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Abstract

Understanding the Link between Myopia and Glaucoma-
Clues from Intraocular Pressure and Optic Discs

By Nevin Wadie EI-Nimri
Doctor of Philosophy in Vision Science
University of California, Berkeley

Professor Christine Wildsoet, Chair

Myopia (near-sightedness) has become a significant public health concern, as its
prevalence continues to increase in the United States and around the world. Further,
myopia is also linked to potentially blinding ocular disease. Growing evidence from a
number of studies links myopia with an increased risk of glaucoma, a leading cause of
irreversible blindness. Eyes with primary open angle glaucoma typically exhibit high
intraocular pressure (IOP) and altered diurnal IOP rhythms. The structural organization
of the lamina cribrosa (LC) of the optic nerve head may also render eyes more
vulnerable to nerve fiber damage, the origin of vision loss in glaucoma. One or more of
these factors may also contribute to the increased risk of glaucoma in myopic eyes.

IOP could play a role in normal ocular “growth” (enlargement), by exerting a stretching
influence on the scleral wall of the eye. During myopia development and progression,
scleral remodelling is upregulated, rendering it more susceptible to the stretching
influences of IOP, with eye enlargement accelerating as a consequence. The converse
that ocular elongation can be slowed by decreasing IOP and so the tension experienced
by the sclera was tested in a set of experiments using a topical ocular hypotensive drug,
specifically latanoprost. Its effects on both normal and “myopic” ocular growth in guinea
pigs undergoing monocular form deprivation were examined, and treatment-induced
ultrastructural changes in the sclera were quantified.

With advances in high-resolution imaging and electron microscopy, we were able to
characterize the effects of the above ocular hypotensive drug on the microarchitectural
changes in the sclera and optic nerve head, including the LC.

Our results demonstrate that daily topical latanoprost is effective in both lowering |IOP
and slowing myopia progression in myopic guinea pig eyes. It also seems to protect the
myopic scleral remodelling. These findings will open the opportunities to explore
lowering IOP as a myopia control treatment option that may also reduce any future risk
of glaucoma in myopic children.
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Chapter 1 wmyopia and intraocular

pressure

1.1 Myopia, eye growth, and refractive error

1.1.1.1 Increasing prevalence of myopia in the US and around the world

Myopia (near-sightedness) has become a significant global public health concern, as its
prevalence continues to increase in the United States and around the world. Myopia’s
prevalence has increased from 25% to 49% for 30 years in the United States (Vitale et
al., 2009). Myopia prevalence figures for Asian countries, such as Singapore, China,
Japan, and South Korea, are even more dramatic; it has now reached epidemic levels
of 80% to 90% in many of them (Pan et al., 2015), with a prevalence figure of 96.5%
reported for young Korean males in Seoul (Jung et al., 2012).

A report published in 2008 by the World Health Organization estimated that a total of
153 million people in the age range of 5-50 years were visually impaired from
uncorrected refractive errors, which was considered the second leading cause of
blindness globally (Resnikoff et al., 2008). This figure is likely to be now much higher,
due to the rising prevalence of myopia globally. Recent projections from the
International Data Base estimated that ~50% of the world’s population will be myopic by
2050, with 9.8 % being highly myopic (Holden et al., 2016).

1.1.1.2 Economic impacts of myopia in the US and around the world

Glasses, contact lenses, and/or refractive surgery are commonly used to correct
myopia, which represents the focusing error created by a mismatch between the eye'’s
optical power and its length. However, with the rising myopia prevalence, the net cost of
these treatments, as well as the cost of treatments for myopia-associated complications,
are also increasing. In the United States, yearly cost estimates for refractive error
corrections range from 3.8 to 7.2 billion dollars for the segment of the population, 12
years and older (Vitale et al., 2006). In a now relatively old study, the cost of annual
screening for uncorrected refractive errors and corrective spectacles in school children
was estimated to be in the order of hundreds of millions of dollars per year for each of
the African, Asian, American, and European continents (Baltussen et al., 2009). In a
slightly later report, the estimated annual global cost of distance vision corrections,
which largely reflect the needs of myopes, was 202 billion dollars (Fricke et al., 2012).



The global productivity loss was estimated at 244 billion dollars from uncorrected
myopia in 2015 (Naidoo et al., 2019).

1.1.1.3 Myopia as a risk factor for ocular diseases

Myopia is associated with many vision-threatening complications, including myopic
maculopathy, macular holes, staphylomas, retinal detachment, chorioretinal atrophy,
choroidal neovascularization, cataract, and glaucoma, the risks for which increase with
increasing levels of myopia in all cases (Flitcroft, 2012; Saw, 2006).

As noted earlier, due to the increase in myopia prevalence and the associated
economic impacts of myopia, it has become a worldwide public health concern. Its
association with potentially blinding pathologies adds to these concerns. Therefore, the
development of new effective myopia control treatments to prevent and/or slow down
the progression of myopia is essential.

1.1.1.4 Animal models of myopia
Chicks

Chicks remain the most commonly used model in myopia research. That manipulation
of vision via form-deprivation in young chicks could induce myopia (Wallman et al.,
1978) was considered a major breakthrough in the field of myopia research.

Among their greatest advantages are that they are easy to obtain and house, mature
rapidly, and can be raised in large numbers, leading to faster research advancement.
Chicks also respond quickly and reliably to form-deprivation (Hodos and Kuenzel, 1984)
and imposed hyperopic defocus, becoming myopic in both cases. They were also found
to compensate bidirectionally to optical defocus imposed by positive and negative
lenses (Irving et al., 1992; Schaeffel et al., 1988; Wildsoet and Wallman, 1995).

Although chicks have many advantages as models for human myopia, they also present
with a number of disadvantages. Unlike mammals and primates, chicks have a
bilayered sclera, with an inner cartilage layer, which thickens with myopia induction, and
an outer fibrous layer, which thins (Rada et al., 1991). Also, while chicks have ocular
accommodation, like humans, the associated change of refracting power involves both
corneal and lenticular mechanisms, rather than the lens alone as in humans (Glasser et
al., 1995, 1994). Finally, the chick eye has a well-developed choroidal lymphatic vessel
network, which contributes to observed optical defocus-induced thickness changes, by
which the retina is moved forward (positive lens wear) or backward (negative lens wear)
towards the altered focal plane (Wallman et al., 1995). These choroidal thickness
changes, which are dramatic in chicks, has led to similar investigations in mammals and
primates, which proved to have similar responses, albeit on a smaller scale (Howlett
and McFadden, 2006; Hung et al., 2000).



Tree shrews

Tree shrews are small, non-rodent animals that have a cone-dominated retina and
fibrous only sclera. The ocular structures of tree shrew are very similar to humans, with
the exception of their relatively thicker lens (Norton and McBrien, 1992). They also
respond rapidly (< 2 hours) to form-deprivation and myopia-inducing negative lenses,
although they appear to have more limited capacity to respond to positive lenses than
chicks (Metlapally and McBrien, 2008).

Tree shrews studies have contributed to our understanding of the myopic changes in
the mammalian sclera, including but not limited to changes in scleral biomechanics
(Frost and Norton, 2007; Jobling et al., 2004, 2009, McBrien et al., 2000, 2001, 2009;
Moring et al., 2007; J. Siegwart and Norton, 2001; Siegwart and Norton, 2005).

