallel with the
decrease from peak density in treated eyes. The transient nature of the scleral changes in the
PVP-implanted eyes is also reflected in the similar chondrocyte densities recorded for the treated
eyes of the two diffuser groups at day 25 (PVP 14,400 + 1,200 vs. saline 16,000 = 1,200
cells/mm?; Fig. 2-5B); the treated scleras of these groups also appeared histologically similar. In
vivo monitoring did not reveal any signs of either interocular or orbital inflammation in
implanted eyes over the course of this experiment.

I1I.

PVP/

Fellow

Figure 2-4lll. Masson’s trichrome-stained scleral sections from the posterior poles of PVP-injected/-10 D
lens-wearing eyes and their fellows at 12 (A, D), 18 (B, E) and 25 (C, F) days after implantation. FS =
fibrous sclera, CS = cartilaginous sclera, Ch = chondrocyte.

Lens-induced myopic eyes: Histological analyses revealed transient changes in the scleral
cartilage of PVP-injected, lens wearing eyes, as described above for PVP-injected form-deprived
eyes, with the only difference being that the changes were largely confined to the outer (orbital)
scleral region for lens-wearing eyes.
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Figure 2-5. Mean scleral chondrocyte densities at posterior pole, averaged over 4 randomly selected
sections, 0.5-1.0 mm apart, for PVP-injected eyes, their fellows and saline-injected eyes from (A) no
visual manipulation, (B) form-deprivation, and (C) -10 D lens-wearing groups. Sampling time points as in
Figure 3-4. (* p < 0.01, ** p < 0.05, paired t-test). Error bars = SEM.
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Chondrocyte numbers were significantly increased by post implantation day 12 (Fig. 2-
5C), and there were many large lacunae adjacent to the proliferating cells (Fig. 2-4I11A). Beyond
day 18, the scleras of implanted eyes appeared near normal histologically (Fig. 2-4I1IB, C), and
by day 25, the last day of the experiment, there were no significant differences in either
appearance or chondrocyte numbers between PVP-injected and either their fellow eyes (Figs. 2-
411IC; 2-5C), or the treated eyes of the saline/-10D group (Fig. 2-5C). Fellow eyes showed a
statistically significant decrease in chondrocyte density over the monitoring period (p < 0.01,
paired f-test, Fig. 2-5B), similar to the fellow eyes of PVP-injected form-deprived eyes, and
appeared histologically normal (Figs. 2-411ID, E, F). No signs of either interocular or orbital
inflammation were observed in implanted eyes in vivo over the monitoring period.

4, Discussion

We investigated the ocular effects of two different hydrogel polymers, pHEMA and PVP
hydrogel, delivered as solid and liquid in situ polymerizing implants respectively. Each was
applied to the outer posterior scleral surface with the goal of slowing ocular elongation, as
required for myopia control. Increased scleral thickening produced by pHEMA or PVP did not
inhibit normal growth of the eye. Neither pHEMA implantation nor PVP injection inhibited
form-deprived or lens-induced axial elongation. Curiously, the scleral thickening associated with
PVP injection in normal eyes was not present in form-deprived and lens-reared animals. Also
noteworthy, there were fundamental differences in scleral responses to the two polymers at the
histological level. These individual response patterns are discussed in more detail below, along
with their significance for myopia control.

While the implanted pHEMA strips quickly became encapsulated, there were no signs of
chronic inflammation with the pHEMA implants, which is consistent with the reported
biocompatibility of this family of polymers (Yasuda, 2006). This result also attests to the quality
of the fabrication process, specifically, the successful removal of toxic chemical contaminants
such as the radical initiators. The pHEMA implants also appeared resistant to biodegradation,
remaining clear throughout the experiment. Both features are attractive for the current
application, in the first case, minimizing the risk to ocular health, and in the second case,
ensuring the longevity of the implant, although fragmentation was observed in isolated cases.
However, by adjusting the polymer composition (i.e. by increasing or decreasing the crosslinking
ratio) and utilizing different tools (e.g. blunt and flat tipped forceps) to handle the implants in the
surgery, it should be possible to reduce or eliminate the latter problem.

The encapsulation of the implanted pHEMA strips appears to be a typical tissue response
to this type of polymer. For example, in one study, fibrous encapsulation of disks of pHEMA
implanted into the flank of rats has been observed (Kermis et al., 2003). In this study, a 30-40
um thick capsular layer was observed 3 weeks after implantation, on the same scale as the
capsules enclosing our implants (50-75 um). Encapsulation has also been reported with closely
related polymer materials such as nonabsorbable scleral buckles, e.g. hydrogel
copoly(methylacrylate-2-hydroxyethylacrylate), which are used after vitrectomy in retinal
detachment surgery (D'Hermies et al., 1998). The latter study also reported hydrogel
fragmentation, as observed in the current study. Similar encapsulating responses have been
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observed with other nonabsorbable implant materials, including poly-dimethyl siloxane (Vacanti,
2004), polytetrafluoroethylene, polycarbonate urethane, polyethylene terephthalate, and
polyacrylate (Jacob et al., 1996), suggesting that it is not a pHEMA specific response. However,
compared to poly-dimethyl siloxane, pHEMA is reported to be more resistant to capsule
formation (Vacanti, 2004). This may not be a desirable property, assuming that the fibrous
capsule contributes to the mechanical strength of the sclera, a point taken up in later discussion.
In addition, the capsule served to bind the implant in place, over the posterior pole.

The increased scleral thickness from fibrous encapsulation of pHEMA implant was not
found to slow ocular elongation in the chick. A possible reason for this lack of effect on the rate
of ocular elongation relates to the bilayered structure of the chick sclera. It is plausible that the
stiffer cartilage component of the chick sclera determines the rate of elongation. In mammalian
and primate eyes that have monolayer fibrous scleras, the addition of the fibrous capsule is likely
to have a greater impact on scleral biomechanical properties and could plausibly slow ocular
elongation. Furthermore, previous studies have found that the posterior sclera of myopic tree
shrew eyes to be both thinner and show greater creep rates (Phillips et al., 2000; Siegwart and
Norton, 1999). For these eyes, the addition of a fibrous capsule may normalize scleral thickness;
it should also increase creep resistance and slow ocular elongation. Note that pHEMA implants
have other merits. Specifically, they can be used for local drug delivery (Merrett et al., 2001;
Pijls et al., 2007), which for the problem at hand could involve the delivery of peptides or growth
factors to enhance the scleral response. However, such experiments were outside the scope of the
study described here, and should be preceded by follow-up studies to investigate whether
encapsulated pHEMA implants are able to slow elongation in mammalian eyes with fibrous only
sclera. Because the pHEMA implants had minimal effect of the thickness of the cartilage layer in
our chick eyes, we confined our studies of myopic chick eye to the PVP hydrogel, which induced
a clearly distinguishable cartilaginous response in otherwise untreated eyes and for which there
was already some evidence of its efficacy for myopia control (Avetisov et al., 1997; Tarutta et
al., 1992).

Because the PVP hydrogel is delivered as a liquid mixture that polymerizes in situ, to
form a thin transparent film over the posterior sclera in the current application, the possibility
that the implant provides direct mechanical support to the sclera can be ruled out. Previously,
Avetisov et al. (1997) found that the polymer was still visible after 1 month. However, in our
study we found no visible sign of the PVP polymer when the eyes were inspected post-
enucleation, possibly due to our lower injection volume, close adherence to the scleral surface
after polymerization (thin film nature), and use of posterior outer scleral surface injection for the
chick eye rather than sub-Tenon’s injection as performed in the mammalian sclera. There also
was no evidence in any of the histology sections of the implanted polymer, although it could
have been lost during processing. Nonetheless, this polymer was observed to trigger a dramatic
scleral response in the form of cartilage layer growth that could plausibly slow ocular elongation,
yet we found little evidence of slowed ocular elongation under any condition, even after
extending our investigations of this polymer to myopic eyes. These results provide important
insights into the implant-tissue interactions for this polymer, and also offer a novel perspective
on the mechanisms underlying eye elongation in the chick. Specifically, scleral thickening need
not slow eye elongation in the chick.
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In contrast to the pHEMA hydrogel implant, the PVP hydrogel had no effect on the
fibrous layer of the sclera, but induced significant changes in the cartilaginous layer.
Specifically, there was increased chondrocyte proliferation, mostly localized to the outermost,
orbital region, under all three experimental conditions with differences in the temporal profile of
the changes according to whether eyes were also subjected to optical manipulation. The same
region acquired a “Swiss cheese” appearance created by large lacunae in the extracellular matrix
(ECM). We interpret the lacunae as evidence of increased ECM remodeling; their transient
nature is likely due to increased ECM synthesis. Likewise the decrease in chondrocyte density
late in the monitoring period is also likely to be an effect of increased ECM synthesis. Note here
that the increased chondrocyte proliferation occurred mostly in the outer region next to the
fibrous sclera, indicating that the PVP hydrogel treatment activated appositional growth of the
cartilage sclera. It is of interest that in response to form deprivation alone, Kusakari et al. (1997)
reported a regional bias in ECM synthesis, being greatest in the inner zone, where the cell
density was reduced. If a reduced capacity of the outer zone to synthesize ECM can be inferred
from these data, then the lacunae may simply reflect a failure of ECM synthesis to keep pace
with chondrocyte proliferation. The gradual return to normal of the sclera cartilage morphology
of implanted eyes is presumably an indicator of the residence time of the polymer, although we
were unable to detect its presence in histology preparations at any time point.

Similar to the changes in the scleral cartilage of otherwise untreated PVP-injected eyes,
the responses of PVP-treated eyes that were fitted with either diffusers or negative lenses were
also localized to the outer cartilage region, although more transient. Interactions between the
signals underlying the increased elongation in these eyes and the growth modulatory signals
induced by the polymer may be responsible for the truncation of the cartilage response to the
polymer. As the origin of the signals in the first case is the retina (Wildsoet, 2003), the inner
region of the sclera would come under their influence first, while the signals generated by the
polymer implant will first affect the outer region. For the same reasons, there are likely to be
associated concentration gradients, with the direction of the gradients being opposite. The
retina-derived signals also likely outlived the polymer-derived signals, if our conclusion about its
limited residence time is valid. Furthermore, it is likely that the retinal signal generated with the
diffusers outlived that generated by the —10D lenses, due to the respective open- and closed-loop
nature of the conditions imposed. As an aside, it is noteworthy that the scleral changes induced
by the combination of the polymer with diffusers and -10 D lenses were very similar, suggesting
that the same signal pathways are involved at the level of the sclera. While there is accumulating
evidence that different mechanisms underlie form deprivation- and lens-induced myopia (Choh
et al., 2006; Kee et al., 2001; Yew, 2004), it is plausible that different retinal signals could
converge on a common downstream pathway.

Comparison of our data from sham (saline-injected) eyes with those of Kusakari et al.
(1997) revealed qualitative similarities but quantitative differences for form deprived eyes. For
example, they reported a chondrocyte density for form deprived eyes of approximately 10,000
cells/mm?” at the posterior pole (combination of inner and outer zones of the cartilage sclera)
compared to 5,000 cells/mm? for fellow eyes, representing a 2-fold increase of chondrocyte
density due to the form deprivation treatment. Chicks were deprived as day-old chicks for 14
days in the latter study. In the current study, chicks were deprived for 25 days, starting at 14 days
of age, resulting in a somewhat smaller, i.e. 1.32-fold, increase in chondrocyte density. However,
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equivalent cell densities were consistently higher across all groups compared to those reported
by Kusakari et al. For example, for the form-deprived saline-injected group, the values were
16,025 + 1,211 cells/mm? (form-deprived, 60% greater) and 12,125 + 882 cells/mm® (fellow,
142.5% greater). The older age of our experimental animals compared to their study is the most
plausible explanation for the observed differences between the two studies. The contrasting
results of Gottlieb et al. (1990) of reduced instead of increased chondrocyte density in the
deprived nasal region compared to the corresponding region of fellow control eyes after 6 weeks
of form deprivation of the temporal visual field adds another dimension to this picture, implying
that the equatorial region of the chick sclera behaves differently from the posterior pole region.

The goal of the polymer treatments in the current study was to both reinforce the sclera
and slow eye elongation. Why did the polymer injections fail to inhibit both normal eye
elongation and the excessive axial elongation induced by the —10 D lenses, and only have a small
effect on the excessive axial elongation induced by the diffusers? In the earlier study of form-
deprived eyes by Kusakari et al. (1997), increased chondrocyte proliferation coupled to
thickening of the cartilage layer at the posterior pole of the eye was associated with increased
elongation. Although the magnitude of the proliferative response to the PVP polymer was much
greater than that reported in the latter study (a 2-fold increase of chondrocyte density due to form
deprivation treatment), these data sets provide convincing evidence that increases in cell density
and/or increases in scleral thickness do not alone guarantee slowed eye growth in the chick eye,
consistent with suggestions by others that changes in the phase relationships between various
ocular rhythms are critical to such eye enlargement (Nickla et al., 1998).

Curiously, repeated PVP injections in children are reported to slow myopia progression
(Avetisov et al., 1997; Tarutta et al., 1992). This result is at odds with our observation.
Nonetheless, there are differences in the morphology of the mammalian and chick scleras, and
likely there are additional differences in the hydraulic and growth modulatory influences on
these two types of sclera. Although the chick model provides a readily accessible model for
biocompatibility testing of polymer implant material, the implied difference in responses
between primate (human) and chick eyes to the PVP polymer argues for the use of a mammalian
or primate model for efficacy testing of implants intended to slow eye elongation. Nonetheless,
the relatively short-lived nature of the observed effect of the PVP polymer in the current study is
consistent with the protocol of repeated injections used in the clinical study referred to above. A
longer duration of effect would be clinically desirable, both from a practical perspective and in
the interest of minimizing the risk of surgical complications. It is also noteworthy that in the
chick eye, the fibrous layer of the sclera appeared to be minimally affected by the PVP polymer.
This apparent difference between the responses of primate and chick fibrous scleral tissue may
reflect feedback interactions between the fibrous and cartilaginous layers of the chick sclera
(Marzani and Wallman, 1997), lending further support for follow-up studies with a mammalian
model.

5. Conclusion

In summary, the results represent proof of principle that scleral growth can be
manipulated using polymeric implants at the outer sclera. Both the physical properties of the
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polymer and their chemical composition influenced the pattern of response in the chick eye. The
solid pHEMA implant induced fibrous capsule formation adjacent to the sclera, while the liquid
PVP hydrogel induced a local growth response in the scleral cartilage. Neither affected the rate
of ocular elongation. Because of differences in the morphology of the avian and mammalian
scleras, follow-up testing of promising polymers in mammalian eyes will be a necessary
prerequisite for establishing their suitability for myopia control in humans. Finally, it will be
important to develop methods of extending the duration of action of such polymer treatments to
minimize the need for repeated surgical intervention.
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Chapter 111

Defocus Duration and Power Dependence of Chick Scleral MMP-2, MMP-13,
TGF-$2, and TIMP-2 mRNA Expression

Abstract

The purpose of this project was to investigate the effects of manipulating treatment
duration and power magnitudes for myopic and hyperopic defocus on scleral mRNA expression
levels for gelatinase-A (MMP-2), collagenase-3 (MMP-13), tissue inhibitor of metalloproteinase-
2 (TIMP-2), and transforming growth factor-beta 2 (TGF-f2). We looked at response patterns
for these gene products that have been implicated in scleral remodeling and have the potential to
be used to tailor novel biomaterials to treat high myopia. Monocular myopic or hyperopic
defocus was imposed on 3-wks old White Leghorn chicks (Gallus gallus domesticus) by fitting
them with either -10, -5, plano, +5 or +10 D lens for 4 or 48 hours. Fellow eyes were left
untreated as controls. The harvest and separation of the two scleral layers was performed in the
afternoon, and relative mRNA levels of MMP-2, MMP-13, TIMP-2 and TGF-B2 were measured
by real-time quantitative PCR. Statistical significance was computed by paired student’s z-test
and two-way ANOVA. Statistically significant changes in mRNA expression were observed for
all 4 proteins, albeit not at each time point. Typically, the results for fibrous and cartilaginous
layers showed opposite trends, as did responses to positive and negative lenses. Expression
levels in the fellow eyes of the plus and minus lens groups were not significantly different, i.e.
there was no interocular yoking. TGF-B2 expression showed an early increase with positive
lenses in both scleral layers, similar to an independent finding in the retinal pigment epithelium
after 48h lens wear, and consistent with a role as an inhibitory growth modulator. However, the
transient nature of its up-regulation in sclera suggests additional growth modulatory influences
on the latter. The cartilage expression patterns for MMP-2 and MMP-13 are consistent with the
opposite directions of growth induced by positive and negative lenses. TIMP-2 expression
showed robust expression changes, mostly in the fibrous sclera. Their suitability as targets for
treatment of high myopia depends on there being equivalent changes with long-term myopia.
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1. Introduction

During emmetropization, the posterior scleral extracellular matrix is actively remodeled
in an iterative process of synthesis and degradation to match the axial length to the optical power
of the eye. In the chick eye, this dynamic remodeling process is finely tuned to allow
emmetropization to occur during imposed lens defocus, independent of the central nervous
system (Troilo et al., 1987; Wildsoet and Pettigrew, 1988). Specifically, ocular elongation rate
increases with negative lens wearing (imposed hyperopia) and the choroid thins. With positive
lens wearing (imposed myopia), the ocular elongation rate decreases and the choroid thickens
(Wildsoet and Wallman, 1995). Both cases lead to changes in scleral growth rates in the avian
eye, and these findings have analogies in mammalian eyes; specifically, similar visually-driven
scleral growth responses have also been described in guinea pigs (McFadden et al., 2004), tree
shrews (Siegwart and Norton, 2005), marmosets (Graham and Judge, 1999), and rhesus monkeys
(Smith et al., 1999). Eyes wearing negative lenses exhibit myopia when the lens is removed. The
exact molecular mechanism underlying scleral changes during myopia development is not well
understood, but researchers have made some headway in understanding the biological processes
by investigating how the eye senses and translates defocus signals to alter scleral growth rate.

Although the actual activation signal producing myopic sclera is not known, specific
changes in the matrix composition of sclera is better understood. Scleral thinning and distension
of the posterior pole are characteristic changes in high myopia. In highly myopic human eyes,
scleral tissue thinning is associated with thinning of the collagen fiber bundles as well as a
reduction in the diameters of individual collagen fibrils, averaging below 60-70 nm. These
changes are also accompanied by increase in unusual star-shaped fibrils with irregular, serrated
borders when observed at cross-sections (Curtin et al., 1979). It is important to note, however,
that at least some of the changes in myopic sclera are likely a consequence rather than a cause of
myopia. In support of this notion are observations that normal collagen fibril diameters and
spacing are present in the sclera of myopic tree shrew eyes after 12 days of treatment, despite
significant posterior scleral thinning and a reduction in posterior scleral dry weight (McBrien et
al., 2001a). This implies that either rapid tissue loss is attributable to general scleral collagen
fibril degradation without bias toward specific collagen fibril diameter populations, or that the
fibrous sclera experiences initial degradation only at the proteoglycan level, reducing the amount
of the filler extracellular matrix (ECM) to produce the initial scleral thinning observed. The
scleral thinning would allow normal intraocular pressure to exert greater stresses directly on the
scleral wall, which could further activate the scleral fibroblasts or myofibroblasts, leading to
production of new and thus smaller diameter fibrils and subsequent biomechanical changes
(McBrien et al., 2009a).

Activated proteases are normally responsible for the degradation of the ECM in the body
when the native ECM requires renewal or regeneration due to aging, disease, or injury. Matrix
metalloproteinases (MMPs) and their specific regulators, tissue inhibitors of metalloproteinases
(TIMPs), regulate the process of ECM renewal or regeneration through the proteolytic cleavage
of the core protein structure in collagens and proteoglycans. Members of the MMP and the TIMP
families have been found to have an active role in eye growth regulation, with observations in
becoming myopia eyes of up-regulation of MMP-2 (gelatinase-A), MMP-14 (membrane type-1
matrix metalloproteinase, MT1-MMP), and down-regulation of TIMP-2 and TIMP-3 (Jones et
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al., 1996; Rada and Brenza, 1995; Schippert et al., 2006; Siegwart and Norton, 2005). Several
other MMP family members are also known to be present in the mouse eye, including MMP-1
(collagenase-1), MMP-3 (stromelysin-1), MMP-9 (gelatinase-B), and MMP-13 (collagenase-3),
but their specific roles, if any, in eye growth regulation are unclear (Ihanamaki et al., 2004). The
elevation of MMP activity associated with scleral fibroblasts during myopia progression has
been proposed as a potential mechanism for scleral matrix degradation and subsequent axial
elongation (Shelton and Rada, 2007; Siegwart and Norton, 2005). The activities of MMP-2,
fibroblast proliferation, and proteoglycan synthesis are affected by transforming growth factor-
beta (TGF-f), consistent with a role for TGF-f in the control of scleral remodeling during
myopic eye growth (Jobling et al., 2004; Overall et al., 1989). Specifically, TGF-B2 expression
level was found to be regulated according to the sign of defocus in chick cartilaginous sclera;
expression decreased under negative lens treatment, and increased during positive lens treatment
(Schippert et al., 2006). However, in the chick fibrous sclera, there was no change in gene
expression. Additional clarification with respect to the involvement of the MMPs and TIMPs in
scleral remodeling and the role of TGF-B2 as their regulator would not only contribute to
understanding scleral remodeling during myopia progression, but also allow potential
incorporation of this knowledge into the design of scleral treatments for high axial myopia.

Building on previous findings of visually-induced transcriptional regulation of various
proteins in the chick sclera, this study further investigated the effects of treatment duration and
lens power for hyperopic and myopic defocus on the mRNA expression for gelatinase-A (MMP-
2), collagenase-3 (MMP-13), transforming growth factor beta-2 (TGF-f2), and tissue inhibitor of
matrix metalloproteinase-2 (TIMP-2) in the chick outer fibrous and inner cartilaginous scleral
layers. The study also sought to confirm whether there were yoked gene expression effects at the
transcriptional level for contralateral untreated eyes. To control for possible gene expression
changes due to covering the eye with a lens, a group of chicks wearing monocular plano lenses
was included in the study. Furthermore, the expression of aggrecan mRNA was measured to
verify satisfactory separation of the two chick scleral layers, since aggrecan mRNA is known to
be expressed mainly in the cartilaginous chick sclera (Rada et al., 1994). By using different
treatment durations and magnitudes of hyperopic and myopic defocus, we aimed to determine
whether the scleral response to eye growth modulatory signals involved graded changes in
expression or an all-or-none response, independent of the magnitude of defocus and treatment
duration.

2. Materials & Methods

2.1  Animals & experiments

White Leghorn chicks (Gallus gallus domesticus) were obtained as hatchlings from a
commercial hatchery (Privett Hatchery, Portales, NM) and reared in 12/12-hour light/dark cycle,
with food and water available ad libitum. Coarse food was provided to prevent clouding of the
lens surface during wear. The room temperature was maintained between 83 and 89 °F. A total of
60 chicks were used for this study. Care and use of the animals were in compliance with an
animal use protocol approved by the Animal Care and Use Committee of the University of
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California, Berkeley, and adhered to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

The study comprised 10 groups of chicks, the details of which are summarized in Table
3-1. All chicks were 3 weeks old at the start of experiments. In brief, chicks underwent +10, +5,
plano, -5, or -10 D monocular (right or left) lens treatment for a duration of either 4 or 48 hours.
Lens fitting proceeded in a staggered fashion with a 15 min interval between animals. The
positive lenses inhibit eye growth (induce hyperopia), while the negative lenses enhance eye
growth (induce myopia). Plano lens group served as controls. Lenses were fitted over the chick
eyes using Velcro rings, which were glued to the skin and feathers around the eyes at the start of
the experiment. The contralateral eyes were left untreated, but were included to study yoking
effects.

Table 3-1. Experimental groups describing lens treatments and treatment durations. All treatments were
monocular, with random but equal distribution across right and left eyes. Chicks were 3 weeks old at the
start of the experiment.

Number of birds Lens Treatment (D) Time (h)

6 +10 4
6 +10 48
6 +5 4
6 +5 48
6 Plano 4
6 Plano 48
6 -5 4
6 -5 48
6 -10 4
6 -10 48

2.2 Measurement & analyses of ocular dimensions

Ocular dimensions were monitored in vivo using a custom high frequency 30 MHz A-
scan ultrasonography set-up (Nickla et al., 1998). Thickness data for all axial components
(anterior chamber, lens, vitreous chamber, retina, choroid, and sclera) were obtained by
averaging a minimum of 12 measurements per eye per time point. Chicks were anesthetized with
1.5% isoflurane in oxygen during all measurements, which were taken immediately before lens
wearing (baseline), as well as at either 4 or 48 h after. Choroidal thicknesses were reported and
used as an index of defocus effects. Axial lengths, which represent the sum of all ocular
components except the sclera, were also reported and used as an index of ocular elongation. Data
were reported as normalized means with standard errors as error bars in graphs.

2.3 Scleral tissue harvesting and processing

All work surfaces and surgical instruments that could potentially come into contact with
tissue samples were cleaned thoroughly with RNaseZap® (Ambion, Foster City, CA), followed
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by rinsing with DNase/RNase-free distilled water (Invitrogen, Carlsbad, CA) prior to use.
Microcentrifuge tubes used in the study were certified DNase/RNase-Free. Chicks were
sacrificed at the end of respective treatment period, i.e. after 4 or 48h, by guillotine. To minimize
possible circadian rhythm effects on gene expression, animals were always sacrificed in the early
afternoon starting at 1 p.m. and continuing at 15 min intervals between animals. Eyes were
carefully enucleated immediately after sacrifice. Any attached extraocular muscle, connective
tissue, and orbital fat were carefully removed from the sclera. The enucleated eyes were visually
inspected under a surgical microscope, and then the anterior segments of the eyes were removed
with a pair of surgical scissors cut through around the circumferential edge. The vitreous body
was discarded and the pecten was excised from the posterior segment with a minimal V-shape
cut. The resulting posterior scleral cup was then placed in cold Ringer’s buffer, and retina, retinal
pigment epithelium, and choroid were carefully scraped off the sclera. Using very fine sharp
surgical forceps, the outer fibrous scleral layer was then separated from the inner cartilaginous
layer under a dissecting microscope. The cartilaginous layer was further finely sliced with a
scalpel. Harvested scleral tissue samples were immediately placed in individual 1.5 ml
microcentrifuge tubes chilled on ice with 500 pl of RNA/ater® RNA Stabilization Reagent
(Qiagen, Valencia, CA), incubated overnight at 4 °C, then stored in the reagent at -20 °C.

2.4  Scleral RNA isolation

A custom tissue disruption method was followed for both scleral fibrous and cartilage
tissue samples. Scleral tissue was removed from the reagent and put into a new microcentrifuge
tube. A custom-made 10 cm long stainless steel rod with 3 mm diameter was used as pestle for
crushing and grinding the tissue within the microcentrifuge tube. The tissue sample and the
pestle were first immersed and snapped frozen under liquid nitrogen in the microcentrifuge tube.
The scleral tissue was then crushed and ground to fine powder. Tissue homogenization and total
RNA isolation was carried out using an RNeasy Mini Kit (Qiagen, Valencia, CA) following the
manufacturer’s protocol. All samples were treated with DNase I (RNase-Free DNase Set,
Qiagen) using the manufacturer’s recommended on-column DNase digestion protocol. RNA
yield was determined spectrophotometrically in 10 mM Tris-HCI buffer (pH 7.5) at 260 and 280
nm. Optical density ratios (OD,6o/OD-g9) were measured to determine the yield and quality of the
isolated RNA. RNA integrity was confirmed using 1% w/v agarose gel electrophoresis in 1X
Tris/Borate/EDTA buffer stained with ethidium bromide.

2.5 RNA reverse transcription

Reverse transcription of isolated RNA from both scleral fibrous and cartilage tissue
samples was conducted using Sensiscript® RT Kit (Qiagen) following the manufacturer’s
protocol. A mastermix was created with 0.5 uM oligo-dT primer, 10 uM random hexamer
primers (Invitrogen), 10X buffer RT, RNase inhibitor (10 U/ul), Sensiscript reverse
transcriptase, dNTP mix (5 mM), and RNase-free water. All RNA samples were reverse
transcribed to cDNA using the same mastermix to ensure stable conditions for all samples. The
variability of the transcription reaction was estimated by transcribing the same RNA samples
twice.
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2.6  Real-time PCR

All sequences were obtained from the National Center for Biotechnology Information
nucleotide database (NCBI, Bethesda, MD). Primer sequences were designed by using Primer3
v.0.4.0 web interface software (Rozen and Skaletsky, 2000). Primer amplification efficiencies

(E) were calculated by taking the slope of the regression line of cDNA standard curves with the
following equation:

_%lope

where a value of 2.0 represents 100% efficiency. In general, efficiencies of 80% or higher are
reasonable, while a lower value indicates poor primer binding and/or inhibition of the reaction
(Rasmussen et al., 2001). The accession numbers, sequences of designed forward and reverse
primer pairs, length of amplified sequences, and calculated amplification efficiencies are shown
in Table 3-2. Prior to thermal cycling, each reaction plate was covered by optical adhesive covers
to prevent evaporation, and briefly centrifuged for 2 min at 1000 rpm to free any air bubble
present in the reaction wells. PCR products amplified by the primer pairs were verified by melt
curve analysis and agarose gel electrophoresis.

E=10 (Equation 2-1),

Table 3-2. Accession numbers of genes investigated in this study, with primer pairs (5’ to 3’) for real-time
PCR and length of amplified sequence with calculated amplification efficiencies.

Gene ‘?\Iclifs;i:: Forward Primer Reverse Primer Lf[l)llf)t h E
B-actin X00182 CTG AAC ii(ci AAA GCC CAC C/éEAC?g[SéG AGT 147 1.91
MMP-2 Uo7775 TGG TG,{((}}(?};E}CT ACC GAG TGigg’ééAT CCC 122 1.99

MMP-13  aronosrs  GACCCTGOAGCACTG  TGGGTTGGGATCTCT )y
TGF-ﬁZ X58071 TGG CT%E?&E}AC AGA TTG CTTcié(:}](‘}CT CCT 118 1.95
TIMP-2  Aboges  AGTGCCTCTGGACAG  GICGAGAMACTCCIC
Aggrecan MS88101 ACT GGGT?}:{‘”I;}TAT CGC GCC TGC 11:;1;;1; GCC CTC 140 1.90

Real-time PCR was performed using StepOnePlus™ Real-Time PCR System (Applied
Biosystems, Foster City, CA) with StepOne Software v2.0. Primer concentration used was 0.5
puM for both the fibrous and cartilaginous scleras. For quantification of mRNA amounts, the Fast
SYBR® Green Master Mix (Applied Biosystems) was used. The thermal cycling protocol
comprised enzyme activation duration of 20 s at 95 °C, denaturation cycle duration of 3 s at 95
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°C, and primer annealing and extension cycle duration of 30 s at 60 °C. Fluorescence was
measured with every cycle at 60 °C for a total of 40 cycles. A total reaction volume of 20 pl/well
included 10% excess volume and a cDNA template amount corresponding to 1 ng RNA per well.
Each sample was analyzed in triplicate.

2.7 Real-time PCR data analyses

Analyses of real-time PCR data were based on the threshold cycle (CT) values of the
PCR products, following previously described methods (Simon, 2003; Vandesompele et al.,
2002). Mean normalized expressions were calculated from our real-time PCR data based on the
threshold cycle means and standard errors for the references as well as for the targets. A standard
curve was generated for each gene under study for quantitative analysis. The Sequence Detection
System software (Applied Biosystems) was used to calculate the baseline and threshold for the
amplification curves. The baseline was set to the initial cycles in which there is little change in
fluorescence signal, and the threshold was set within the exponential growth phase of the
amplification curve.

Mean normalized expressions (MNE) were calculated from the derived amplification
efficiency for each of the reference and target genes using Equation 2-2 (Simon, 2003):

reference, mean

CT

target, mean

MNE = (Ereference )
(E target)

(Equation 2-2),

The standard errors of the mean normalized expressions (SEyng) were also calculated by
applying the differential equation of Gauss for error propagation, represented by Equation 2-3
(Simon, 2003):

SE

g = MNE x

7 2
(ln(Etarget) X SECTtarget, mean ) + (ln(Ereference) % SECTtarget, mean ) ]

(Equation 2-3).