As any other animal model, tree shrews have some disadvantages, including that they
are not readily available and require high maintenance.

Rhesus Monkeys and Marmosets

Earliest studies involving lid suture in young rhesus macaques revealed myopic
changes (Wiesel and Raviola, 1977). In effect, this procedure imposed form deprivation,
which was later replaced with diffusers, by way of achieving the latter, as well as
negative lenses. Studies in rhesus macaques have contributed significantly to our
understanding of the respective roles of the central and peripheral retina in
emmetropization (Huang et al., 2011; Smith et al., 2013b, 2007), the mechanism
underlying recovery from myopia post-termination of myopia-inducing stimuli (Huang et
al., 2012; Qiao-Grider et al., 2004), and the differential effects of bright light on form
deprivation and lens-induced myopia progression (Smith et al., 2013a, 2012).

The main advantage of the monkey as a myopia model is their close ocular and visual
similarities to humans (Edwards, 1996; Norton, 1999). However, there is a large
variation in individual animals’ response to form-deprivation (Tigges et al., 1990) and
defocusing (positive/ negative) lenses (Hung et al., 1995). Furthermore, the high
maintenance cost, as reflected in the low number of rhesus monkeys per study are
among the other disadvantages of this primate model.

Marmosets, as an alternative primate myopia model, have the advantages over
macaque monkeys of being much smaller in size, easier to breed, cheaper to maintain,
and they develop more rapidly (Graham and Judge, 1999). Marmosets also respond to
both types of myopia-inducing stimuli (Troilo et al., 2007, 2006). Among applications of
this model have been studies to uncover the relationship between accommodation and
the development of myopia (Troilo et al., 2009, 2007) and of scleral remodeling during
the development of myopia (Rada et al., 2000; Troilo et al., 2006).



Mice

The mouse, which is the most recently introduced myopia model, has been shown to
respond to both form-deprivation and imposed hyperopic defocus (Schaeffel et al.,
2004; Tejedor and De la Villa, 2003). This model offers a number of advantages,
including larger litter sizes. Because its genome has been completely sequenced, the
mouse also allows studies of both genetic and environmental influences on myopia
progression in the same animal (Pardue et al., 2013). On the other hand, mice have
poor visual acuity, of approximately 0.4 cycles per degree (Prusky et al., 2004) and a
rod-dominated retina. Furthermore, it is harder to measure refractive errors and axial
lengths in mice, due to their extremely small eyes. Studies have mostly used infrared
photorefractors to measure refractive errors. Nonetheless, there is significant variation
in refractive errors reported among different research groups for mice, despite
similarities in ages and strains of the mice used, suggesting significant inter-animal
variability (Pardue et al., 2013). The axial elongation to diopter of myopia ratio for mice
(5.4 t0 6.5 um per 1 D myopia) (Schmucker and Schaeffel, 2004), is below the tolerance
of high frequency A-scan ultrasonography, which has been mainly used to measure
axial lengths in studies involving other myopia animal models. Thus to measure axial
length in mice, researchers have used instead advanced technologies, such as laser
micrometry (Wisard et al., 2010), magnetic resonance imaging (Tkatchenko et al.,
2010), and low coherence interferometry (Park et al., 2012; Schmucker and Schaeffel,
2004).

Guinea pigs

The first myopia studies involving guinea pigs began in 1995. As in chicks, they were
found to compensate to hyperopic defocus imposed with negative lenses and for a
lesser degree to myopic defocus imposed with positive lenses (Howlett and McFadden,
2009). The process of emmetropization in guinea pigs (Howlett and McFadden, 2007;
Zhou et al., 2006), their response to form-deprivation (Howlett and McFadden, 2006),
and to both positive and negative lenses (Howlett and McFadden, 2009) have all now
been well characterized, making them an increasingly popular animal model for ocular
growth studies.

Guinea pigs combine the advantages of fibrous-only sclera, which is comprised of
extracellular matrix, including fibrillar collagens, proteoglycans, glycoproteins, and
matrix secreting fibroblasts (like mammalian and primate models), a relatively smaller
size and ease of housing. Guinea pigs are also easier to handle than tree shrews,
which, for example, tend to be more aggressive and are susceptible to handling stress.
Their eyes are also significantly larger than mice, whose eyes have a much larger
depth-of-focus, rendering them less sensitive to imposed optical defocus. The visual
acuity of guinea pigs is about 1.0 cycle per degree, also significantly better than that of
mice (Ostrin L, Mok-Yee J, Wildsoet C, 2011). Guinea pigs also have a well-organized,
collagen-based lamina cribrosa, which is absent in mice (May and Litjen-Drecoll, 2002).
Finally guinea pigs are born with their eyes open and well-developed vision (precocial)
(Edwards et al., 1974), unlike tree shrews and monkeys. These various features have



also contributed to their increasing popularity as a model in myopia studies and have
motivated us to use them in our studies.

1.1.1.5 Parallels between form-deprivation and lens-induced myopia
changes in animals

Over the past several decades, animal studies of myopia have commonly used form-
deprivation (FDM) by diffusers, or hyperopic defocus by negative lenses (LIM), both of
which accelerate ocular growth. However, there remains disagreement regarding
whether these two models of myopia involve the same or different underlying
mechanisms, yet understanding such mechanisms is critical to understand the etiology
of human myopia.

Results of two studies suggest that both myopia models involve dopaminergic
mechanisms; specifically, retinal dopamine levels are reduced in eyes subjected to
form-deprivation (Stone et al., 1989) as well as eyes wearing negative lenses (Guo et
al., 1995). In addition, quinpirole and apomorphine (both agonists) inhibit both FDM and
LIM (Schmid and Wildsoet, 2004).

Acetylcholine is another widely studied molecule in the context of eye growth regulation
and myopia. Results of relevant studies here suggest different cholinergic mechanisms
may be involved in the two myopia models. For example, an M4 muscarinic antagonist
inhibited FDM (Mcbrien et al., 2011), but was only partially effective in inhibiting LIM
(Diether et al., 2005). Also while atropine is known to be effective at inhibiting myopia in
both types of myopia, the combination of atropine and apomorphine was less effective
in inhibiting FDM compared to atropine alone, but more effective in inhibiting LIM
(Schmid and Wildsoet, 2004).

Several studies point to the possibility of different retinal mechanisms being involved in
these two models. As one example, in ERG recordings in chicks, the amplitudes of a-
and b- waves were found to be similar in both models but oscillatory potential
amplitudes reduced in FD eyes only (Fujikado et al., 1997). As another example, optic
nerve section was shown to enhance axial elongation in response to FD by about 50%
more than the effect of negative lenses (-15 D) (Choh et al., 2006).

The time course of myopia induction and recovery also appear to be different between
the two models. For example, it takes about 72 hours for chick eyes wearing diffusers to
show detectible dimensional differences from fellow eyes, compared to ~25 hours for
negative-lens wearing eyes to differ from their fellow eyes. Interocular differences in
axial elongation were approximately 5 times greater in lens- compared to diffuser-
wearing chicks after only 48 hours of treatment. Scleral proteoglycan synthesis was also
reported to be higher after 8 hours of negative lens exposure compared to 27 hours of
FD (Kee et al., 2001).