Calculated data were tabulated and reported as MNE + SEyng and plotted over 4 and 48h
for +10, +5, plano, -5 and -10 D monocular lens treatments.

2.8  Statistical analyses

Both ocular dimensions and mean normalized expressions from eyes treated with the
same lens and their contralateral control eyes were compared statistically using paired z-test.
Treatment groups were also compared using two-way ANOVA (Statview, Version 4.0; SAS
Institute; Cary, NC). A p-value of less than 0.05 was used for statistical significance.
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3. Results
3.1 Ocular dimensions

3.1.1 Choroidal thickness

Changes in choroidal thickness are a good measure of short term defocus effects, as
choroidal thickening during hyperopic defocus and choroidal thinning during myopic defocus are
well known and rapidly occurring responses (Wildsoet and Wallman, 1995). Choroidal thickness
was found to significantly increase compared to fellow untreated eyes for chicks wearing +5 D
lenses by 67% and 151% at 4 and 48h, respectively (p < 0.01). Similarly, a significant choroidal
thickness increase was recorded for chicks wearing +10D lenses compared to fellow untreated
eyes with increases of 26% and 156% at 4 and 48h, respectively (p < 0.01; Figure 3-1A). When
the chicks wore negative lenses, the opposite choroidal thickness change was observed (Figure 3-
1B). For chicks wearing -5 D lenses, choroidal thickness was significantly reduced by 19% and
20% at 4 and 48h, respectively (p < 0.05). However, chicks wearing -10 D lenses did not have
significant thickness reduction at 4h, although the mean choroidal thickness was lower in the
lens treated eye (0.171 mm vs 0.193 mm in the fellow eye). At 48h, chicks wearing -10 D lenses
had significantly lower choroidal thickness by 29% compared to fellow untreated eyes (p <
0.01). Plano lens-wearing group was included to determine if there was any effect of simply
wearing a lens without defocusing power. Chicks wearing plano lenses had significantly
increased choroidal thickness in the lens treated eye compared to the fellow untreated eye by
20% and 18% at 4 and 48h, respectively (p < 0.05; Figure 3-1C).

3.1.2 Axial length

In this study, the axial length, a measurement along the optical axis of the eye including
all ocular components except the sclera, was calculated to detect changes in overall ocular
elongation during treatment. No statistically significant changes in axial length were found in the
treated eyes of the positive, negative, or plano lens groups compared to their respective fellow
eyes (Figure 3-1D, E, F). Overall, in almost all groups, both treated eyes and their fellows
elongated, representing normal ocular growth over 48h.

3.2 Yield and quality of RNA

The average OD,60/ODagp ratio was 1.87 for fibrous sclera and 1.97 for cartilage sclera.
RNA integrity was confirmed by agarose gel electrophoresis as the 28S and 18S ribosomal RNA
bands are visible and no DNA band was observed (Figure 3-2A). The mean difference in the
threshold cycle value was 0.28+0.22 in the cartilaginous sclera and 0.23+0.32 in the fibrous
sclera (n = 6, each).
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Figure 3-1. Choroidal thicknesses and axial lengths of positive (A, D), negative (B, E), and plano (C, F)
lens-treated groups measured (n = 6 for each group) at 0, and either 4 or 48 h. Chicks were 3-wks old at
start of experiments.
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3.3 Real-time PCR product verification

Specificity of the real-time PCR assay was confirmed by both agarose gel electrophoresis
and melt curve analyses. Agarose gel electrophoresis demonstrated single bands between 100-
200 bp, further confirming reliability of the PCR runs (Figure 3-2B). Melt curve analyses
showed individual peaks corresponding to a single DNA product for each gene, with melting
points for B-actin at 85.5°C, MMP-2 and MMP-13 at 74.5°C, TGF-f2 at 72.5°C, TIMP-2 at
78.5°C, and aggrecan at 78.5 °C (Figure 3-2C).
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Figure 3-2. Diagrams showing (A) agarose gel electrophoresis, displaying distinct bands of 28S and 18S
ribosomal RNA, verifying RNA integrity, (B) agarose gel electrophoresis, confirming single distinct bands
for each PCR product, and (C) melt curve analyses showing distinct melting temperatures of each PCR
product. Lanes 1 through 6 in (A) and (B) correspond to p-actin, MMP-2, MMP-13, TGF-p2, TIMP-2, and
aggrecan, respectively.

3.4  Gene expression in cartilaginous sclera versus fibrous sclera

Gene expression levels in the chick cartilaginous and fibrous scleral layers were different,
with all CT values higher (i.e. lower mRNA expression) in the fibrous sclera than in the cartilage
sclera for all genes tested (Figure 3-3). In particular, aggrecan mRNA expression was found to
be much lower in the fibrous sclera than in the cartilaginous sclera, by approximately 8.8 cycles.
With the quantity of DNA doubling every cycle, this expression difference is equivalent to 2**
(about 450) times higher expression in the cartilaginous layer.
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Figure 3-3. Threshold cycle (CT) values for all genes measured in the fibrous and cartilaginous scleras.
Reported values are mean = standard deviation. N = 60 for each of the fibrous and the cartilaginous
sclera. Higher CT values correspond to lower mRNA expression levels.

3.5 Changes in mRNA expression levels in the fibrous sclera

3.5.1 Positive lens treatment

Eyes treated with +5 D lens showed a more than 3 fold decrease in MMP-2 expression
compared to the fellow eye from 4 to 48h (ANOVA, p = 0.0262; Figure 3-4A), while plano lens-
treated eyes showed significantly increased MMP-2 expression compared to fellow eye at 48h
(paired t-test, p < 0.01; Figure 3-4A). MMP-13 expression for eyes treated with +10 D lens had
significantly lower expression compared to fellow eye at 48h (paired t-test, p < 0.01; Figure 3-
4B). Plano lens had significantly increased MMP-13 expression compared to fellow eye at 48h
(paired t-test, p < 0.01; Figure 3-4B). Eyes with +5D lens treatments showed significantly higher
TIMP-2 expression levels compared to plano lens group from 4 to 48h (ANOVA, p < 0.05;
Figure 3-4C). No significant differences in TIMP-2 expression levels were found between
positive lenses and their fellow eyes in any treatment group. TGF-B2 was expressed in
significantly higher amounts for +10 D lens treatment compared to plano lens treatment (paired
t-test, p < 0.05). At 4 h, TGF-p2 expression was significantly lower for both +5 and +10 D lens
treatments compared to respectively fellow eyes (paired #-test, p < 0.05).
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Figure 3-4. Mean normalized expressions in the fibrous sclera of MMP-2 (A, E), MMP-13 (B, F), TIMP-2

(C, G), and TGF-p2 (D, H) after monocular treatment with +10, +5, plano, -5, or -10 D lenses for 4 or 48h.
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3.5.2 Negative lens treatment

Eyes treated with -5 D lens had significantly lower MMP-2 expression compared to the
fellow eye at 4h (paired #-test, p = 0.0189; Figure 3-4E), but had significantly higher expression
compared to the plano lens group at 4h (paired z-test, p < 0.05; Figure 3-4E). Eyes treated with -
10 D lens had significantly higher expression of MMP-2 compared to plano lens group at 4 h
(paired #-test, p < 0.01; Figure 3-4E). MMP-13 expression for eyes treated with -5 D lens had
significantly higher expression compared to fellow eye at 4h (paired ¢-test, p < 0.01; Figure 3-4F)
and 48 h (paired t-test, p < 0.01; Figure 3-4F). Both -5 and -10 D treatment groups had
significantly higher expressions compared to the plano treatment group at 4h (paired #-test, p <
0.05; Figure 3-4F), but had significantly lower expressions compared to the plano treatment
group at 48h (paired t-test, p < 0.01; Figure 3-4F). Chick eyes treated with -10 D lenses had
significantly lower TIMP-2 expression compared to plano lens treatment and fellow eyes at 4h
(paired t-test, p < 0.01; Figure 3-4G). Treatment with -10 D lenses significantly increased TIMP-
2 expression compared to plano eyes from 4 to 48h (ANOVA, p < 0.05; Figure 3-4G). Treatment
with -5 D lenses significantly increased TGF-f2 expression compared to fellow eye at 4h (paired
t-test, p < 0.01; Figure 3-4H), but was significantly decreased at 48 h (paired #-test, p < 0.01;
Figure 3-4H). On the other hand, TGF-f2 expression was significantly higher compared to plano
lens treatment groups from 4 to 48h (ANOVA, p <0.05; Figure 3-4H).

3.6  Changes in mRNA expression levels in the cartilaginous sclera

3.6.1 Positive lens treatment

Eyes treated with +10 D lenses showed significantly higher MMP-2 expression compared
to fellow eyes at 4h (paired z-test, p < 0.01; Figure 3-5A), and also compared to plano lens
treated eyes at 4 and 48h (paired #-test, p < 0.01; Figure 3-5A). Eyes treated with +5 D lens had
significantly greater increase in MMP-2 expression from 4 to 48h (ANOVA, p < 0.05; Figure 3-
5A). The plano lens treated eyes showed significantly decreased expression of MMP-13
compared to fellow eyes at both 4 and 48h (paired #-test, p < 0.01; Figure 3-5B). Eyes treated
with +5 D lenses had significantly reduced MMP-13 expression compared to plano treated eyes
from 4 to 48h (ANOVA, p < 0.05; Figure 3-5B). Eyes treated with +10 D lenses had
significantly higher TIMP-2 expression at 4h compared to fellow eyes (paired #-test, p < 0.01;
Figure 3-5C). TGF-p2 level was significantly increased in +10 D lens-treated eyes compared to
fellow eyes at 4h (paired #-test, p < 0.01; Figure 3-5D). For +5 D lens-treated groups, TGF-p2
expression was significantly lower from 4 to 48h compared to plano lens treated eyes (ANOVA,
p < 0.05; Figure 3-5D). At 48h, both +5 and +10 D lens-treated eyes had significantly decreased
TGF-B2 compared to plano lens treated eyes (paired t-test, p < 0.01; Figure 3-5D).
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Figure 3-5. Mean normalized expressions in the cartilaginous sclera of MMP-2 (A, E), MMP-13 (B, F),
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3.6.2 Negative lens treatment

Eyes treated with -5 D lenses had significantly increased MMP-2 expression compared to
plano treated eyes from 4 to 48h (ANOVA, p < 0.05; Figure 3-5E). At 48h, -10 D lens treatment
resulted in significantly greater MMP-2 expression compared to plano treated eyes (paired z-test,
p < 0.05; Figure 3-5E). For MMP-13 expression, -5 and -10 D lens-treated eyes had significantly
lower expression compared to plano treated eyes at 4h (paired #-test, p < 0.01; Figure 3-5F).
Plano lens treated eyes had significantly reduced MMP-13 expression compared to fellow eyes
(paired #-test, p < 0.01; Figure 3-5F). TIMP-2 expression was significantly increased for both -5
and -10 D lenses compared to plano treated eyes from 4 to 48h (ANOVA, p < 0.01; Figure 3-
5G). Eyes treated with -5 and -10 D lenses at 4 and 48h all had significantly higher TIMP-2
expression compared to respective fellow eyes (paired #-test, p < 0.05; Figure 3-5G) except for -
10 D lens treated eyes at 4h, which had significantly lower TIMP-2 expression compared to
fellow eyes (paired #-test, p < 0.05; Figure 3-5G). TGF-B2 expression for both -5 and -10 D
lenses were significantly lower compared to plano lens treated eyes from 4 to 48h (ANOVA, p <
0.01; Figure 3-5H). Plano and -10 D lens-treated eyes had significantly lower TGF-p2

expression compared to their respective fellow eyes (paired #-test, p < 0.05; Figure 3-5H).
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Figure 3-6. Percent differences of mean normalized expressions of TGF-$2 between lens-treated eyes
and fellow eyes in both the (A) fibrous and (B) cartilaginous scleral layers at 4 and 48h treatment
duration. N = 6 in each group.

3.7 Interocular differences in TGF-B2 expression

Analysis of interocular differences in TGF-f2 expression in +10, +5, -5, and -10 D lens-
treated groups in the fibrous sclera revealed that mRNA levels at 4h were significantly decreased
for positive lens wear, but increased for negative lens wear (paired #-test, p < 0.01; Figure 3-6A).
This effect was reversed by 48h, with positive lens treatment inducing significantly higher TGF-
B2 expression than the negative lens treatment (paired #-test, p < 0.01; Figure 3-6A). In contrast,
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TGF-P2 expression in the cartilaginous sclera was significantly increased with the +5 and +10 D

treatments compared to -5 and -10 D treatments at both 4 and 48h (paired #-test, p < 0.01; Figure
3-6B).

4, Discussion

Although gene expression changes in the two layers of the chick sclera during
experimental myopia and hyperopia were previously studied (Schippert et al., 2006), we sought
to investigate further the gene expression changes in response to changes in treatment duration
and the magnitude of the imposed defocus, in addition to providing data on another matrix
metalloproteinase, MMP-13, which might play a role in eye growth regulation and could be

utilized in future biomaterials development for the inhibition of myopia progression (Su et al.,
2009b).

The transcription of mRNA from a DNA strand occurs rapidly, at about 30 nucleotides
per second at 37 °C, and thus transcription takes about 2 minutes for a typical strand of primary
RNA around 3000-4000 nucleotides. Thus, small proteins of 100-200 amino acids are typically
made by the ribosome in a minute or less, and very large proteins of up to 30,000 amino acid
residues, in 2 to 3 hours (Lodish et al., 2000). Considering that chick MMP-2 has 663 amino
acids, MMP-13 has 378 amino acids, TGF-2 has 412 amino acids, and TIMP-2 has 220 amino
acids, each of these may be translated into proteins from the mRNA in less than 5 minutes in the
body. In short, all of the genes under study can generate protein products in less than 10 minutes
upon activation by defocus signals. Once these proteins begin to work on the extracellular
matrix, the physical effects may be observable within a relatively short time. We have chosen 4
hours as the time period by which the imposed defocus effects would have been well in progress,
and 48 hours as the time period by which other compensatory mechanisms might have
intervened. It is important to keep in mind that due to signal relays, compensation to defocus will
not have occurred by 48h. One can only expect decrease in imposed defocus effect only if
feedback mechanisms and protein products are stable.

The changes in mRNA levels in response to lens treatment could occur either as a result
of lens treatment itself (i.e. attaching a lens) or the imposed defocus. A mild (relative to imposed
positive defocus) but significant increase in choroidal thickness was observed in plano lens-
treated eyes in our study. This could be due to several reasons, including changes in temperature
or optical aberrations. In a previous study (Schippert et al., 2006), chicks wearing binocular
plano lenses for 3 days did not significantly influence any mRNA expression levels. However, in
this study, the plano lens-treatment was monocular, thus leaving the contralateral eye untreated.
The detected change with the plano lens treatment, if an artifact of lens wearing, could influence
overall trends, attenuating the effects of negative lens treatments, since the choroid responded by
increasing thickness in the same direction as the positive lens treatments. However, as for
positive lens treatments, we would expect exaggeration of the response since the positive lens
treatment elicited a choroidal thickness increase in the same direction, albeit a 4-fold higher
increase in thickness compared to the plano lens treatment. Nonetheless, changes due to the
positive lens treatments should have overshadowed the effects of the plano lens treatment in this
study.
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Treatment duration was an important determinant of mRNA levels for several of the
genes studied here for both chick scleral layers. In the fibrous layer, MMP-2 expression was
found to have significantly lower expression in positive lens-treated eyes compared to fellow
eyes, and significantly higher expression in negative lens-treated eyes compared to plano lens-
treated group. TIMP-2 expression was higher with the +5 lens treatment from 4 to 48h compared
to plano lens-treated group. Other studies have also shown opposite results (Rada and Brenza,
1995; Rada et al., 1999), with increased MMP-2 and decreased TIMP-2 mRNA levels in the
myopic fibrous chick sclera. Note that since our scleral harvesting method included the posterior
scleral cup (cut at the equator of eye) except the area containing the pecten, this could have acted
to either dampen or heighten the effects that may be confined to the posterior pole sclera
immediately around the optic nerve head.