Light manipulations seem to also have different effects on the two models. For example,
constant (24 h) light is reported to strongly inhibit the FD response in chicks but had
minimal effect on LIM (Bartmann et al., 1994), and likewise high diurnal light levels are
reported to strongly inhibits FDM, but only slow negative lens compensation (Ashby and
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Schaeffel, 2010). Disruption of the diurnal light cycle also appears to differentially affect

FDM and LIM. For example, interrupting the night (darkness period) by short periods of

light (e.g., light exposure for 30 min), was found to inhibit FDM, but had no effect on LIM
(Kee et al., 2001), while 5 minutes of light every 20 minutes during the usual dark period
inhibited LIM, but had no effect on FDM (Kee et al., 2001).

Another critical difference between the two models is that one — the form deprivation
model, is open loop, while the other — the negative lens model, is closed loop. In the first
case, the induced accelerated growth does not correct the imposed deprivation
condition, while in the second case, the growth is compensatory, progressively
attenuating the imposed defocus. In the following chapters of this dissertation, our
choice of form deprivation myopia over lens-induced myopia avoids the potential
problem of ocular growth returning to normal due to compensation to the imposed
defocus, thereby allowing unambiguous detection of inhibitory drug treatment effects
(Chapters 2 and 3).

1.1.2.1 Current myopia control treatments used in humans

The management of myopia is largely limited to optical devices and ophthalmic surgical
procedures to correct the refractive errors. However, certain contact lens designs,
including corneal reshaping therapy and some bifocal soft contact lenses, have more
recently been employed as myopia control therapies, with promising results (Aller and
Wildsoet, 2008; Cho et al., 2005; Walline et al., 2009). More recently, topical atropine
has grown in popularity among clinicians after demonstration that even relatively low
doses can slow myopia progression (Avetisov et al., 2018; Bedrossian, 1979; Chua et
al., 2006; Fan et al., 2007; Kennedy et al., 2000; Kinoshita et al., 2018; Shih et al.,
2009; Tran et al., 2018; Young, 1965).

A number of studies have now demonstrated that there is a significant slowing of axial
elongation in children wearing overnight corneal reshaping contact lenses compared to
other methods of optical correction of myopia. Studies from the United States, Hong
Kong, and Australia all show fairly similar results: a reduction in the rate of axial
elongation using these lenses (Cho et al., 2005; Swarbrick et al., 2011a; Walline et al.,
2009). Two independent investigations compared axial elongation in wearers of corneal
reshaping contact lens to historical control groups of single vision spectacle wearers
(Cho et al., 2005) and soft contact lens wearers (Walline et al., 2009). These studies
found an approximately 50 percent reduction in axial elongation with corneal reshaping
lenses over a two-year period. Clinical data from another study by Swarbrick et al.,
reported slowed elongation with monocular corneal reshaping contact lenses compared
to alignment fit gas permeable contact lenses fitted to the contralateral fellow eyes of
the same subjects (Swarbrick et al., 2011). In yet another recent randomized clinical
trial, subjects wearing corneal reshaping contact lenses showed a slower increase in
axial length, by 43%, compared to subjects wearing single vision spectacles. In this
study, it was also concluded that younger myopic children tended to have faster axial
elongation and may benefit from earlier intervention with corneal reshaping contact
lenses (Cho and Cheung, 2012).



Soft bifocal contact lenses have proven to be another effective myopia control treatment
(Aller and Wildsoet, 2008; Lopes-Ferreira et al., 2011; Ticak and Walline, 2013). The
most commonly used bifocal contact lens design in these studies includes a peripheral
add (less negative power) (Aller and Wildsoet, 2008), which is assumed to impose
peripheral myopic blur, which from animal studies is known to act as a "stop signal"
(Benavente-Perez et al., 2014; Liu and Wildsoet, 2012, 2011). In non-randomized
clinical trials, soft bifocal contact lenses have been found to slow myopia progression
compared to single vision spectacles or contact lenses, by up to 51% (Anstice and
Phillips, 2011; Sankaridurg et al., 2011; Aller and Wildsoet, 2008), which is comparable
to the average reduction achieved with corneal reshaping contact lenses (Cho and
Cheung, 2012; Walline, 2012).

Atropine, a muscarinic antagonist, applied topically, is currently considered to be the
most effective myopia control treatment. Atropine 1% slows myopia progression by up
to 81%, but it also causes significant mydriasis and cycloplegia, as ocular side-effects
(Chua et al., 2006; Lu and Chen, 2010). In one of many clinical trials of topical atropine,
the Atropine for the Myopia 1 study (ATOM1) (Chia et al., 2012), the efficacy and safety
of lower atropine concentrations (0.5%, 0.1%, and 0.01%) in controlling the progression
of myopia was evaluated over a period of 5 years, leading to the conclusion that 0.01%
topical atropine has comparable efficacy in controlling myopia progression beyond the
first 12 months of treatment, with differences in myopia progression and axial length
between the three groups becoming clinically insignificant, while the 0.01%
concentration also resulting in less visual side-effects compared to higher atropine
concentrations (0.5%, and 0.1%; ATOM2) (Chia et al., 2016). Following the release of
results from ATOM study, low-concentration atropine has seen increasing popularity as
a myopia control therapy, although there remain discrepancies between results of
relevant clinical trials and many unanswered questions related to the optimal
concentration and dosing regimen. For example, the Low-Concentration Atropine for
Myopia Progression (LAMP) study evaluated the safety and efficacy of three relatively
low concentrations of atropine (0.05%, 0.025%, and 0.01%) over a one-year period. The
results from this trial suggest that 0.05% atropine is the more effective than the two
lower concentrations in controlling myopia progression and ocular elongation, while
being as well tolerated as the other two concentrations (Yam et al. 2019). How long
does the effect of atropine last when treatment is terminated? Results from the ATOM1
study hint at a rebound effect, i.e. after termination of 1% atropine treatment, eyes
showed higher rates of myopia progression compared to eyes treated with placebo.
However, the absolute rate of myopia progression, averaged over 3 years, was still
significantly lower in this atropine group than in the placebo group (Tong et al., 2009).

1.1.2.2 The association between myopia and intraocular pressure and the
use of ocular hypotensive drugs to control myopia progression

Because of the known association between myopia and glaucoma, the role of
intraocular pressure (IOP) in the development of myopia has been the subject of a
number of studies. Some, albeit not all, studies have linked human myopia and/or
longer axial lengths with higher than average IOPs [e.g.,(Abdalla and Hamdi, 1970;
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Detry-Morel, 2011; Edwards and Brown, 1993; Wong et al., 2003)]. The Beaver Dam
Eye study is among those linking myopic refractions with increased IOP (Wong et al.,
2003). IOP was also reported to be higher in moderately and highly myopic Hispanics
compared to those with either low myopic or emmetropic refractions (del Buey et al.,
2014). Most studies have involved adults. However, in one study of children, IOP was
reported to be also higher in myopic compared to nonmyopic eyes (Quinn et al., 1995).
However, in still other adult studies, myopic eyes were reported to have slightly higher
but clinically insignificant IOP compared to emmetropic and hyperopic eyes (Detry-
Morel, 2011; Xu et al., 2007). Finally, in a study involving 9-11 year-old children, IOP
was found not to be associated with either refractive error or axial length (Lee et al.,
2004). Whether such myopia-related differences in IOP are a cause or an effect of
myopia also remains unclear (Jensen, 1992; Manny et al., 2008; Genset et al. 2012).

That diurnal IOP patterns may play a role in myopic eye growth is suggested by results
from several experimental myopia studies (I. Papastergiou et al., 1998; Nickla et al.,
2002; Nickla et al., 1998). However, while some human studies suggest that daytime
IOP is higher in myopes compared to emmetropes (Abdalla and Hamdi, 1970;
Parssinen, 1990; Quinn et al., 1995; Tomlinson and Phillips, 1970); studies of the
diurnal IOP rhythms in human myopia have been limited. In one such study by Liu et al
(2002), investigated diurnal IOP changes in young adults with moderate and severe
myopia, with 12 measurements of IOP and axial length taken at 2-hour intervals. These
authors concluded that IOP recorded in the supine position at night is not higher in
young adults with moderate to severe myopia compared with age-matched adults with
emmetropia or mild myopia. Results from this study further suggested that the
correlation between IOP and myopia might be limited to daytime IOP (Wilensky, 1991;
Liu et al., 1999). On the other hand, IOP recorded in the sitting position during the day
was higher in healthy young adults with moderate to severe myopia compared to those
with emmetropia and mild myopia. These findings were confirmed in another study that
examined the diurnal variations in IOP for a range of refractive errors in healthy young
adults and found that daytime IOP was highest and nighttime IOP was lowest in myopic
eyes. Furthermore, the myopic group showed a smaller 24-hour IOP variation than the
emmetropic group, with the hyperopic group having the largest 24-hour IOP variation
(Loewen et al., 2010) (Figure 1.1). One possible reason for myopes having elevated
day-, but not night-time IOP could be due to accommodation, which could induce
transient IOP elevation with a decrease in anterior chamber depth, narrowing of the
angle and thickening of the lens in progressing myopes. However, although
emmetropes show similar structural changes with accommodation, no associated
elevation in IOP has observed (Yan et al., 2014).

Interestingly, Liu et al. showed that the day-to-night variation of IOP was less in
untreated, newly diagnosed early glaucoma patients compared to age-matched healthy
individuals (Liu et al., 2003). In yet another study of young myopic eyes with open-angle
glaucoma, no significant nighttime IOP elevation was found in habitual supine position
while IOP was found to be elevated in age-matched control eyes. From these
observations, a negative relationship between the nighttime IOP and axial length was
revealed (Jeong et al., 2014).



IOP is not the only process that shows diurnal oscillations; axial length and choroidal
thickness also display diurnal rhythms, i.e. over the course of the 24 hr light/ dark cycle.
Studies in chicks have also shown that changes in the daily light-dark cycle can alter
such diurnal rhythms, which may be important for ocular growth and emmetropization
(Lauber et al., 1961, 1966,1972). For example, when chicks are exposed to constant
light or constant darkness, excessive axial elongation and corneal flattening results.
Note that diurnal rhythms in axial length and choroidal thickness are not limited to
chickens, but have been also documented in primates, including marmosets (Nickla et
al., 2002) and humans (Chakraborty et al., 2011). Axial length diurnal rhythms are also
reported to be altered in the myopic eyes of form-deprived chicks (Weiss, 2003). Thus
while in normal chicks, choroidal thickness peaks around midnight when the axial length
is shortest (Nickla et al. 1998, papastergiou et al. 1998), form-deprived chicks undergo
rapid eye elongation during both the day and night (Weiss et al. 1993). While the
mechanical contribution to ocular growth of IOP rhythms remains to be resolved, an IOP
increase of 100 mmHg was reported to induce ~25 D of axial myopia in young chicks in
an unrelated study (Genest et al., 2012), suggesting that exaggerated changes in IOP
can play a role in myopia onset and progression.
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Figure 1.1: (adapted from Loewen et al., 2010). Twenty-four-hour IOP profiles recorded from hyperopic,
emmetropic, and myopic groups in habitual body positions, i.e., sitting during the daytime/awake period
and supine during the nighttime/sleep period. Error bars, SEM. *P < 0.05, different from the myopic group;
1P < 0.05, different from the emmetropic group; one-way ANOVA and post hoc Bonferroni test.

According to Laplace’s law, the tangential tension experienced by the wall of a spherical
shell is directly proportional to both internal/inflationary pressure, and its radius of
curvature. By applying this law to the eye, the tension experienced by the scleral wall
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will be directly related to IOP and thus, at least theoretically, axial elongation can be
reduced by reducing IOP.

The notion of using ocular hypotensive drugs to control myopia progression is not new.
Two previous studies have tested this idea in the form-deprived myopia chick model (Jin
and Stjernschantz, 2000; Schmid et al., 2000). Nonetheless, the choice of drug in one
case and delivery route in the second case were arguably poor. One of these studies
tested the effect of the ocular hypotensive drug, timolol, a beta-blocker, which proved to
have a minimal protective effect against myopia in the chick model (Schmid et al.,
2000). However, this outcome is perhaps not surprising, given more recent human
studies showing little effect of this drug on IOP at night (Liu et al., 2004) when myopic
growth occurs (Nickla et al., 1998). The effect of 0.25% timolol was also tested in
children in a randomized clinical trial, which showed no significant difference in the
progression of myopia when compared to single vision spectacles (Jensen, 1991).
Other earlier studies likewise found timolol to have no significant effect on axial
elongation, despite its ocular hypotensive action (Goldschmidt, E., Jensen, H.,
Marushak, 1985; Hosaka, 1988). The second drug to be tested in chicks was
latanoprost, a PG F2-alpha analogue. However, in this earlier study, latanoprost was
delivered by intravitreal injection rather than applied topically (Jin and Stjernschantz,
2000). Thus, while the study reported a positive benefit on myopia progression, the
translatability of this result to the clinic is questionable, given the drug delivery route.
Moreover, the underlying scleral remodelling mechanism and role of IOP in eye
enlargement are likely different in the chick, which has a bilayered sclera, with a fibrous
layer reinforced by an inner cartilaginous layer, compared to mammals and primates,
both of which lack a scleral cartilaginous layer.

Apart from studies in chicks, the testing of IOP lowering drugs in other animal models
has been limited to just one study, which tested the efficacy of brimonidine, another
ocular hypotensive drug, against lens-induced myopia in guinea pigs (Liu et al., 2017).
Brimonidine belongs to a different drug class than both latanoprost and timolol, being an
alpha2 adrenergic agonist, with effects on both aqueous inflow and uveoscleral outflow.
Nonetheless, it proved effective in stabilizing myopia progression.