For the cartilaginous sclera, MMP-2 expression was significantly higher with +10 D lens
wear compared to fellow eyes at 4h, and +5 D lens wear also induced significantly higher
increase from 4 to 48h. Changes in the mRNA expressions of MMP-2 and TIMP-2 are also
reported in tree shrews, with early MMP-2 expression increases, and some suppression of TIMP-
2 expression in myopic eyes, and returns in expression to baseline levels after 11 days of
treatment (Siegwart and Norton, 2005). Complicating the whole picture is the fact that a lack of
observable changes in mRNA levels of these genes does not necessarily mean a lack of their
involvement in eye growth regulation. Specifically, the activation of pro-MMP-2 occurs through
cleavage by a cell surface complex including MT1-MMP and TIMP-2. Combined with the fact
that upregulation of TIMP-2 is inhibitive to the active MMP-2, this interplay necessarily require
that TIMP-2 has to be tightly regulated. Thus, it is likely that the rate of activation of MMP-2
from pro-MMP2 might be a better index of the regulatory role of MMP-2 rather than changes in
its production during eye growth changes (Guggenheim and McBrien, 1996; Siegwart and
Norton, 2005).

The role of TGF-f2 has been previously examined in other scleral studies (Jobling et al.,
2004; Jobling et al., 2009; Schippert et al., 2006). In our study, we found that TGF-$2 mRNA
expression levels changed in opposite directions, depending on the sign of defocus. Also, in the
fibrous sclera, the direction of the responses at 4h was reversed by 48h for both positive and
negative lens treatments. In contrast, in the cartilage sclera, response magnitudes at 4h were
markedly higher than at 48h, but the directions of the responses were not reversed. Similar
findings in the cartilaginous sclera has been reported previously (Schippert et al., 2006).
Furthermore, responses appear to be graded, increasing with the magnitude of defocus, in that
both +10 and -10 D lenses tend to elicit larger differential responses than +5 and -5 D lenses in
both fibrous sclera (except 48h, Figure 2-6A) and cartilaginous sclera (Figure 2-6B), which has
not been previously reported.

5. Conclusion

In summary, the results added further evidence to support roles for MMPs, TIMPs, and
TGF-PB2 in scleral growth regulation. The mRNA expression levels of TIMP-2 and TGF-$2 in
the fibrous and cartilaginous layers showed opposite trends in response to positive and negative
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lens defocus. Expression levels in the fellow eyes of the two lens groups were not significantly
different, implying that there was no interocular yoking. TGF-B2 expression showed an early
increase with positive lenses in both scleral layers, similar to the finding in the retinal pigment
epithelium after 48h lens wear, and consistent with a role as an inhibitory growth modulator.
However, the transient nature of its up-regulation in the chick sclera suggests additional growth
modulatory influences on the latter. The cartilage expression patterns for MMP-2 and MMP-13
are consistent with the opposite directions of growth induced by positive and negative lenses,
although the lack of changes in some cases suggests additional influences, perhaps reflecting the
additional steps required for MMP activation. Lastly, with the observed changes and previously
demonstrated ability to fabricate MMP degradable biomaterials, the potential for further
development of biomaterials that can respond to MMP activity in myopia progression will
largely depend on there being equivalent changes during myopia development.
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Chapter IV

Scleral Reinforcement through Host Tissue Integration with Biomimetic
Enzymatically-Degradable Semi-Interpenetrating Polymer Network

Abstract

Enzymatically-degradable semi-interpenetrating polymer networks (edsIPNs) were
explored for their biocompatibility and ability to promote new scleral tissue growth, as a means
of reinforcing the posterior wall of the eye. The edsIPNs comprised thermoresponsive poly(/NV-
isopropylacrylamide-co-acrylic acid), customizable peptide crosslinkers cleavable by matrix
metalloproteinases, and interpenetrating linear poly(acrylic acid)-graft-peptide chains to engage
with cell-surface receptors. Rheological studies revealed an increase in stiffness at body
temperature; the complex shear modulus |G*| was 14.13 £ 6.13 Pa at 22 °C and 63.18 + 12.24 Pa
at 37 °C, compatible with injection at room temperature. Primary chick scleral fibroblasts and
chondrocytes cultured on edsIPN increased by 15.1 and 11.1 fold respectively over 11 days; both
exhibited delayed onset of exponential growth compared to cells plated on tissue-culture
polystyrene. The edsIPN was delivered by retrobulbar injection (100 pl) to 9 two-week old
chicks to assess biocompatibility in vivo. Ocular axial dimensions were assessed using A-scan
ultrasonography over 28 days, after which eyes were processed for histological analysis. While
edsIPN injections did not affect the rate of ocular elongation, the outer fibrous sclera showed
significant thickening. The demonstration that injectable biomimetic edsIPNs stimulate scleral
fibrous tissue growth represents proof-of-principle for a novel approach for scleral
reinforcement, and a potential therapy for high myopia.

Chapter IV was reproduced with modification from the following published paper:
Su J, Wall ST, Healy KE, Wildsoet CF, 2009. Scleral reinforcement through host tissue

integration with biomimetic enzymatically-degradable semi-interpenetrating polymer network.
Tissue Engineering Part A, ahead of print. doi:10.1089/ten.TEA.2009.0488.
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1. Introduction

The sclera, being the outer wall of the eye, plays a fundamental role in axial ocular
elongation, undergoing increased remodeling, thinning, and in some cases progressive
biomechanical failure in the region of the posterior pole, leading to the development of
staphylomas. In mammalian and primate eyes, the sclera represents the outer mechanical support
layer of the eye, and is comprised of avascular fibrous connective tissue containing various
collagens and proteoglycans (lhanamaki et al., 2004; McBrien and Gentle, 2003). In mature
sclera, the collagen fibers are layered anisotropically and show a gradient in fiber diameter, with
the smallest fibers found innermost towards the retina. This gradient is lost in high myopia
(Curtin et al., 1979; McBrien et al., 2001a), and the myopic sclera shows additional
ultrastructural and biomechanical changes. For example, there are significant decreases in the
amounts of glycosaminoglycans and proteoglycans in myopic eyes (Avetisov et al., 1983; Norton
and Rada, 1995; Phillips et al., 2000). These changes likely all contribute to the scleral thinning
reported in high myopia in humans and animal models of the same (Marzani and Wallman, 1997,
Nickla et al., 1999a; Norton and Rada, 1995; Rada et al., 1994; Rada et al., 2000), contributing to
observed increases in scleral creep rates and rendering such eyes more vulnerable to the
stretching influence of intraocular pressure (Friedman, 1966; Phillips and McBrien, 2004;
Wildsoet and Wallman, 1995). The fibrous sclera of the avian eye (Figure 4-1A) shares many of
the same features of the mammalian sclera, as well as changes with myopia, but the avian sclera
also includes an additional inner cartilaginous layer, making it much more rigid.

A) fibrous sclera B)
"

cartilaginous sclera ] 1 v

edsIPN fibrous

sclera optic nerve

head

optic nerve

edsIPN orbital fat

under
extraocular muscle

choroid

retina

Figure 4-1. (A) Transverse cross-sectional diagram of a chick eye showing the location of the injected
edsIPN on the outer surface of fibrous sclera with respect to the visual and optical axes, and (B) posterior
view of an enucleated chick eye showing injection site.

Various interventions have been explored to strengthen the myopic sclera, including
chemical- and irradiation-induced scleral collagen crosslinking (Wollensak and Spoerl, 2004),
systemic delivery of methylxanthines to increase scleral collagen concentration and fiber
diameters (Trier et al., 1999), and scleroplasty involving the attachment over the posterior sclera
of allografts or synthetic materials to provide direct mechanical support (Avetisov et al., 1997;
Gerinec and Slezakova, 2001; Tarutta et al., 1999), A sub-Tenon’s injection of a polymeric gel
formulation comprised mainly of polyvinylpyrrolidone has been used to control myopia
progression, but testing has been limited to a Moscow-based small human study and a
mechanistic animal study (Avetisov et al., 1997; Su et al., 2009a), These options have yet to gain
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wide clinical acceptance because of high toxicity (glutaraldehyde, etc.), lack of complete
understanding of the mechanism of action (methylxanthines), limited access to clinical trial data
(polyvinylpyrrolidone injections), and for scleroplasty, limited supply of allograft material, its
invasive nature, and limited data supporting its long-term efficacy (Ward et al., 2009).

As an alternative, we proposed a minimally invasive scleral reinforcement strategy that
takes advantage of the biochemical properties of the host sclera. We have begun testing
injectable and highly tunable biomimetic hydrogels based on poly(N-isopropylacrylamide)
[P(NIPAAm)]. The merits of these synthetic hydrogels include environmental responsiveness
and independent tunability with respect to mechanical properties, customizable biological
ligands that promote cell and tissue adhesion, and controllable protease degradation of the
hydrogel to mediate cellular infiltration (Stile et al., 1999). In particular, hydrogels based on
p(NIPAAm) are known to be injectable at room temperature, while forming viscoelastic solids in
situ at higher physiological (body) temperatures (Stile et al., 1999). In the study reported here,
we used enzymatically degradable semi-interpenetrating polymer networks (edsIPN) composed
of poly(N-isopropylacrylamide-co-acrylic acid) [p(NIPAAm-co-AAc)] with proteolytically
degradable peptide crosslinkers, and physically entangled peptide-functionalized linear
poly(acrylic acid) [p(AAc)] chains that interpenetrate the synthetic hydrogel matrix (Chung et
al., 2006; Kim et al., 2005). Enzymatically-degradable hydrogels, used as biomimetic
extracellular matrix (ECM), have been reported to support human embryonic stem cell self-
renewal (Li et al., 2006), act as vehicles for cell transplantation by sustaining early cellular
remodeling and growth (Kutty et al., 2007), aid myocardium regeneration (Wall, 2008), and
promote mesenchymal stem cell proliferation and bone formation in vivo (Chung et al., 2006).

Based on the known biochemistry of the fibrous sclera and characterization of various
edsIPNs, one formulation was selected for evaluation. Rheological testing was initially
performed to establish the injectability of the edsIPN material and its likely stabilization after
injection in vivo. In vitro cellular proliferation studies, using chick scleral fibroblasts and
chondrocytes, were conducted to establish the cytocompatibility of the edsIPN. In vivo
biocompatibility testing assessed the effects on ocular growth and scleral histology of a one-time
retrobulbar injection of edsIPN, applied against the external scleral surface at the posterior pole
of normal chick eyes. We found that the injected hydrogels preserved the phenotypes of chick
scleral cells, allowed proliferation of both cell types in vitro, and stimulated the addition of
fibrous tissue to the native fibrous sclera when injected in vivo.

2. Materials & Methods

2.1  Synthesis & chemical composition of edsIPNs

All chemicals were purchased from Aldrich (St. Louis, MO) and used without further
purification unless otherwise specified. All water used was ultra pure ASTM type I reagent grade
(18.2 MQecm, pyrogen free, endotoxin <0.03 EU/mL). The edsIPN was synthesized (Figure 4-
2A) by redox radical addition polymerization at room temperature with molar ratios of 95:5:0.3
(NIPAAm: acrylic acid: crosslinker) in 1X Dulbecco’s phosphate buffered saline (PBS;
Invitrogen; Carlsbad, CA) without calcium and magnesium as previously described (Chung et
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al., 2006; Kim and Healy, 2003; Kim et al., 2005). The peptide crosslinker, Gln-Pro-GIn-Gly-
Leu-Ala-Lys-NH; (QPQGLAK-NH,; American Peptide Co.; Sunnyvale, CA), was cleavable by
matrix metalloproteinase-13 (MMP-13) and other collagenases (Kim and Healy, 2003), and
included a glutamine residue to promote solubility, and a lysine residue to provide amine
functional groups for modification. Reacting the peptide with acryloyl chloride in presence of
triethylamine generated amide linkages between the peptide and acrylic group, thereby
introducing bifunctional acryl groups amenable to addition polymerization.
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Figure 4-2. (A) Schematic diagram illustrating the reaction steps involved in the synthesis of edsIPNs. (B)
The thermoresponsive edslPN acts as a synthetic extracellular matrix containing proteolytically
degradable peptide crosslinkers and peptide-functionalized cell adhesion signals. (C) Scanning electron
microscopy image, showing the 3-dimensional structure of the edsIPN. 1000X magnification, scale bar =
20 um.

The inclusion of MMP degradable peptide crosslinkers offers potential control over the
rate of polymer degradation and thus allows control over cellular infiltration, given that MMPs
are known to be involved in scleral remodeling (Schippert et al., 2006; Siegwart and Norton,
2005). The p(NIPAAm-co-AAc) polymer network was interpenetrated by polyacrylic acid-graft-
Ac-CGGNGEPRGDTYRAY-NH, [p(AAc)-g-RGD] linear polymer chains to promote cell
adhesion (Kim et al., 2005). Linear p(AAc) chains (MW 450,000; Polysciences; Warrington,
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PA) were first grafted with maleimide side groups, then the synthetic peptide, Ac-
CGGNGEPRGDTYRAY-NH,; derived from bone sialoprotein (bsp-RGD(15), American Peptide
Co.), was grafted to the maleimide side groups to produce p(AAc)-g-RGD linear chains. The
selection of the bsp-RGD(15) motif was based on its known binding activity to several integrin
receptors, including on, avpPs, Pi, and ap; and known angiogenic activity (Bellahcene et al.,
2000; Harbers and Healy, 2005; Rezania and Healy, 1999). Furthermore, bsp-RGD(15) has been
shown to enhance attachment of fibroblasts (Somerman et al., 1988), and associated integrin
receptors have been implicated in the growth of both normal and myopic mammalian sclera
(Metlapally et al., 2006).

The synthesis of the edsIPNs was achieved by first bubbling nitrogen gas through a
solution of NIPAAm, acrylic acid (AAc), acrylated peptide crosslinker, and p(AAc)-g-RGD in
calcium and magnesium-free PBS for 30 minutes to remove dissolved oxygen. Following
nitrogen purging, 0.8 wt % of ammonium persulfate (AP; Polysciences) and 4% v/v of
N,N,N’,N -tetramethylenediamine (TEMED; Polysciences) were added as initiator and
accelerator, respectively. The mixture was stirred vigorously for 10 s and allowed to polymerize
for 24 h. After polymerization, edsIPNs were washed 3 times in excess water to remove
unreacted reagents, sterilized with 70% ethanol, and again washed 3 times in water to remove the
ethanol. This technique was previously shown to be effective in sterilizing peptide-modified
hydrogels without peptide degradation (Huebsch et al., 2005). The resulting edsIPN structure is
depicted in Figure 4-2B. All edsIPNs were stored in sterile PBS at room temperature prior to use.

2.2 Determination of concentration of grafted RGD

The degree of substitution of bsp-RGD(15) on the p(AAc) chains was assessed using
previously developed methods (Barber et al., 2005; Harbers and Healy, 2005). Briefly,
fluorescein isothiocyanate (FITC) labeled bsp-RGD(15) peptide (Ac-
CGGNGEPRGDTYRAYK(FITC)GG-NH;, American Peptide Co.) was grafted to the p(AAc)
chains as described above and fluorescence was measured in a SpectraMax Gemini XS
fluorometer (Molecular Devices; Sunnyvale, CA) (excitation: 485nm, emission: 438 nm, cut-off:
530 nm). A digestion buffer containing 100 pL of 10 mM Tris-HCI (pH = 8.0, 100 mM CaCl,)
and 1,546 units/mL bovine chymotrypsin was added to each well. Control solution standards
(100 pL/well) containing 0.001-10 uM of peptide were digested in parallel. The fluorescence of
the wells was monitored in situ at 10 min intervals over 2 h period at 25°C. The concentration of
the grafted RGD was then determined and normalized to the weight of the linear p(AAc) chains.
In this study, 300 uM bsp-RGD(15) was chosen to present a significant number of RGD motifs
to the scleral cells. Previous studies indicated that this concentration was sufficient for adhesion,
migration, and proliferation of osteoblasts and cardiac myofibroblasts (Chung et al., 2006; Kim
et al., 2005; Wall, 2008). The grafted bsp-RGD(15) peptide chains have a statistical bulk
distribution within the edsIPN, since the linear p(AAc) chains interpenetrate the synthetic
network (Kim et al., 2005; Stile et al., 2004).

2.3 Electron microscopy imaging of edsIPN

The general surface features of the edsIPN were studied by scanning electron
microscopy. Samples were lyophilized to constant weight. Small thin samples were then broken
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off the lyophilized edsIPN with forceps, placed on adhesive carbon conductive tape, and sputter-
coated with 1-2 nm of gold. Samples were visualized by cold field emission electron microscopy
(Hitachi S-5000) using an accelerating voltage of 10 kV.

2.4  Rheological characterization of edsIPN

To characterize the viscoelastic properties of the edsIPN, dynamic oscillatory shear
measurements were undertaken using a parallel plate theometer (Paar Physica MCR 300, Anton
Paar; Ashland, VA) with sanded 50 mm parallel plates at a gap height of 1.0 mm. A humidity
chamber was placed around samples during testing to prevent dehydration. The lower plate
temperature was regulated with a Peltier heating element connected to a recirculating water bath.
The complex shear modulus |G*| was determined by measuring the storage modulus |G| and loss
modulus |G”| over a temperature range of 22 — 40 °C and a frequency range of 0.001 — 14 Hz at
5% strain, which is within the linear elastic region for the set gels. Samples were heated at a rate
of 1 °C/min. The lower critical solution temperature (LCST) phase transition was determined
using a UV-Vis spectrophotometer to monitor transmittance at A = 500 nm, as a function of
temperature. All rheological measurements were repeated five times for each of five samples of
the synthesized edsIPN.

2.5  Invitro cytocompatibility testing of edsIPNs using chick scleral cells

The presence in the chick sclera of an outer fibrous layer similar in structure to the
mammalian sclera, combined with the fast eye growth and the practical advantages of working
with chicks, provided the rationale for using the chick model in this study. White Leghorn chicks
(Gallus gallus domesticus) were obtained as hatchlings from a commercial hatchery (Privett
Hatchery, New Mexico) and reared in 12/12-hour light/dark cycle, with food and water available
ad libitum. Care and use of the animals were in compliance with the animal use protocol
approved by the Animal Care and Use Committee of the University of California, Berkeley.

Primary chick scleral fibroblasts and chondrocytes were isolated from the eyes of a 1-
week old chick. Immediately after sacrifice, both eyes were enucleated and their outer scleral
surface cleared of extraocular muscles and other adherent orbital tissue. Circumferential
incisions at the equator were performed to remove the anterior ocular segments, and
subsequently the vitreous, retina, and choroid were removed from the remaining scleral cups.
The scleral cups were then put into Ringer’s buffer, and the outer fibrous sclera separated from
the inner cartilaginous sclera using sharp (fine pointed) forceps. The separated tissues were cut
into small, I mm x 1 mm pieces, and digested by incubation with 0.3% w/v dispase (Bacillus
polymyxa; Calbiochem; La Jolla, CA) and 0.2% w/v collagenase (Clostridium histolyticum;
Calbiochem) in Dulbecco’s modified Eagle medium (DMEM) and Ham’s F-12 media (1:1) with
10% fetal bovine serum (FBS; Invitrogen) supplemented with 1% penicillin-streptomycin
antibiotic (Invitrogen) at 37°C. In each case, the media was removed by centrifugation (1200 g
for 1 min) after a 48 h enzymatic digestion period, and the softened tissue was gently pipetted 3
times in additional 1:1 DMEM/F-12 media to physically dissociate the cells. The cell-containing
media was then filtered through a 40-um sieve (Falcon cell strainer nylon; Becton Dickinson;
Franklin Lakes, NJ) to remove undissociated cell and tissue aggregates. The filtered media with

65



dissociated cells was centrifuged and then replaced with fresh media prior to cell counting with a
hemacytometer.

Primary chick fibroblasts and chondrocytes were seeded at a cell density of 2.0 x 10°
cells/cm® onto 48-well tissue culture-treated polystyrene (TCPS) plates, either directly onto
TCPS or on top of the edsIPN, which uniformly covered the bottom of the wells. Cells were
subsequently cultured in 1:1 DMEM/F-12 media with 1% penicillin-streptomycin and 10% FBS,
and placed in 5% CO, incubator at 37°C. Phase contrast microscope images of the cell cultures
were taken at 1, 6, and 11 days post-seeding. A CyQUANT® cell proliferation assay kit
(Molecular Probes) was used, following the manufacturer’s instructions, to quantify cell
proliferation on a daily basis over an 11 day period. A hemacytometer was also used to
independently confirm the cell numbers. Five samples were used for each time period and
measured in triplicate.

2.6 Invivo ocular biocompatibility assessment of edsIPNs

To assess the effect of the designed edsIPN on the ocular sclera, an in vivo experiment
using 2-week old White Leghorn chicks (G. gallus domesticus; n = 9) was undertaken. The
chicks received a retrobulbar injection of 100 pL edsIPN. All polymer injections were
monocular, assigned randomly to the left or the right eye; the untreated fellow eye served as
controls. Prior to implantation, chicks were first anesthetized with 2% isoflurane in oxygen.
Access to the orbit was gained through a small temporal incision. A 7-0 silk anchoring suture
was placed in the anterior sclera to rotate and fixate the eye to allow easier access to the posterior
pole. The polymer was delivered over the posterior pole, between the sclera and the dorsal
oblique extraocular muscle using a curved, blunt-end 19-gauge needle (sub-Tenon’s anesthesia
cannula needle, BD Ophthalmic Systems; Franklin Lakes, NJ) with the aid of a surgical
microscope, which also allowed unwanted anterior diffusion of the injected edsIPN to be ruled
out. An antibiotic ointment was applied prophylactically, after suturing closed the incision site.
The anatomical position of the injected edsIPN is shown with respect to the visual axis (Figure 4-
1A) and for an enucleated eye (Figure 4-1B).

2.7  Measurement and analyses of ocular dimensions & refractions

Axial eye growth was monitored in vivo using a custom high frequency 30 MHz A-scan
ultrasonography set-up that offers measurement precision down to 10 pm (Nickla et al., 1998).
The thickness of the sclera and all other axial ocular components (anterior chamber depth, lens
thickness, vitreous chamber depth, retina, and choroid) were obtained by averaging data from a
minimum of 12 measurements per eye per time point. Chicks were anesthetized with 1.5%
isoflurane in oxygen for all measurements. Data were collected for all chicks on the day of but
before the injection (day 0; baseline), as well as at weekly intervals out to 28 days. Only data
from the 6 birds that completed the 4-week monitoring period were included in ultrasonography
data analyses. Data for treated and fellow eyes were normalized so that their baseline means
matched the overall baseline mean for all eyes. Scleral cup depth data were obtained by adding
together the vitreous chamber depth, retinal thickness, and choroidal thickness, as an index of
scleral surface area. Scleral thickness was not included in this parameter to allow for the
possibility that it changed independently of scleral surface area. It was also not included in the
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derived axial length parameter, which was calculated as the sum of anterior chamber depth, lens
thickness, and scleral cup depth. Neither anterior chamber depth or lens thickness was reported
separately as they were not affected by the treatment. Axial length was used as an index of ocular
elongation. In addition to ultrasonography, endpoint refractions were measured by streak
retinoscopy on the eyes of the same birds at end of the monitoring period. Treatment-induced
changes in refraction can be expected from effects on either or both the curvature of the optical
components of the eye, and ocular growth. Normalized data from treated and fellow control eyes
were compared statistically using two-way repeated-measures ANOVA and paired z-test
(Statview, Version 4.0; SAS Institute; Cary, NC). A p-value of less than 0.05 was used for
statistical significance.

2.8 Histological analyses of in vivo effects of injected edsIPN

To further investigate the scleral effects of the edsIPN implants, one chick was randomly
picked for sacrifice at weekly intervals post-injection for histological analysis. Eyes were
carefully enucleated immediately after sacrifice, leaving the implants and any associated
connective tissue in place, and visually inspected under a surgical microscope. The anterior
segments of the eyes were then removed and the posterior eyecups fixed overnight at 4°C in 4%
paraformaldehyde in 0.1M Sorensen’s buffer with 3% sucrose. The fixed eyecups were then
rinsed three times in 0.IM Sorensen’s buffer for 10 min each, before being cryoprotected
overnight with 30% sucrose in 0.1M Sorensen’s buffer at 4°C. Afterwards, eyecups were
embedded in Tissue-Tek O.C.T. compound at -25°C using a dry ice-chilled alcohol slurry. The
frozen blocks were clearly marked to allow localization of the posterior pole of the eyecups in
subsequent sectioning. Cryostat sections, 10 um in thickness, were cut in a temporal to nasal
direction, air-dried and stained by hematoxylin and eosin (H&E) and Masson’s trichrome
(American MasterTech Scientific; Lodi, CA). Histological findings are qualitatively described
for all time points, and thickness data for the band of new fibrous tissue generated by cellular
infiltration of the implants, i.e. the scleral integration layer, are also described for the 4-week
time point.

3. Results

3.1 Characterization of the edsIPNs

At room temperature, the synthesized edsIPNs were optically clear and easily
deformable. Scanning electron microscopy images revealed the edsIPN to have an overall porous
structure with interconnected pores and rough surface (Figure 4-2C). The concentration of the
grafted bsp-RGD(15) was 36.5 umol/g of p(AAc), established using a FITC-conjugated bsp-
RGD(15) peptide.

The viscoelastic properties of edsIPN, shown as plots of the complex shear modulus |G*|
as functions of frequency and temperature (Figures 4-3A, B), were similar to previously reported
data (Kim and Healy, 2003; Kim et al., 2005). The edsIPN had a lower |G*| at 22 °C than at 37
°C (Figure 4-3A). The temperature-dependent viscoelastic behavior was also consistent with the
measured onset of the phase transition, starting at 35°C (Figure 4-3B). The phase angle varied
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from 5° to 10° during the experiments. The mean |G* was 14.13 £ 6.13 Pa at 22 °C and 1 Hz,
and was 63.18 = 12.24 Pa at 37 °C at the same frequency, representing a 4.5 fold increase in |G ¥
due to the LCST transition. These properties were compatible with our requirement of a polymer
that can be easily injected through a 19G needle at room temperature, and yet will set and so
remain localized to the site of injection at body temperature.
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Figure 4-3. Results of rheological measurements of 95:5:0.3 (NIPAAm: AAc: crosslinker) edsIPN with
300 uM bsp-RGD(15). The complex modulus plotted against frequency at 22 and 37 °C (A), and plotted
against temperature at frequency setting of 1 Hz (B).

3.2 Invitro cytocompatibility assay using chick scleral cells

The chick scleral fibroblasts and chondrocytes exhibited different morphology,
depending on whether they were cultured on the edsIPNs or TCPS (Figure 4-4A). On TCPS, the
fibroblasts spread and possessed a spindle shaped morphology throughout the growth period
(ScF TCPS, Figure 4-4A), while in contrast, scleral fibroblasts cultured on edsIPN had a rounded
morphology from the outset, and maintained this morphology throughout the 11-day culture
period (ScF edsIPN, Figure 4-4A). On edsIPN, the scleral chondrocytes also exhibited at 1 day
after seeding, a phenotypic rounded morphology, which was maintained throughout the growth
period (ScC edsIPN, Figure 4-4A). Although the chondrocytes cultured on TCPS initially also
exhibited a rounded morphology, they started to lose this morphology by day 6, exhibiting a
fibroblast-like morphology by day 11, suggesting dedifferentiation into fibroblasts (ScC TCPS,
Figure 4-4A).

In addition to the above morphological differences observed with the two different
culture surfaces, the scleral cells also exhibited related differences in their rates of proliferation.
Scleral fibroblasts proliferated more rapidly over the 11-day period when cultured on TCPS
compared to edsIPN (Figure 4-4B). On TCPS, the exponential growth phase for scleral
fibroblasts began around day 3 and ended around day 7, after which the cells continued to
proliferate at a slower pace, reaching confluence at 7.98 + 0.48 x 10* cells/cm? (filled circles,
Figure 4-4B), a 38.9 fold increase over seeding density.
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Figure 4-4. Phase contrast images of scleral fibroblasts (ScF) and scleral chondrocytes (ScC) cultured on
edsIPN and tissue culture polystyrene (TCPS) at 1, 6, and 11 days post-seeding (A) (10X magnification.
Scale bar = 100 ym); cells retained normal phenotypic appearance longer on edsIPN but grew more
slowly. Cell density plotted against days in culture for ScF and ScC on either edsIPN or TCPS over 11
days (B); both cell types proliferated slower on edsIPN than on TCPS. Bar chart shows percent increase
of cells over initial attached number of cells (C); lower growth rate recorded for ScC on edsIPN compared
to all other groups.

On the other hand, the exponential growth phase for scleral fibroblasts cultured on
edsIPN was delayed until day 7, and lasted until around day 10, with a cell count at that time of
3.22 + 0.39 x 10* cells/cm’ (open circles, Figure 4-4B), a 15.1 fold increase over their initial
seeding density. Similarly, scleral chondrocytes exhibited delayed growth profiles on the edsIPN.
For these cells, the exponential growth phase started on day 7 when cultured on edsIPN,
compared to day 3 for TCPS. On TCPS, scleral chondrocyte density reached confluence at 7.78
+0.64 x 10" cells/cm?®, a 37.9 fold increase over seeding density, similar to the density achieved
by scleral fibroblasts on TCPS (filled squares, Figure 4-4B). On edsIPN, scleral chondrocytes
grew exponentially from day 7 to 11, when the cell density reached 2.42 + 0.37 x 10* cells/cm®
(open squares, Figure 4-4B), an 11.1 fold increase over seeding density. In addition to the
delayed growth responses seen with edsIPN, both cell types showed significant early losses over
the first day in culture. On the edsIPN, fibroblast density decreased by 67.5% from their seeding
density to 650 cells/cm®, with comparable figures for chondrocytes of 46.5% and 1,070
cells/cm?. Early losses were much smaller for the TCPS, a decrease of 17.5% to 1,650 cells/cm?,
for scleral fibroblasts, and of 20.0% to 1,600 cells/cm? for scleral chondrocytes.

Cell density data were further analyzed with Verhulst’s logistic growth model (Harbers
and Healy, 2005; Thieme, 2003), which assumes exponential growth with contact inhibition, and
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contains the following parameters: effective growth rate (r), time in days (¢), maximal substrate
carrying capacity (K), and initial cell number (Nj).

K

1+ (}5 - 1) exp(-rt)

0

N(1) =

(Eqn. 4-1)

For each culture surface and cell type, both the initial cell numbers and carrying capacity
were determined experimentally, by counting cells 2 h after seeding as well as after reaching
confluence or near confluence, respectively. For scleral chondrocytes and fibroblasts cultured on
edsIPN, effective growth rates () were 0.19 and 0.27 day™, corresponding to cell population-
doubling times (//r) of 5.3 and 3.7 days, respectively. The effective growth rates of scleral
chondrocytes and fibroblasts cultured on TCPS were both higher than those recorded for edsIPN,
i.e. 0.51 and 0.60 day’, corresponding to cell population-doubling times of 2.0 and 1.7 days,
respectively. The calculated carrying capacity was 8.0 x 10* cells/cm” for TCPS; approximately
double the capacity of the edsIPN of 3.9 x 10* cells/em®. In order to normalize the effect of
initial cell adhesion on cell proliferation, the percent cell number increase was calculated using
the following equation,

, N,-N,
% cell increase = N x100  (Eqn. 4-2)

1

where Ny is the maximum cell density at day 11, and N; is the initial attached cell density after
day 1. The ScF edsIPN, ScF TCPS, and ScC TCPS groups all recorded similar percent increases,
i.e., 4853.8%, 4736.4%, and 4762.5%, respectively. However, ScC edsIPN group increased just
2272.5%, slightly less than half of the values recorded by the other groups (Figure 4-4C).

3.3 Effect of edsIPN on in vivo axial ocular dimensions & refractions

A sample ultrasonography trace obtained from an eye 28 days after the edsIPN injection
is shown in Figure 4-5A. The injected edsIPN had no negative effects on either ocular growth or
refractions. Only parameters likely to be affected by the treatment are described here.