Among the various ocular hypotensive drugs available today as glaucoma therapies,
prostaglandin (PG) analogues are the most widely used (Jin and Stjernschantz, 2000).
As a potential myopia control treatment that they have proven to be effective in lowering
IOP around the clock (24 h) has considerable merit. However, their mode of action may
be problematic. Specifically, PG analogues promote matrix metalloproteinase (MMP)
activity and thus remodelling of the extracellular matrix (ECM) within the uveoscleral
outflow pathway (Russo et al., 2008). This group of drugs has also been reported to
promote scleral ECM remodelling, an action that may exacerbate rather than slow
myopia progression (Kim et al., 2001), given that myopia progression per se has also
been linked to increased scleral remodelling (Harper and Summers, 2015). In studies
described in this dissertation, we investigated the efficacy of topical latanoprost as a
myopia control therapy in the form-deprived guinea pig, as a myopia animal model.
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1.2 Intraocular pressure

1.2.1 Intraocular pressure, its regulation, and aqueous humor dynamics

Intraocular pressure (IOP) reflects the relative balance of aqueous inflow and outflow,
and provides the eye with its shape and rigidity.

The secretion of aqueous humor (AH) and the regulation of its outflow are
physiologically critical for the normal eye function. In healthy human eyes, the flow of
AH against resistance generates an average I0OP of ~ 15 mmHg (Goel et al., 2010).
Generally, IOP is considered normal if it is two standard deviations below and above the
mean, which ranges between 10 and 21 mmHg (Asrani et al., 2000; Liu et al., 1999).
Any imbalance between the production and removal of the AH in which the former
dominates results in IOP elevation, which is the central problem in glaucoma.

The main ocular structures related to AH dynamics are the ciliary body, where AH
production occurs, and the trabecular meshwork (TM), Schlemm’s canal and
uveoscleral pathway, which represent the key components of the AH outflow pathway:
The conventional outflow pathway involves the passage of AH through the TM, into
Schlemm’s canal and finally into the episcleral veins (Ascher, 1954; Goldmann H,
1950). In a second, so-called unconventional pathway, AH passes through the
suprachoroidal space after entering the connective tissue between the ciliary muscle
bundles, and finally out through the sclera (Bill and Hellsing, 1965). The physiology of
these two pathways differs in many important ways. For instance, unlike the
conventional pathway, the unconventional pathway is relatively independent of IOP
(Brubaker, 2001) and the two pathways are also differentially affected by most
pharmacological IOP lowering agents (Bill, 2003). However, ECM regulation appears to
influence the resistance of AH outflow in both pathways (Goel et al., 2010).

The IOP lowering (ocular hypotensive) drugs typically used to treat glaucoma, work by
reducing AH production and/ or increasing aqueous outflow through TM and/ or
uveoscleral routes. These effects and mechanisms of action of the different ocular
hypotensive drug classes are critical determinants of their potential for controlling
myopia progression, the main focus of this dissertation, the background for which is
provided in section 1.3.4.

1.2.2 Diurnal intraocular pressure rhythms in animals

Diurnal rhythms in IOP have been documented in many species, including mice (Aihara
et al., 2003a), rats (Krishna et al., 1995; Moore et al., 1996), chicks (Weiss and
Schaeffel, 1993; Nickla et al., 1998); rabbits (Katz et al. 1975; Rowland et al. 1981,
McLaren et al., 1996), monkeys (Bito et al., 1979; Liu et al., 1994; Nickla et al., 2002;
Yu et al., 2009), and humans (David et al., 1992; Liu et al., 2003, 1999) with species
differences in the phase and amplitude of IOP rhythms apparent (Table 1.1).
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Mice

Mice have become increasingly popular as a research animal due to the similarities
observed between mouse and human eye, which includes having a well-defined
trabecular meshwork, Schlemm'’s canal, ciliary body, and uveoscleral outflow (Lindsey
and Weinreb, 2002; Smith et al., 2001), and similar responses to ocular hypotensive
drugs (Aihara et al., 2002; Avila et al., 2003). However, studies investigating the diurnal
IOP variations in mouse eyes are limited. As mice are nocturnal animals, their activity is
higher at night and so it is possible that IOP might also rise at night. One study
suggested that the circadian IOP rhythm in mice is biphasic, with any exposure to light
disrupting this IOP rhythm. In this same study, IOP was measured every three hours
using a microneedle method. Under a 12 hr light/ 12 hr dark cycle, the diurnal IOP
rhythm showed a sinusoidal pattern, with IOP being highest in the early evening (before
9 pm), and declining in the morning until noon (Aihara et al., 2003b). In another study,
IOP in freely moving C57BL/6J and CBA/CaJd mice strains was recorded every 5
minutes over 24 hr using a pressure catheter for 4-13 days. As expected, in the two
mice strains, IOP during the dark was significantly higher than during the light. However,
the magnitude of light-to-dark IOP elevation was different for the two strains (Li and Liu,
2008). This strain related difference might reflect differences in clock genes, e.g., Cry1,
Cry2, Per1, Per2, appear to be involved in the regulation of the circadian IOP
rhythm.(Dalvin and Fautsch, 2015; Maeda et al., 2006). Broad variations in IOP across
different strains of genetically modified mice have also been reported, making them an
important resource for studying IOP regulation and glaucoma (Savinova et al., 2001).
Overall, the results of these studies agree that mice have the highest IOP in the dark
and lowest during the light.

Rats

Like mice, rats are nocturnal species. Therefore, IOP is expected to be elevated in the
dark and be lowest in the light. This prediction is also consistent with the findings of
Moore and colleagues who measured Brown Norway rats reared on 12 hrs light/ 12 hrs
dark schedule, at 4-hour intervals using Tonopen XL tonometer. The lowest IOP was
recorded when lights were on (19.3 £ 1.9 mm Hg) and highest (31.3 £ 1.3 mm Hg)
during the dark (Moore et al., 1996). These results are consistent with those from
recorded from another common strain of rat (Lewis rats) using a Tono-Pen to measure
IOPs every 2 hrs between 6:00 am and midnight, and every 3 hours between midnight
and 6:00 am (Krishna et al., 1995). IOPs showed a consistent trough in the early
morning (6:00 am) and a peak at 8:00 pm.

In a study comparing the diurnal rhythms in IOP in Brown Norway rats housed in
standard light-dark conditions versus continuous dim light conditions, a persistent, but
dampened rhythm of IOP under the latter conditions (Lozano et al., 2015), highlighting
the important influence of the lighting conditions used in rearing on study outcomes.

12



Chickens

Like most animals, chicks exhibit a diurnal IOP rhythm. However, in contrast to the
findings for rodents, IOPs tend to be highest during the day and lowest in the middle of
the night, with a similar phase to axial length rhythm (Weiss and Schaeffel, 1993; Nickla
et al., 1998). The amplitude of IOP rhythm as reported in one study was ~ 8 mmHg
(Nickla et al., 1998). The important influence of the lighting conditions on IOP in chicks
has been demonstrated in a number of studies. For example, when chicks were reared
in the total darkness, the IOP rhythm persisted, but with a smaller amplitude (Nickla et
al., 1998), while constant light conditions have been reported to suppress the usual
diurnal fluctuations in IOP in hatchling chicks (Wahl et al. 2016). Likewise, Li et al., 2003
reported that daytime IOP was lower in birds raised in constant light (Li and Howland,
2003). Finally, after 3 weeks of constant light conditions, recovery required more than 1
week in normal diurnal light conditions (Wahl et al., 2016).

Rabbits

While diurnal variations in IOP are also a consistent finding in rabbits, there are
inconsistencies in results across studies. Nonetheless, it is generally agreed that rabbits
have their highest IOP in the dark. One of the earliest studies in rabbits found the lowest
IOP to occur at night, with IOP reaching its highest level during the day between 8:00
and 11:00 am and 4:00 and 7:00 pm (biphasic), when measured hourly by application
tonometry (Katz et al. 1975). Another study that used rebound tonometer, showed that
IOP was a little lower, on average, during the light phase (7 am to 7 pm) than during the
dark (8 pm to 6 am), but that IOP was highest at ~10 am over the 24 hr period (Wang et
al., 2013). Three studies by Liu and Dacus in 1991 also reported IOP to be elevated in
the dark and low in the light. The latter group suggested that increased resistance of
aqueous outflow, mediated by alpha-1 adrenergic receptors, could contribute to these
findings (Liu et al., 1991; J. H K Liu and Dacus, 1991; J. H.K. Liu and Dacus, 1991).
Similar results were obtained in a study using an implanted pressure transducer to
measure IOP continuously in rabbits, i.e., IOP decreased after lights turned on and
increased after lights turned off. However, it is possible that the implant surgery affected
the IOP rhythm, which could explain why the timing of the nocturnal rise in IOP
advanced gradually over approximately 2 weeks (McLaren et al., 1996).

Guinea Pigs

Although guinea pigs are considered rodents, they do not seem to share the same
circadian rhythms as mice and rats. Guinea pigs are neither strictly diurnal nor
nocturnal, but rather tend to be crepuscular.

One IOP study involving guinea pigs used a Tonolab to measure |OPs, which were
found to exhibit a diurnal variation, peaking in the early morning when the light first
came on and decreasing across the day (Lisa A. Ostrin and Wildsoet, 2016). Results
from one of the studies presented in a latter chapter of this dissertation agree with these
findings. However, a different study comparing rebound and applanation tonometers
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reported opposite results compared to our findings. Specifically, IOP was reported to be
lower during the light phase (7 am to 7 pm) than during the dark phase (8 pm to 6 am)
and the lowest IOP occurred at 7 am (Rajaei et al., 2016). The origin of this difference in
study outcomes is unclear, especially given that all of the above studies used a 12
h:12h light/ dark cycle for rearing, although it could reflect, at least in part, the randomly
scattered periods of activity interspersed with shorter periods of sleep throughout the
day and night, as is typical of guinea pig behavior.

Dogs

Diurnal variations in IOP have been also observed in dogs (Gelatt et al. 1981; Giannetto
et al., 2009; Martin-Suarez et al., 2014, Piccione et al., 2010), which show similar
patterns to humans, with highest values occurring in the early morning and troughs
during the day.

Giannetto et al. measured |OPs in Beagle dogs every 4 hours for 48 hours using Tono-
Pen applanation tonometer. Mean IOP in the first day was 17.44+ 0.83 mmHg and
17.19 £ 1.14 mmHg in the second day. In another study, |IOPs were recorded every 90
minutes from 8:00 am to 8:00 pm in healthy dogs using applanation tonometry. This
study reported a mean |IOP (+ SD) of 15.2 + 2.2 mmHg, which is very close to the
average IOP of humans. Furthermore, there were no significant differences between a
reading taken within the 8:00 am to 3:30 pm window, while readings taken after 3:30 pm
were significantly lower (Martin-Suarez et al., 2014Db).

When exposing dogs to four different artificial lighting regimes, including 12 hr light/ 12

hr dark, 12 hr dark/ 12 hr light, constant light, and constant darkness, diurnal rhythms in
IOP were found in all cases except in constant light, which resulted in a loss of the IOP

rhythm in constant light similar to that previously reported in mice, rats, and rabbits (Liu
et al., 1994; Maeda et al., 2006; Moore et al., 1996).

Monkeys and marmosets

Several studies have shown that the diurnal rhythms of IOP in monkeys are remarkably
similar to that of humans, with some but not all studies reporting differences in IOP
rhythms between young and old monkeys. In one study of less than 6 years old
monkeys, IOP was reported to decline between 9 am and 2 pm, while older animals
showed smaller fluctuations between 8 am and 5 pm. However, it is worth noting that
IOP was measured under general anaesthesia in the latter study, using a floating-tip
pneumatonometer (Bito et al., 1979).

In another study, IOPs were measured in monkeys every 3 hours using TonoVet®
rebound tonometer without sedation or anaesthesia. In this study, the lowest IOP was
recorded at 3 am (19.8+0.4 mmHg) and highest at noon (29.3£0.9 mmHg), with similar
results for young and older monkeys (Liu et al., 2011). These results contrast with those
from another study using a TonoVet rebound tonometer, in which IOP measurements
were measured every three hours between 9:00 am and 9:00 pm in sedated, seated
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rhesus monkeys. In these animals, IOP peaked at 3:00 pm and 9:00 pm and troughed
at noon and 6:00 pm (Yu et al., 2009).

Diurnal IOP rhythms were also documented in marmosets, a smaller primate, with IOPs
being highest in the dark and lowest during the light period, with a mean difference of
3.6 mmHg (Nickla et al., 2002). In this study, IOPs were measured under isoflurane
anaesthesia by Tono-pen applanation tonometry at 12- hour intervals, using three
different measurement schedules (6 am and 6 pm in 10 animals; 12 pm, 12 am, and 12
pm in 3 animals and 6-hr intervals starting at 2 pm in 1 animal).

Humans

Traditionally, IOP in normal humans is thought to be highest in the early morning,
between 6 am and 10 am (Konstas et al., 2005a; Konstas et al., 2006; Quaranta et al.,
2008, 2006). This assumption is consistent with the results of a well-controlled study by
Liu et al. although they reported the peak IOP to occur just before the start of the light
period, around 5:30 am, with the lowest IOP recorded just before the start of the dark
period, around 9:30 pm, in young healthy subjects (Liu et al., 2003, 1999).

Liu et al. also concluded that the change in posture from sitting to supine positions may
contribute to both the nocturnal IOP elevation and drop in systemic blood pressure.
Related change in the episcleral venous pressure in supine position could partially
account for the nocturnal IOP increase (Liu et al., 2003, 1999).

Comparison across species

Rodents, including mice and rats, are considered nocturnal animals, therefore, their IOP
tend to rise at night and fall in the morning. Guinea pigs do not seem to display the
same IOP rhythms as mice and rats, despite branching from the rodents’ family. Guinea
pigs are neither strictly diurnal nor nocturnal and tend to be crepuscular, with randomly
scattered periods of activity and sleep around the clock. Rabbits and marmosets are
mostly nocturnal, with IOP being highest in the dark and lowest during the light period.
Finally, chicks, dogs, and monkeys all have similar patterns to humans, with IOP being
highest in the early morning and decreasing thereafter across the day.