Comparison of the normalized axial length data for edsIPN treated eyes and their fellows
revealed no significant difference between them (Figure 4-5C). Over the 28-day monitoring
period, the axial lengths of edsIPN-injected eyes grew by 1.450 mm to 12.464 + 0.052 mm,
compared to 1.444 mm to 12.458 + 0.051 mm for fellow eyes.

Scleral cup depths, which served as an index of scleral surface area, also did not show
any significant differences between treatment and fellow eyes (Figure 4-5C). Over the 28-day
monitoring period, the scleral cup depth of edsIPN-injected eyes grew by 0.705 mm to 7.403 +
0.042 mm, compared to 0.703 mm to 7.401 + 0.038 mm for fellow eyes.

Normalized scleral thickness increased for edsIPN-injected eyes from 124 £ 3 um at
baseline to 142 + 6 um by day 28, compared to 148 £ 4 um for fellow eyes (Figure 4-5B).
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Additional peaks were observed in some of the ultrasonography traces behind the peak
corresponding to the external sclera, perhaps originating from the injected edsIPN and/or added
fibrous tissue, but such peaks were not consistently observed and thus were not analyzed in this

study.
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Figure 4-5. Sample trace recorded using high frequency A-scan ultrasonography (A), showing ocular
components of interest: 1) anterior chamber, 2) lens, 3) vitreous chamber, 4) retina, 5) choroid, and 6)
sclera. Scleral thickness (B) as well as scleral cup depth and axial length (C) plotted against time for
edsIPN-injected or fellow chick eyes, which show similar growth patterns, confirming the biocompatibility

of the edslIPN.

Endpoint refractions (measured in diopters, D) and number of eyes measured at 28 days
are summarized in Table 4-1. The refractions of the edsIPN injected and fellow control eyes
were near zero (emmetropic) and not statistically different from each other.
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Table 4-1. Mean endpoint refraction * standard error (in diopters, D) of chick eyes at 28 days post-
injection.

Eye Refraction (D) Number of Eyes
Control (fellow) 0.3+1.1 6
edslPN injected 02+1.9 6

3.4  Scleral histology

With careful enucleation and subsequent removal of adhering fatty tissues from
enucleated eyes, it proved possible to visualize the injected edsIPNs at their expected location,
attached to the sclera at the posterior pole of eyes (Figure 4-1B). However, their location was
more readily visualized in the frozen sections, which were prepared from edsIPN treated and
untreated control eyes, collected at weekly intervals over 4-week treatment period (Figure 4-6).
One week after its injection, the edsIPN was seen positioned between the posterior outer scleral
surface and the inner surface of extraocular muscle (week 1, Figure 4-6), bringing the edsIPN in
close proximity to blood vessels in the latter case (red arrow, week 1, Figure 4-6). The numerous
small clear vesicles within the edsIPN-injected space were most likely fractured gels due to
injection and/or histological processing.

Weeks

edsIPN
Injected

Fellow

LN
CS FS EM

Figure 4-6. Representative H&E-stained histological sections of scleras from eyes treated with edsIPN
compared to fellow untreated eyes, collected at weekly intervals from 1 to 4 weeks (10X magnification;
scale bar = 100 ym; CS = cartilage sclera; FS = fibrous sclera; EM = extraocular muscle). Red arrow
points to blood vessel in 1 wk post edsIPN-injected section. Red box indicates region where substantial
fibrous tissue integration with edsIPN has occurred in 4 wks edsIPN-injected section.

Over the remainder of the treatment period, progressively more collagen was deposited
and cell infiltration increased (weeks 2, 3 & 4, Figure 4-6). By week 4, the edsIPN was largely
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replaced by dense fibrous connective tissue (red box, week 4, Figure 4-6), and there was clear
indication of cell migration from the fibrous sclera into the edsIPN matrix (Figure 4-7A thru C),
demonstrating integration of the edsIPN with the host fibrous layer. The thickness of the scleral
integration layer adjacent to the host fibrous layer ranged approximately between 20-180 um at 4
weeks. The cells observed in the edsIPN matrix are likely to be fibroblasts originating from the
host sclera, monocytes originating from blood vessels in extraocular muscles, or both, although
no specific markers were used to identify the cells in this study. In addition, at 4 weeks, there
was evidence of deposition of collagen-like fibers within the edsIPN matrix (Figure 4-7D and E);
the orientation of these fibers was more disorderly than in those of the native fibrous sclera.
None of the chick eyes showed any evidence of inflammation, i.e. redness or swelling, over the
course of the treatment period.

CS FS edsIPN

Figure 4-7. Histology section of posterior pole region of sclera from eye injected with edsIPN, sampled at
4 weeks, stained with H&E (A-C) or Masson’s trichrome (D-E), and photographed at increasing
magnification. CS = cartilage sclera, FS = fibrous sclera, EM = extraocular muscle. EdsIPN partly
integrated with fibrous sclera (A, 10X magnification, scale bar = 100 ym); red arrows in B points to nests
of cells within the edsIPN matrix (40X magnification, bar = 50 ym); red arrows in C indicate presumed
fibroblasts in fibrous sclera and fibrotic edsIPN matrix (100X magnification, bar = 20 uym); light-blue
stained collagen fibers within edsIPN (E, 63X magnification, bar = 50 ym); section from posterior sclera
from fellow untreated eye shown at same magnification for comparison (D) .
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4, Discussion

This study aimed to establish the in vitro cytocompatibility of a biomimetic edsIPN with
ocular scleral cells and to investigate its ocular effects in vivo when applied to the outer scleral
surface at the posterior pole of the eye. Although edsIPN of a specific composition and modulus
was used in this study, as a class of materials, edsIPNs are mechanically and biologically
tunable, and degrade when exposed to matrix metalloproteinases (Chung et al., 2006; Kim and
Healy, 2003; Kim et al., 2005). The edsIPN preserved the phenotypes of the scleral cells in vitro,
and the injected edsIPN increased the thickness of the outer wall of the eye by promoting cellular
infiltration and subsequent deposition of collagen into the edsIPN. In addition, eye growth rate
was not affected by the injected edsIPN. These findings suggest that a novel approach to the
treatment of high myopia using injectable biomimetic hydrogels, e.g., edsIPNs, is possible.

For our application, we required the edsIPN to be sufficiently fluid as to be injectible but
to stiffen in the body, to facilitate its retention at the injection site, where its primary role was to
support attachment, migration, and proliferation of scleral cells. /n vitro measurements of the
edsIPN and experience from in vivo studies confirmed the suitability of the tested hydrogel. Its
phase transition was compatible with easy passage through the 19-gauge needle used for
retrobulbar injections, and the stiffening of the edsIPN on exposure to body temperature
stabilized the edsIPN on the posterior sclera. In vitro measurements indicated an approximately
4.5 fold increase in the complex shear modulus with an increase from room to body temperature.
Its modulus never reached that of the native stiffness of the sclera. The shear modulus for chick
sclera is around 5.2 MPa, approximated by using 15.38 MPa as the elastic modulus and 0.48 as
the Poisson ratio, (Battaglioli and Kamm, 1984; Phillips et al., 2000), and for human sclera is on
the order of 0.6 — 1 MPa, approximated by using 1.8 — 2.9 MPa as the elastic modulus and 0.48
as the Poisson ratio (Battaglioli and Kamm, 1984; Friberg and Lace, 1988). Thus, this edsIPN
would not have provided significant mechanical support to the sclera. The low substrate stiffness
of our edsIPN likely also explains why treated eyes showed normal, rather than slowed rates of
scleral cup and overall axial elongation.

The influence of ECM mechanical properties on cell growth is well established, with
relevant observations reported for several cell types including fibroblasts and chondrocytes
(Eckes et al., 2000; Nakagawa et al., 1989; Shieh and Athanasiou, 2003). Specifically, soft
substrates tend to inhibit cell spreading and slow migration compared to their stiffer counterparts
(Irwin et al., 2008; Saha et al., 2008); they also induce differentiation of mesenchymal stem cells
to specific phenotypes (Engler et al., 2006). In the current study, a mechanical influence could
explain both the delayed proliferation and slower overall rates of proliferation for cells cultured
on edsIPN compared to TCPS. After initial attachment, both scleral cell types began proliferating
on TCPS on day 3, while their proliferation was delayed on edsIPN to day 7. From our
calculated percent increase in cell numbers, it is clear that proliferation was slowest for scleral
chondrocytes cultured on edsIPN. Specifically, scleral chondrocytes cultured on edsIPN did not
proliferate as much as the other groups, independent of their low initial cell attachment. It is
likely that their lack of initial attachment was primarily due to the low complex modulus of the
edsIPN, given that scleral chondrocytes naturally reside within a more rigid environment.
Furthermore, it was shown previously that adult human dermal fibroblasts did not proliferate
much, if at all, over 3 days when cultured on gels of similar stiffness (95 Pa in that study
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compared to 63 Pa for our edsIPN at body temperature), but do proliferate significantly when
cultured on higher stiffness gels (Ghosh et al., 2007). Thus, our results for chick scleral
fibroblasts and chondrocytes were consistent with published findings. In follow-up studies we
will optimize the mechanical properties of edsIPN for our intended therapeutic application for
human myopia, and also employ a mammalian in vitro scleral cell culture model, which do not
have a chondrocyte population.

The inclusion of MMP degradable peptide crosslinkers allows controlled cellular
migration for in-growth into the synthetic ECM (Kim et al., 2005). Without the MMP degradable
peptide crosslinkers, the synthetic ECM would not be degradable and would lose the control
mechanism for cellular infiltration based on cell-mediated degradation. The testing of a material
containing biodegradable peptide crosslinkers is in line with our long-term goal to develop a
hydrogel for use in myopia control, since MMP-2 and MMP-13 are known to be upregulated
during myopia progression (Schippert et al., 2006; Siegwart and Norton, 2005). Support for cell
attachment was provided in the design of our edsIPN by grafting of the bsp-RGD(15) peptide
sequences onto the linear interpenetrating p(AAc) chains (Harbers and Healy, 2005). The 300
uM bsp-RGD(15) concentration for the edsIPN was chosen to provide adequate support for
scleral cell adhesion, and this was confirmed in our cell culture study. The statistical bulk
distribution of the grafted bsp-RGD(15) was expected to aid the in vivo performance of the
material by allowing cells to continually attach, proliferate, and infiltrate the synthetic ECM as
an extension of the sclera. However, we observed significantly more early cell loss for scleral
cells cultured on the edsIPN compared to the TCPS. It is possible that our choice of the peptide
ligand was suboptimal or the modulus was too low for in vitro scleral cell culture. It is also
known that ligand presentation and density can affect the phenotypic expression of differentiated
cells (Hsiong et al., 2008; Rezania and Healy, 2000). The effect of substituting alternative
peptide ligands and varying ligand density on initial attachment and growth rates of cells
cultured on the edsIPN will be explored in follow-up studies.

Having established the in vitro cytocompatibility of the edsIPN for chick scleral cells, we
undertook in vivo biocompatibility testing of the same edsIPN. Based on ultrasonography data,
ocular axial dimensions, including scleral cup depth and axial length, were unaffected by the
presence of the edsIPN on its outer surface, suggesting good biocompatibility with scleral tissue.
Note that for both treated and fellow eyes, increases in scleral cup depth over the monitoring
period was slower than that of axial length increase, reflecting the contribution to axial lengths of
the anterior chamber segments, which grew faster than the posterior segment (Figure 4-5C).
However, treated and fellow eyes showed no difference in endpoint refractions, consistent with
the lack of treatment effects on the axial dimensions of the anterior chamber and lens, and ruling
out even subtle effects on the curvature of the cornea and lens, and confirming the safety of the
edsIPN injections.

Over the 4-week experimental period, there was progressive cellular invasion of the
edsIPN with subsequent collagen deposition, as evidenced in histology sections, which revealed
collagen-like fibers highlighted with Masson’s trichrome stain. Remnants of non-degraded
edsIPN were likely present at the 4-week time point since there were small clear regions within
the newly formed fibrous tissue. This interpretation is also consistent with the relatively slow
degradation rate for the degradable peptide crosslinker used in our study, quantified in a separate
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in vitro study (Wall et al., 2009). Compared to native untreated fibrous sclera, the collagen fibers
within the edsIPN appeared to be less organized in orientation. Although the cellular infiltration
of the implants resulted in an apparent thickening of the outer fibrous layer of the sclera, this
increase in thickness was not detected by high frequency ultrasonography, suggesting either that
this scleral integration layer had altered impedance compared to the native sclera, or that the
combined attenuating effect of all the preceding intervening ocular surfaces rendered our device
insufficiently sensitive to detect the boundaries of this most posterior layer. While an extra
fibrous layer was added to the posterior native sclera, the rate of elongation of treated eyes was
not retarded compared to that of untreated fellow eyes. This lack of effect on ocular elongation is
similar to that reported by our group for previously tested HEMA and PVP implants in chick (Su
et al., 2009a), and points to complex interactions between scleral tissue growth and intraocular
pressure as determinants of eye enlargement in the avian eye. It is likely that the same edsIPN-
induced changes will have different effects on the elongation of mammalian eyes, which lack a
rigid inner cartilaginous layer, and also on myopic mammalian eyes whose scleras show
increased remodeling and subsequent thinning (Norton and Rada, 1995).

5. Conclusion

In summary, exploiting the unique properties of the edsIPN has enabled us to design and
synthesize a biomimetic ECM that supports the growth of chick scleral fibroblast and
chondrocyte in vitro, that is compatible with its delivery by retrobulbar injection, and that is able
to support fibrous connective tissue in growth in vivo. Future research will emphasize design
strategies for scleral strengthening in a mammalian model for myopia through the application of
edsIPNs, used on their own or as a vehicle for controlled delivery of myopia retarding agents.
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Chapter V

Polymeric Drug Delivery Vehicles for the Delivery of Atropine at Posterior
Sclera for the Inhibition of Myopia Progression

Abstract

Atropine, a potent muscarinic antagonist, had been investigated in several clinical studies
for its ability to inhibit myopia progression in recent decades. Most reported data were
promising, showing some degree of efficacy over a period of years, but the exact mechanism of
action for this inhibitory effect on myopia progression is still largely unknown. The aim of this
project was to synthesize and test the suitability of a synthetic extracellular matrix (ECM)
hydrogel as an atropine delivery vehicle that allows localized targeting of the posterior sclera for
the control of myopia progression. A synthetic ECM hydrogel composed of a thermo-responsive
enzymatically-degradable semi-interpenetrating polymer network (edsIPN) was synthesized by
redox radical addition polymerization. The edsIPN was lyophilized and allowed to soak
overnight in 1% w/v atropine sulfate solution. /n vitro release kinetics was assessed using UV-
Vis spectroscopy measured at 230 nm and 37 °C. For in vivo testing, forty-eight 12 day-old
chicks (4 groups of 12) wore monocular -10 D lenses for 1 wk to induce myopia, then the lens
power was increased to -15 D and the treated eyes subjected for 2 weeks to either: 1) daily
topical atropine ointment (4 ul, 10 mg/ml); 2) retrobulbar hydrogel-saline (sham) injection (100
pl); 3) retrobulbar hydrogel-atropine injection (100 pl, 10 mg/ml); or 4) no additional treatment.
Ocular dimensions were measured by high frequency A-scan ultrasonography and refractions by
retinoscopy at 0, 1, 2, and 3 wks. Initial burst release in vitro showed that approximately 47% of
atropine was released within the first 30 min, while 90% of atropine was released by 8h. Wile all
treated eyes were significantly longer than their fellows (p < 0.05), interocular axial length
differences were significantly smaller by 21 days for hydrogel-atropine treatment compared to
lens only treatment (p < 0.01). However, endpoint refractions (mean spherical equivalent) of
treated eyes were not statistically different between the treatment groups, although there is a
general trend towards lower refractive errors in the atropine treatment groups. Overall, this study
demonstrated the feasibility of using a synthetic ECM hydrogel to deliver atropine to the
posterior sclera for myopia control.
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1. Introduction

The use of semi-interpenetrating polymer networks (sIPNs) have been widely explored as
potential vehicles for sustained delivery of a number of other drugs, e.g. insulin (Park, 1999;
Vernon et al., 1999), indomethacin (Okano et al., 1990) and diclofenac (Geever et al., 2008).
More widely classified as hydrogels, the benefits of using sIPNs as drug delivery vehicles
include their good overall biocompatibility and ease of solute transport control (Peppas et al.,
2000; Qiu and Park, 2001). Chemical composition, water content, cross linking density, and
crystallinity are some of the major parameters that can be varied to control the release rate of
drug molecules from sIPNs, with the optimal design depending on the delivery route and
physiological conditions encountered in vivo. In this study, we proposed to design and
characterize an injectable sIPN-based sustained drug delivery system for atropine for application
in the treatment of myopia.