As apparent from the preceding summary of the various IOP studies, it is very
challenging to compare results across different studies, due to the use of different
methods to measure IOP, different measurement schedules, and sometimes different
light/ dark cycles in rearing. Nonetheless, diurnal variations in IOP were a consistent
finding across studies and species. Thus, when measuring IOPs, it is critical to have
consistency of measurement times and tools in studies involving repeated
measurements. Also, as it is known that general anesthesia tends to lower |IOP
(Duncalf, 1975; Jantzen, 1988), it is preferable to avoid it where possible.
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Table 1.1: Summary of studies that have performed diurnal intraocular pressure rhythms in different

species.
Study Species Interval Method Results
Aihara 2003 Mice Every 3 h Microneedle Biphasic (highest
evening until 9p,
declined in the morning
until noon
Li 2008 Mice Every 5 min Pressure Catheter Highest in dark, lowest
during light
Krishna 1995 Rats Every 2 h (6a- Tonopen Trough at 6a, peak at
12a) 8p.
Every 3 h (12a
—6a)
Moore 1996 Rats Every 4 h Tonopen XL Highest in dark, lowest
during light
Nickla 2002 Chicks Every 6 h or Applanation Highest during the day,
every 12 h tonometer lowest at night
Katz 1975 Rabbits Every 1 h Application tonometer Biphasic (Lowest at
night, highest 8-11a
and 4-7p.
Liu 1991 Rabbits Every 4 h pneumatonometer Highest in dark, lowest
during light
Mclaren 1996 Rabbits for 15 seconds | Pressure transducer | Highestin dark, lowest
every 2.5 during light
minutes
Wang 2013 Rabbits Every 1 h Rebound tonometer | Highest at 10 am, IOP
7am-7pm is little lower
than 8 p-6 a
Ostrin 2016 Guinea Pigs Every 2 h Tonolab Highest in the morning
and lowers throughout
the day
Rajaei 2016 Guinea Pigs Every 8 h Rebound and Lowest 7a-7p. Highest
applanation 8p-6a
tonometers
El-Nimri 2018 Guinea Pigs Every 6 h iCare tonometer Highest in the morning
and lowers throughout
the day
Ginnetto 2009 Dogs Every 4 h Tonopen Diurnal acrophase
Martin-Suarez Dogs Every 90 min | Aplanation tonometry Lower after 3:30p, no
2014 difference 8a -3:30p
Bito 1979 Monkeys Every 2 h Pneumatonometer Lowest 9a-2p, small
(anesthesia) fluctuations between
8a- 5p
Yu 2009 Monkeys Every 3 h Tonovet Peak 3p-9p
Trough noon- 6p
Liu 2011 Monkeys Every 3 h Tonovet Lowest at 3 am,
highest at noon
Nickla 2002 Marmosets Every 6 h Tonopen Highest in dark, lowest

(anaesthesia)

during light
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1.2.3 Current ocular hypotensive (anti-glaucoma) drug treatments and their
mechanisms of action

There are many effective IOP lowering drugs, developed as therapies for patients with
primary open-angle glaucoma and ocular hypertension. In all cases, the ocular
hypotensive actions of these drugs reflect effects on aqueous humor dynamics, either
decreased production or increased outflow through the trabecular meshwork or
uveoscleral pathway, or by a combination of these mechanisms. The ideal ocular
hypotensive drug is one that is effective at lowering IOP across 24 hr, needs to be
dosed only once a day, and has no adverse side-effects. These points were kept in
mind in selecting the drug for testing the efficacy of lowering IOP as an approach for
controlling myopia progression. A brief summary of the current treatment options is
given below, with key features of each drug group summarized in Table 1.2.

In early 1960, the only available glaucoma drugs were topical cholinergic agents that
improved aqueous outflow, topical adrenergic drugs that reduced aqueous production,
and systemic carbonic anhydrase inhibitors that reduced aqueous inflow (Hoyng et al.,
2000). Since then, many new ocular hypotensive drug classes have appeared.

Beta-blockers

Beta-blockers lower |IOP by decreasing aqueous production. They act by binding beta-
adrenergic receptors on the nonpigmented epithelium of the ciliary body, thereby
inhibiting the actions of endogenous sympathomimetic catecholamines,(Zimmerman,
1993). Currently available topical formulations for glaucoma therapy include non-
selective beta blockers that inhibit both beta 1 and 2 adrenergic receptors, as well as
one selective beta 1 blocker (Hoyng et al., 2000). Beta-blockers lower IOP by 20-27%
during the daytime (Orzalesi et al., 2000a; Stewart and Castelli, 1996), while they have
little to no effect on nocturnal IOP (Liu et al., 2004; Orzalesi et al., 2000). The latter
profile reflects the decrease in the levels of circulating epinephrine decrease during
sleep (Orzalesi et al., 2000).

As previously described, the nonselective beta-blocker, timolol, had minimal protective
effect against myopia in chicks and humans (Jensen, 1992b; Schmid et al., 2000). This
outcome is not surprising, given that, as predicted, timolol was found to have little effect
on IOP at night (Liu et al., 2004), which is when eye growth is accelerated in myopia
progression, at least in chicks (Nickla et al., 1998). Interestingly, timolol does appear to
lowering IOP in guinea pigs, contrasting with the report that it is ineffective in lowering
IOP during the night in humans, and possibly reflecting the crepuscular nature of guinea
pigs (EI-Nimri 2019, AOPT abstract).

Alpha agonists

Apraclonidine and brimonidine, which belong to the alpha2 adrenergic agonist class of
drugs, were introduced in the early 1990s. These drugs work by reducing aqueous
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humor production, with brimonidine also increasing uveoscleral outflow (Toris, 2007). In
humans, decreases in IOP by 12.5% to 29% one-hour post administration have been
reported. In the case of brimonidine, its maximum effect is reported to occur ~4-5 hours
after administration, with little or no effect on night-time IOP (Katz, 1999; Liu et al.,
2010; Van Der Valk et al., 2005). The latter observation is also consistent with its
mechanism of action, although a study comparing the 24-hour IOP lowering profiles of
brimonidine and dorzolamide/ latanoprost combination found them to be comparable
(Konstas et al., 2005).

It is plausible that alpha 2 agonists will be more effective in lowering IOP at night in
guinea pigs, for the same reason that beta-blockers are more effective, i.e., because of
their crepuscular nature. This prediction is also consistent with results from a recent
study which showed brimonidine to be effective in stabilizing myopia progression in
guinea pigs using a lens-induced myopia model (Liu et al., 2017).

Carbonic anhydrase inhibitors (CAl)

There are two topical CAls available for ocular use, dorzolamide and brinzolamide,
which work by decreasing aqueous humor production. These drugs are sulfonamide
derivatives that inhibit carbonic anhydrase in the nonpigmented epithelium of the ciliary
body, the net effect being decreases in ion and fluid transport, thereby decreasing the
secretion of aqueous humor. CAls reduce the production of aqueous less than timolol.
Therefore, they also reduce IOP to a lesser degree (Silver, 1998; Wayman et al., 1998),
with effects of between 13.2% to 22% reported (Sall, 2000; Van Der Valk et al., 2005).
For this reason, CAls are best used as adjunctive therapy to other ocular hypotensive
drugs (Clinechmidt et al., 1995; Tsukamoto et al., 2005). Nonetheless, they do have
modest efficacy during the night (Orzalesi et al., 2000).

Due to their relatively lower efficacy, CAl were not selected for testing in our myopia
control studies.

Prostaglandin analogues (PGs)

Prostaglandin analogues now represent the most widely prescribed topical glaucoma
therapies. Developed at the end of the 90s, they have proven very effective in lowering
IOP around the clock (24 h) and are currently considered the first line treatment for
open-angle glaucoma (T. Li et al., 2016). Remodeling of the extracellular matrix (ECM)
within the uveoscleral (UV) outflow pathway as reflected in increased matrix
metalloproteinase (MMP-2 and 3) activity appears to be largely responsible for their
enduring ocular hypotensive action (Gaton et al., 2001; Russo et al., 2008).