Polymeric systems such as enzymatically-degradable sIPNs (edsIPNs) not only open up
the possibility of creating novel tissue scaffolds for controlling scleral remodeling as previously
reported (Su et al., 2009b), but also could potentially be utilized to deliver drugs for the control
of eye growth. The specific properties of sIPNs that could be beneficial for atropine delivery at
the posterior sclera include: (1) being easily handled at room temperature and slightly above, and
able to be delivered through a syringe needle, (2) undergoing a phase transition in situ, allowing
transformation from a soft viscous fluid to stiff elastic solid, to become more similar to the native
extracellular matrix (ECM) environment, and more conducive to cell migration into the gel, (3)
having a high water content, which allows for the transport of O, and macromolecules, (4) a
degradation rate, which is sensitive to the enzymatic activities of matrix metalloproteinases
(MMPs), released by and so regulated by native scleral cells, and (5) allows for the modulation
of the release rate of atropine through variations in the crosslinking density and the degradation
rate of the synthetic polymer matrix.

With respect to pharmacological treatments, atropine, applied topically as eye drops to
the cornea, is the only drug currently in clinical use off-label for the treatment of myopia. First
tested in a clinical trial in 1985 (Bedrossian, 1985), its use remains largely limited to Asian
countries with very high prevalences of myopia because of the many ocular side effects of
topical atropine (Chua et al., 2006; Fan et al., 2007; Lee et al., 2006). These side effects reflect
both the wide distribution of muscarinic cholinergic receptors in the eye and nonselective
binding of atropine to this family of receptors (Hardman et al., 2001). Paralysis of
accommodation resulting in blurred near vision, pupil dilation eliciting glare symptoms, and
inhibitory effects on tear secretion resulting in dry eyes, all contribute to noncompliance
problems associated with chronic use of topical atropine for myopia control.

In addition to its demonstrated efficacy for the control of myopia and the likely reduction
in ocular side-effects with the delivery of atropine directly to the sclera, the possibility that the
anti-myopia action of atropine is effected through a scleral site is an additional reason underlying
our choice of atropine to examine the efficacy of edsIPNs as a slow release delivery device in the
treatment of myopia. With respect to the anti-myopia effect of atropine, the sclera is one of two
sites of action under consideration. The plausibility of a scleral site of action for atropine is
supported by reports of (1) muscarinic receptors on human scleral cells (Qu et al., 2006), (2) up-

78



regulation of M1 and M4 subtypes on scleral cells from myopic (form deprived) guinea pig eyes
(Liu et al., 2007), and (3) changes in chick sclera of DNA and glycosaminoglycan synthesis in
vitro induced by muscarinic antagonists, including atropine (Lind et al., 1998). Evidence for
alternative retinal site of action for atropine comes from studies in chick: (1) when atropine is
administered immediately before form deprivation, a myopia-inducing visual manipulation, it
decreases retinal expression of ZENK, a marker of altered eye growth (Ashby et al., 2007), (2)
atropine alters the effect of dopaminergic drugs such as apomorphine, which have a presumed
retinal site of action for their anti-myopia action (Schmid and Wildsoet, 2004; Schwahn et al.,
2000). Nonetheless, the latter drug interactions were not additive and so a nonretinal site for
atropine could not be ruled out. Also, eliminating the source of retinal acetylcholine by
obliterating cholinergic amacrine cells does not prevent either form deprivation myopia (Fischer
et al., 1998b), or lens-induced myopia (Yew, 2004). While a scleral site of action for atropine is
optimal for the proposed scleral site of application, there is also evidence that drugs applied at
the posterior sclera can reach retinal sites (Barocas and Balachandran, 2008). Therefore, the lack
of resolution on the site for atropine’s anti-myopia action, i.e. retina versus sclera, does not argue
against our approach.

The study reported here investigated ocular growth changes in response to intraorbital
injection of atropine-loaded edsIPNs at the posterior pole of chick eyes wearing negative lenses
to induce myopic growth. The edsIPNs was considered in this study as a platform to deliver
atropine for treating high myopia, not only because this approach will target the posterior sclera
location and thus minimizing ocular complications, but also because the same biomaterial was
previously demonstrated to integrate with and thus potentially strengthen the fibrous sclera. Our
goal was to achieve immediate inhibition of myopia progression through the pharmacological
action of atropine, and provide long-term scleral stability through the thickening of the fibrous
sclera. We anticipated that the atropine would be released within a relatively short time frame
from the edsIPN due to the loose structure of the synthetic polymer matrix. However, we also
predicted some inhibition of myopia progression due to early action of atropine. By using the
chick in the current study, we aimed to learn more about the anti-myopia effect of this
drug-polymer combination as well as provide additional insight into the atropine site of
action for the inhibition of myopia progression, although we also acknowledged the
limitation of the chick model related to its bilayered sclera.

2. Materials & Methods

2.1  Preparation of edsIPNs

The synthesis of edsIPNs followed that described in Materials & Methods section of
Chapter IV. All edsIPNs were synthesized separately in 5 ml volumes. Immediately after the
final rinsing step, the edsIPNs were freeze-dried until constant weight is reached for each
sample. The lyophilized edsIPNs were rehydrated by soaking in 1% w/v atropine sulfate
(Aldrich, St. Luis, MO) solution in phosphate buffered saline at room temperature for 24h. Since
the edsIPNs have the same material characteristics of a hydrogel, the names “edsIPNs” and
“hydrogel” are used interchangeably in describing this study.
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2.2 Invitro release kinetics

Each individual rehydrated edsIPN was sealed separately in tubes of 500 MWCO dialysis
membranes (Spectrum Laboratories, Rancho Dominguez, CA). Approximately 17 of air space
was left to promote floatation of the dialysis tube. Each tube was placed in 200 ml of phosphate
buffered saline (PBS) in sink condition at 37 °C with stirring. The release of atropine into the
surrounding buffer was monitored by UV-Vis spectroscopy at wavelength of 230 nm (Ceyhan et
al., 2001). A standard curve was established using serial dilutions of atropine in PBS, and used to
determine atropine concentrations in test samples. Data were initially collected every 10 min for
the first hour, then hourly until no further changes were observed in the atropine concentration.
Data were plotted as mean concentration + standard deviation.

2.3 Animals & experiments

White Leghorn chicks (Gallus gallus domesticus) were obtained as hatchlings from a
commercial hatchery (Privett Hatchery, Portales, NM) and reared in 12/12-hour light/dark cycle,
with food and water available ad libitum. The room temperature was maintained between 83-
89°F. A total of 48 birds at 12 days old were used for this study. The presence in the chick sclera
of an outer fibrous layer similar in structure to the mammalian sclera, combined with the fast
growth of the chick eye and the practical advantages of working with chicks, provided the
rationale for using the chick model in this study. Care and use of the animals were in compliance
with an animal use protocol approved by the Animal Care and Use Committee of the University
of California, Berkeley, and adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

All chicks (4 groups of 12 each) wore monocular -10 D lenses for 1 wk to induce myopia,
then the lens power was increased to -15 D when treated eyes were also subjected for 2 weeks to
either: 1) daily topical atropine ointment (4 pl, 10 mg/ml); 2) one retrobulbar hydrogel-saline
(sham) injection (100 pl); or 3) one retrobulbar hydrogel-atropine injection (100 pl, 10 mg/ml).
A fourth group wore lenses but had no drug treatment (see Table 5-1). The initial -10 D lens
treatment served to initiate the myopic growth in treated eyes, and the switch to -15 D lens at
week 1 served to sustain this myopic growth pattern over the remainder of the study period. All
treatments were monocular and randomly assigned to either the left or right eye. The
contralateral eyes were left untreated. Prior to injections, chicks were first anesthetized with 2%
isoflurane in oxygen. Access to the orbit was gained through a small temporal incision. A 7-0
silk anchoring suture was placed in the anterior sclera to rotate and fix the eye, to allow easier
access to the posterior pole. The polymer was delivered over the posterior pole, between the
sclera and the dorsal oblique extraocular muscle using a curved, blunt-end 19-gauge needle (sub-
Tenon’s anesthesia cannula needle, BD Ophthalmic Systems; Franklin Lakes, NJ) with the aid of
a surgical microscope, which also allowed unwanted anterior diffusion of the injected edsIPN to
be ruled out. An antibiotic ointment was applied prophylactically, after suturing closed the
incision site.
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Table 5-1. Treatment groups for in vivo assessment of edsIPN-atropine delivery at posterior pole sclera.
All chicks were 12 days old at start of experiment.

Drug Lens Power N Atropine Volume Dosing
Treatment Abbr. (D) (chicks) conc. (ul) Frequenc
(mg/ml) n quency
atropine .
ointment A-O  -10then-15 @ 1 wk 12 10 4 daily
hydrogel- 1o jothen-15@ 1wk 12 0 100 once
saline
hydrogel- 1y A j0then-15@ 1wk 12 10 100 once
atropine
Lens
none Only -10 then -15 @ 1 wk 12 0 0 0

2.4 Measurement and analyses of ocular dimensions & refractions

Axial eye growth was monitored in vivo using a custom high frequency 30 MHz A-scan
ultrasonography set-up that offers measurement precision down to 10 pm (Nickla et al., 1998).
The thickness of the sclera and all other axial ocular components (anterior chamber depth, lens
thickness, vitreous chamber depth, retina, and choroid) were obtained by averaging data from a
minimum of 12 measurements per eye per time point. Chicks were anesthetized with 1.5%
isoflurane in oxygen for all measurements. Data were collected for all chicks on the day of but
before the injection (day 0; baseline), as well as at 1, 2, and 3 weeks after injection.

Data for treated and fellow eyes were normalized so that their baseline means matched
the overall baseline mean for all eyes. Scleral cup depth data were obtained by adding together
the vitreous chamber depth, retinal thickness, and choroidal thickness, as an index of scleral
surface area. Scleral thickness was not included in this parameter to allow for the possibility that
it changed independently of scleral surface area. It was also not included in the derived axial
length parameter, which was calculated as the sum of anterior chamber depth, lens thickness, and
scleral cup depth. Axial length was used as an index of ocular elongation.

In addition to ultrasonography, endpoint refractions were measured by streak retinoscopy
on the eyes of the same birds at end of the monitoring period. Birds were anaesthetized with
1.5% isoflurane during measurements. Treatment-induced changes in refraction can be expected
from effects on either or both the curvature of the optical components of the eye, and ocular
growth. Normalized data from treated and fellow control eyes were compared statistically using
two-way repeated-measures ANOVA, Tukey/Kramer post-hoc test, and paired ¢-test (Statview,
Version 4.0; SAS Institute; Cary, NC). A p-value of less than 0.05 was used for statistical
significance.
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3. Results

3.1  Invitro atropine release

The atropine release from the edsIPN itself was rapid (Figure 5-1), with initial burst
release occurring within the first 30 minutes of testing in PBS. During this initial period,
approximately 47% of the drug content was released into the surrounding PBS solution. After
this time, approximately 90% of the drug was released by 8h. As minimal additional release was
observed up to 12h, it is likely that the rest of the atropine remained in the gel due to
equilibration with the surrounding media and entrapment within the edsIPN matrix. The
calculated release rate of atropine was approximately 5.6 pug/ml/h.

PeRIE
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Figure 5-1. Release of atropine from preloaded edsIPN (mean = standard error). Initial burst release was
observed, with 90% released by 8h.

3.2  Ocular dimensions

Vitreous chamber depth for all treatment groups was found to increase at a significantly
faster rate than fellow eyes (repeated-measures ANOVA, p < 0.05; Figure 5-2A), as expected
from negative lens wear. However, comparison of interocular differences in vitreous chamber
depth across treatment groups revealed that the treated eyes of the hydrogel-atropine treated
group underwent significantly smaller vitreous chamber growth than their contralateral eyes
compared to all other groups (repeated-measures ANOVA, p <0.01; Figure 5-2B).
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Figure 5-2. Ultrasonography measurements of (A) vitreous chamber depth and (B) vitreous chamber
depth interocular differences for all treatment groups over 21 days (mean =+ standard error). H-S =
hydrogel-saline. H-A = hydrogel-atropine. A-O = atropine ointment. Lens = lens only. F = fellow.

Scleral cup depth was found to be significantly lower in the hydrogel-atropine injection
group compared to all other treatment groups (repeated-measures ANOVA, p < 0.05; Figure 5-
3A). However, the expected decrease with scleral cup depth with atropine ointment treatment
was not observed. Comparison of interocular differences in scleral cup depth demonstrated that
both hydrogel-saline and hydrogel-atropine treatment groups had significantly reduced scleral
cup depth increases compared to the lens only or atropine ointment treatment groups (repeated-
measures ANOVA, p < 0.05; Figure 5-4A). The scleral cup depth increase for the hydrogel-
atropine formulation was approximately 43% less than that of the lens only group, while the
increase for the hydrogel-saline group was approximately 27% less than that of lens only group
(Figure 5-4A).

For axial lengths, treated eyes were significantly longer than their fellows (p < 0.05). No
statistically significant differences in axial lengths of treated eyes were found for atropine
treatment group compared to the lens only group (Figure 5-3B). The interocular differences
demonstrated similar effectiveness profiles for hydrogel-atropine and atropine ointment
treatment groups, with interocular axial length differences being significantly lower for these two
groups by 21 days compared to that of the lens only group (paired t-test, p < 0.01; Figure 5-4B).
The interocular differences were similar in the two atropine treated groups, and were
approximately 35% less than that of the lens only group after 21 days of treatment.
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Figure 5-3. Ultrasonography measurements of (A) scleral cup depth and (B) axial length for all treatment
groups monitored over 21 days (mean = standard error). H-S = hydrogel-saline. H-A = hydrogel-atropine.
A-O = atropine ointment. Lens = lens only. F = fellow.
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Figure 5-4. Interocular differences (treated — fellow eye) in scleral cup depth (SCD) and axial length (AL)
for all treatment groups measured over 21 days (mean = standard error). H-S = hydrogel-saline. H-A =
hydrogel-atropine. A-O = atropine ointment. Lens = lens only.
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3.3  Ocular refractions

There was no difference in the refractive errors of the treated eyes between the treatment
groups. The endpoint refractions (means + standard error) in each group were shown in Figure 5-

ity
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Figure 5-5. Endpoint refractions represented in box plot showing the mean endpoint refractions of each
treatment group at 21 days (mean = standard error). H-S = hydrogel-saline. A-O = atropine ointment. H-A
= hydrogel-atropine. Lens = lens only.

Based on comparisons of within-eye changes of refraction My, all treatments
significantly affected refractions, although the atropine ointment treated eyes were less myopic
(p =0.011; Table 5-2) compared to all other treated eyes.

Table 5-2. Summary of within-eye change of refraction (Mgi) data collected for all treatment groups at 21
days. H-S = hydrogel-saline. A-O = atropine ointment. H-A = hydrogel-atropine.

H-S A-O H-A Lens Only

Mugir -8.92x1.82 -7.11x1.69 -9.89+3.95 -0.03+1.12

In looking at the relationship between endpoint refractions and vitreous chamber depths
(Figure 5-6), a high correlation between induced myopia and vitreous chamber depth of treated
eyes was found. This result confirmed the axial nature of the induced myopia.
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Figure 5-6. Endpoint refraction versus vitreous chamber depth for all data demonstrated high correlation
between increasing myopia and higher vitreous chamber depth.

4, Discussion

This study aimed to investigate the potential of using edsIPNs loaded with atropine to
deliver this drug to the posterior sclera for the purpose of inhibiting myopia development in
chicks wearing negative lenses. Previously, the cytocompatibility of a biomimetic edsIPN with
ocular scleral cells and its ocular effects in vivo when applied to the outer scleral surface of the
posterior pole were studied in the chick, and it showed promising potential as scleral tissue
scaffolds (Su et al., 2009b). As a class of materials, edsIPNs are mechanically and biologically
tunable, and degrade when exposed to local endogenous matrix metalloproteinases (Kim and
Healy, 2003; Kim et al., 2005). The edsIPN preserved the phenotypes of the scleral cells in vitro,
and the injected edsIPN increased the thickness of the outer wall of the eye by promoting cellular
infiltration and subsequent deposition of collagen into the edsIPN. In addition, normal eye
growth rate was not affected by the injected edsIPN. These findings supported further
investigation of edsIPNs as a drug delivery vehicle for delivering atropine to the posterior sclera.

The edsIPNs could be an ideal platform to deliver atropine for treating high myopia by
directly targeting the sclera, and in doing so minimizing ocular complications. The main benefits
of this approach include achieving immediate inhibition of myopia progression through the
pharmacological action of atropine, and providing long-term scleral stability through the
thickening of the fibrous sclera. We had expected atropine to be released within a relatively short
time frame from the edsIPN, due to the hydrophilic and loose structure of the synthetic matrix.
This expectation was confirmed by measured in vitro release kinetics, where approximately 90%
of the drug was found to have eluted from the edsIPN by 8h. However, if these in vitro data
translate to the in vivo conditions, this very fast release rate is impractical, limiting the delivery
of atropine to within a couple of days at most. Our application required that the edsIPN to be
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sufficiently fluid as to be injectable but to stiffen in the body, to facilitate its retention at the
injection site for drug delivery. However, this requirement limits the use of higher crosslinking
density that could be employed to retain the drug longer within the edsIPN. The intraorbital
space is composed of mainly fatty connective tissue, and thus fluid exchange rate is expected to
be quite low. As the in vivo release rate could be much reduced due to low fluid exchange rate,
we proceeded to test the atropine-loaded edsIPN in lens-induced myopic chick eyes to
investigate its effects on slowing myopic eye growth.

Even though the in vitro release was relatively rapid, we expected to observe some
inhibition of myopia progression in the lens-induced chick myopia model due to the early
inhibitory action of atropine. This was indeed the case as the increase in vitreous chamber depth
was significantly reduced upon the start of hydrogel-atropine treatment compared lens only
treatments, and this inhibitory effect was maintained up to two weeks after. Interestingly, the
treated eyes in sham group also showed significantly reduced vitreous chamber depth from 1 to 3
weeks compared to the eyes wearing only lenses, although no atropine was present. The reasons
could be that the volume of injected hydrogel at the outer posterior scleral surface was
mechanically restraining the vitreous chamber depth, or that the hydrogel injections triggered a
response in the sclera, slowing its growth. However, our previous findings tends to rule out the
latter (Su et al., 2009b), as normal eye growth response was shown after edsIPN injections.
However, this earlier biocompatibility test was conducted in normal eyes, raising the further
possibility that myopic scleras interact differently with edsIPNs than normal scleras.

Our finding provides additional support for an inhibitory action of atropine on myopia
progression with the observation that interocular differences in axial length were similarly
decreased in the hydrogel-atropine and atropine ointment treatment groups compared to
hydrogel-saline and lens only treatment groups. However, this was not the case for scleral cup
depth, as the hydrogel-atropine and hydrogel-saline groups had significantly decreased
interocular differences in scleral cup depth compared to the atropine ointment and lens only
treatments. The reason for this disparity is that axial length includes anterior segment
dimensions, and atropine treatments decreased the thickness of anterior components to slow
overall axial length increase (data not shown). On the other hand, the scleral cup depth could be
affected by the injected volume of the hydrogel, which was 100 pl, with the observed effect of
smaller increase in elongation of both the scleral cup depth and vitreous chamber depth. The
injection volume may need to be decreased in further studies to rule out the mechanical shape-
changing effects at the posterior sclera.

We did not find significant changes in the endpoint refractions of the chicks in atropine
treated eyes, although there appears to be a trend towards lower myopia progression compared to
eyes treated with lenses only. The fact that there were no significant intergroup differences
observed after starting atropine treatment may indicate that the amount of atropine being applied
could have been too low, and that future studies should increase the amount of atropine loaded
into the edsIPN and use the atropine ointment more than once daily. The applied atropine
ointment at the anterior chamber may experience fast washout due to rapid tear fluid exchange.
Although the refraction data correlates highly with the vitreous chamber depth, a greater
variation in vitreous chamber depth was observed with increasing refractive error, implying
contributions of other ocular components to the induced myopia.
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Another possibility to prolong therapeutic duration of atropine is to embed drug-loaded
nanoparticles, such as polylactide-b-methoxypolyethylene glycol that have previously been
reported to enable sustained drug delivery (Park and Healy, 2003; Yamamoto et al., 2002). In an
effort to reduce the ocular complications and to study the site of action for atropine, we proposed
to deliver our treatment by an intraorbital injection at the posterior pole of the eye. For such
treatments, it is important to limit the required frequency of treatments as much as possible to
avoid injection pain and potential complications from frequent injections. Thus, to extend
atropine’s residence time in the sIPNs, we could aim to develop a nanoparticle formulation
showing that nontoxic nanoparticles (e.g. < 100 nm) can be made from the diblock copolymer
polylactide-b-methoxypolyethylene glycol (pLL-b-mpEG), and loaded with atropine in a single-
step process while achieving both high loading content and efficiency (Gref et al., 1995; Park
and Healy, 2004; Tobio et al., 1998; Yamamoto et al., 2002). By varying parameters such as %
drug incorporation, copolymer My, and particle size, drug loading and drug release dynamics of
the nanoparticles can be manipulated. These nanoparticles can be loaded into the developed
edsIPNs to create a slow drug delivery platform. Previous efforts investigating nanoparticle
release kinetics have achieved promising results, with a nanoparticle formulation showing zero
order release kinetics maintained over 6 weeks (Park and Healy, 2004). However, there have
been few studies investigating the dual release mechanism from drugs encapsulated within both
nanoparticles and edsIPNs, with nanoparticles themselves embedded inside the edsIPNs. The
main advantage of this system is the ability to provide a highly tunable control release platform
that can produce constant atropine release rate at the ocular site of action, and which could also
avoid the need for repeat injections.

5. Conclusion

In summary, we have designed and synthesized an enzymatically-degradable semi-
interpenetrating polymer network for the application of delivering atropine to the posterior outer
scleral surface. The atropine-loaded edsIPN was found to effectively lower vitreous chamber
depth, scleral cup depth, and interocular difference in axial lengths, which are all indicators of
slowed ocular growth. However, the finding that no significant changes were found for endpoint
refractions points to further complications arising from changes in anterior chamber depth or that
the presence of the edsIPNs in the posterior pole induced direct mechanical changes to the
posterior eye shape. Future work should explore variations in the design parameters of the
edsIPN, such as crosslinking density, modulus, and use of other polymers for effective delivery
of atropine to the posterior sclera. The potential to include nanoparticles in the edsIPNs should
be explored, as a dual release mechanism that could effectively prolong the release rate beyond
what is possible using the edsIPNs alone.
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Chapter VI

Dissertation Summary and Discussion

1. Major Findings of the Dissertation

The prevalence of myopia has steadily climbed worldwide in recent decades with the
most dramatic impact in East Asian countries. Treatments such as eyeglasses, contact lenses, and
laser surgery for the refractive error are widely available, but none of these treatments cure the
underlying cause. There has been generally little attention paid to the use of biomaterials as an
anti-myopia treatment. In progressive high myopia, invasive surgical procedures using a scleral
buckle for mechanical support are performed since the patient is at risk of becoming blind.
Treatment outcomes are highly dependent on the surgeon’s skills and the patient’s myopia
progression rate, with limited choices in buckling materials. This dissertation work, with four
main studies, represents efforts directed at combating high myopia progression through the
exploration and development of biomaterials that slow scleral growth, as an alternative approach.

Two different materials, polyvinylpyrrolidone delivered as injectable gels and poly(2-
hydroxyethyl methacrylate) as solid strips, were implanted in chicks to demonstrate the concept
of posterior pole scleral reinforcements. The purpose of this study was to investigate whether
polymeric hydrogels, either implanted or injected adjacent to the outer scleral surface at the
posterior pole, could slow ocular elongation. The pHEMA implant significantly increased scleral
thickness by the third week, and the implant became encapsulated with fibrous tissue. The PVP-
injected eyes left otherwise untreated, showed a significant increase in scleral thickness, due to
increased chondrocyte proliferation and extracellular matrix deposition. However, the PVP
injection had no effect on the rate of ocular elongation. In eyes wearing optical devices to induce
myopia, there was no effect on either scleral thickness or ocular elongation. These therapies did
not work well for the inhibition of myopia progression. However, these results support the idea
that scleral growth can be manipulated without adverse inflammatory responses. Since neither
approach slowed ocular elongation, additional factors must influence scleral surface area
expansion in the avian eye.

The mRNA expression levels of the chick scleral matrix metalloproteinase-2, -13, tissue-
inhibitor of metalloproteinase-2, and transforming growth factor-beta 2 were assessed for
influences of treatment duration and defocus power. Results for the fibrous and cartilaginous
layers of chick sclera showed opposite trends, as did the responses to positive and negative
lenses. Expression levels in the fellow eyes of positive and negative lens groups were not
significantly different, indicating that there was no interocular yoking. TGF-B2 expression
showed an early transient increase with positive lenses in both scleral layers, similar to
previously reported finding in the chick retinal pigment epithelium after 48h lens wear, and
consistent with a role for TGF-B2 as an inhibitory growth modulator. However, the transient
nature of its up-regulation in sclera suggests additional growth modulatory influences on the
latter. The scleral cartilage expression patterns for MMP-2 and MMP-13 were consistent with the
opposite directions of growth induced by positive and negative lenses. TIMP-2 expression
showed robust expression changes, mostly confined to the fibrous sclera. The suitability of
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exploiting native scleral MMP activity to degrade biomaterials will depend on there being
equivalent changes in MMP activity with long-term myopia.

These findings led to the exploration of biomimetic hydrogels comprising enzymatically-
degradable semi-interpenetrating polymer networks (edsIPNs) to determine their
biocompatibility and effects on the posterior wall of the chick eye, as a means of reinforcement.
The edsIPNs comprised thermo-responsive poly(N-isopropylacrylamide-co-acrylic acid),
customizable peptide crosslinkers cleavable by matrix metalloproteinases, and interpenetrating
linear poly(acrylic acid)-graft-peptide chains to engage with cell-surface receptors. Rheological
studies revealed an increase in stiffness at body temperature; the complex shear modulus |G*
was 14.13 + 6.13 Pa at 22 °C and 63.18 + 12.24 Pa at 37 °C, compatible with injection at room
temperature. Primary chick scleral fibroblasts and chondrocytes cultured on edsIPN increased by
15.1 and 11.1 fold respectively over 11 days; both cell types exhibited delayed onset of
exponential growth compared to cells plated on tissue-culture polystyrene. While edsIPN
injections did not affect the rate of ocular elongation, the outer fibrous sclera showed significant
thickening. The demonstration that this injectable biomimetic edsIPN stimulate scleral fibrous
tissue growth represents proof-of-principle for a novel approach for scleral reinforcement, and a
potential therapy for high myopia.

The muscarinic antagonist, atropine, was encapsulated within the edsIPNs and delivered
to the posterior pole of the chick eye posterior pole to evaluate the effect of atropine release.
Initial burst release in vitro showed approximately 47% of atropine to be released within the first
30 min, while 90% of atropine was released by 8h. Lens treated eyes were significantly longer
than their fellows. There were significantly lower axial length interocular differences by 21 days
for hydrogel-atropine compared to lens only treatment groups. Endpoint refractions (mean
spherical equivalent) of treated eyes in each group were not significantly different from each
other; although atropine treated eyes tended to have lower refractive error. This study
demonstrated the feasibility of using a synthetic extracellular matrix to deliver atropine to the
posterior sclera for myopia control and further supports the sclera as a potential site of action of
atropine for myopia inhibition.

2. Discussion

The major findings of this dissertation support the ongoing development of bioinspired
materials for the treatment of high axial myopia. Currently, there are no effective treatments for
this condition. Optical appliances intended to correct near focusing errors have limited
application (targeting low-to-moderate myopia), and the only drug currently being explored,
atropine, is available only as topical ophthalmic drops, used on a daily basis, with a poorly
understood mechanism of action and many ocular side effects. For high myopia, donor scleral
tissue implants are currently the only option. With continued development, the biomaterial
proposed and used in this dissertation work could potentially revolutionize the way myopia is
managed, and drastically lower the economic and social costs of high myopia. The improved
understanding of the complex interactions between polymer materials and the sclera has
applications for retinal detachment surgery as well as myopia control, and would be a major
contribution to the greater scientific and clinical communities.
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The production of the complete dissertation work was not the sole effort of the author,
but involved many members of the scientific and clinical communities coming together to solve
a practical scientific problem: scleral weakening in highly myopic eyes. During this dissertation
work, an interdisciplinary collaborative environment was strongly promoted and utilized with
scientists, faculty researchers, and doctors contributing from various disciplines including
bioengineering, materials science & engineering, and ophthalmology. This large interdisciplinary
effort has also increased the awareness of myopia treatment options for the community at large,
and serves as a model for approaching other clinical problems as well. On-going and further
work derived from this dissertation work continues to utilize this interdisciplinary approach, with
goals of enhancing the design of biomaterials specific for myopia treatment, and adding novel
insights into scleral tissue engineering.

3. Future work

There are multiple paths to follow and potential materials that could be utilized in
devising strategies for scleral reinforcement against high axial myopia progression. For success
in this endeavor, one needs to be sufficiently flexible to allow for not only rigorous analytical
work but also highly creative thought. Three strategies considered as high priority in the
development of biomaterials for high axial myopia based on this dissertation work are:

1) The development of biomaterials for the slow release of atropine (and other
pharmaceutical agents as discovered) for the inhibition of myopia progression. This
strategy takes advantage of the known inhibitory action of atropine. Another benefit
of this strategy is that the process of testing different delivery locations and drugs
could help elucidate further the site of action for drugs known to inhibit myopia
progression.

2) The development of biomaterials that can be injected at the sclera to attract host
scleral cells to migrate into and remodel the biomimetic scaffold, while not losing the
normal cellular phenotype and behavior within the scaffold environment. This
strategy aims for effective integration of the scaffold with the native fibrous sclera by
promoting native scleral cell migration, growth, and proliferation within the
developed biomaterial. Such biomimetic scaffolds must degrade in a controlled
manner over time to allow for tissue remodeling and integration. This process could
effectively strengthen the eye wall by increasing scleral wall thickness, essentially
reversing the scleral changes observed in highly myopic eyes.

3) The development of biomaterials to encapsulate an allogeneic or syngeneic
population of cells (e.g. scleral fibroblasts or limbal stem cells) that can be injected to
promote integration with the host sclera. This strategy would obviate the need to
design a way to attract host scleral cells, but must be able to maintain the introduced
cell population. The main benefit of this approach would be that less time may be
required to remodel the scaffold into host-like tissue compared to the second strategy
described in (2) above, although a potential disadvantage is that these cells, away
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from their native environment, may not be able to maintain their normal phenotype.
However, with creative design of the biomaterials, this problem should be avoidable.

There are, of course, other possible strategies to pursue for the reinforcement of the
sclera, such as the use of collagen crosslinking treatments or mechanically reinforcing the sclera
by using synthetic scleral bands. As typical in the world of research, the choice of strategy to
pursue may change, depending on findings from newer studies. Nonetheless, the field of
biomaterials as applied to regenerative medicine has grown so much that there is a great
opportunity for the development of biomaterials that are responsive to the different
environmental stimuli in the sclera arising from the ocular changes underlying myopia
progression. In particular, the use of MMPs, both MMP-2 and MMP-13, incorporated into the
design for biomaterials should be pursued in future work as both were modulated in the sclera
during myopia progression. The findings from this dissertation work represent the initial proof of

principle and feasibility that “smart” biomaterials have a potential role in the treatment of
myopia.
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