Three of the PG analogues (latanoprost, travoprost, and bimatoprost) are approved for
use as glaucoma therapies in the United States. Reductions in IOP by 18% to 31%
during the day have been reported (Diestelhorst et al., 2002; Orzalesi et al., 2000; Van
Der Valk et al., 2005). Notably, IOP reductions of about 8.5% to 17% during the night
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have been reported, contrasting with the negligible effect of beta blockers at night (Liu
et al., 2004; Orzalesi et al., 2000b).

Latanoprost (Xalatan) is an ester prodrug of PGF2 alpha analogue, with selective FP
receptor agonist activity (Toris et al., 1993). It is used as first-line therapy in POAG,
because of its efficacy reducing IOP by 25-34% (Camras, 1996; Mishima et al., 1997),
achievable with only once a day administration. Latanoprost is considered well-tolerated
and safe with mild conjunctival hyperemia, hyperpigmentation, hypertrichosis in the lids
and lashes and decreases in orbital fat (Camras, 1996; Chiba et al., 2004). Serious, but
rare side-effects, include cystoid macular edema, anterior uveitis, and re-activation of
herpes simplex keratitis (Fechtner et al., 1998; Morales et al., 2001; Wand et al., 2001;
Warwar et al., 1998).

The effect of latanoprost on myopia progression was first tested in chicks, applied by
intravitreal injection rather than topical delivery (Jin and Stjernschantz, 2000). Thus,
while the study reported a positive benefit of latanoprost on myopia progression, the
translatability of this result to the clinic is questionable, given the drug delivery route
used. We chose to test the effect of latanoprost in controlling myopia progression in the
guinea pig myopia model, because it has proven to be effective in lowering IOP around
the clock (24 hr), despite some concerns related to the known effect of PG analogues
on ECM remodeling (i.e. increased remodelling),,an action that may exacerbate rather
than slow myopia progression (Kim et al., 2001). That being said, latanoprost proved to
be effective in slowing down myopia progression in our guinea pig myopia model (El-
nimri and Wildsoet, 2018).

New anti-glaucoma drugs

Latanoprostene bound (LB), a recently FDA-approved drug, is a potent nitric oxide
(NO)-donating derivative of latanoprost, which promotes aqueous outflow through both
the trabecular meshwork and uveoscleral routes (Kaufman, 2017; Liu et al., 2016).
Interestingly, nitric oxide has been linked to choroidal thickening and ocular growth
inhibition in chicks (Nickla et al., 2009, 2006; Nickla and Wildsoet, 2004) Thus given its
demonstrated potency in lowering IOP around the clock in humans, it would seem a
good candidate for testing as a myopia control therapy.

Rho kinase (ROCK) inhibitors, including netarsudil, represent another new class of
glaucoma therapies. Their ocular hypotensive action appears to be achieved through
enhanced trabecular outflow, with reductions in episcleral venous pressure through
vasodilation being a contributing factor. This class also seems to have similar efficacy at
lowering IOP during the night as it does during the day (24 hour effect) (Van de Velde et
al., 2015), and is reported to be more effective when compared to timolol in lowering
IOP in eyes that have relatively low IOPs (Serle et al., 2018). The latter observation
suggests that it might be a good choice for myopia control in otherwise healthy eyes
with normal IOPs, i.e., between 10 and 21 mmHg.
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Table 1.2: Summary of Intraocular pressure lowering drug (anti-glaucoma) classes available

Drug Class Drug Name Mechanism of Effect Receptor Tested for
action mediated myopia
or ECM control
remodeling
Beta-blockers Timolol Sympathomimetic- | Decrease Receptor Yes
Betaxolol Block effect of aqueous
Carteolol epinephrine production
Alpha 2 agonists | Apraclonidine Selective alpha 2 Reduce Receptor Yes
Brimonidine adrenoceptor aqueous
agonists humor
production
increase
uveoscleral
outflow
Carbonic Dorzolamide Inhibit carbonic Decrease Receptor No
anhydrase Brinzolamide anhydrase in the aqueous
inhibitors ciliary body production
Prostaglandin Latanoprost Extracellular matrix | Increase ECM Yes
analogues Travoprost (ECM) remodelling | UV outflow | remodeling
Bimatoprost within the
uveoscleral (UV)
outflow pathway
Latanoprostene | Latanoprostene | potent nitric oxide Increase ECM .
bound bound or (NO)-donating aqueous remodeling
Vyzulta derivative of outflow
latanoprost through
both TM
and UV
routes
Rho kinase Netarsudil Inhibit Rho kinase | increase Receptor _
inhibitors aqueous
outflow
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Chapter 2: Changes in diurnal

intraocular pressure rhythms, scleral and
optic nerve head architecture with myopia
progression in the guinea pig form-
deprivation model

2.1 Introduction

Many studies in experimental animal myopia investigated the role of 24-hour intraocular
pressure variation in the myopic eye growth (l. Papastergiou et al., 1998b; Nickla et al.,
2002; Nickla et al., 1998). Form deprivation (FD) in chicks was reported to not affect the
amplitude of IOP rhythm but causes more phase variability. For example, the trough
does not consistently occur at night when compared to normal eyes (Nickla et al.,
1998). They also concluded that IOP rhythms influence eye elongation in chicks by
inflating the eye and/or influencing scleral extracellular matrix production rhythms. In
guinea pigs, there is some controversy in IOP diurnal rhythms role in normal eye
growth. One study showed that IOP was lower during the light period than the dark
period (Rajaei et al., 2016), while other study states the opposite (L.A. Ostrin and
Wildsoet, 2016). In our study, we measured IOP in normal and myopic guinea pig eyes
for a total of 10 weeks. For all of our guinea pigs, |IOP peaked when lights turned on and
became lower throughout the day.

The sclera plays an important role in ocular growth regulation. Increased remodelling of
the scleral matrix may lead to scleral thinning and weakening, which in turn leads to
myopic growth and increased risk of other ocular complications. The sclera is mainly
made up of collagen type |, with fibroblasts functioning to produce and maintain the
extracellular matrix. It is well established that there are structural and biomechanical
changes in the myopic sclera. In myopic eyes, the sclera is thinner and its collagen is
reduced and disorganized, which makes it biomechanically weaker and more unstable
leading to scleral creep (irreversible scleral stretching caused by constant mechanical
stress) and in its more exaggerated form, it may lead to posterior staphyloma, where
there is a mechanical scleral failure (Avetisov et al., 1983; Curtin et al., 1969, 1979).
These myopic structural and biomechanical changes are considered a byproduct of the
scleral molecular changes. It is well known in the literature that the scleral changes in
myopic eyes are related to altered genes expressions, including, but not limited to type
1 collagen, matrix metalloproteases (especially MMP2), tissue inhibitor of MMPs
(TIMP), TGF beta, and integrins (Barathi and Beuerman, 2011; McBrien et al., 2006;
McBrien and Gentle, 2003; Rada et al., 1999). MMP2, an enzyme associated with
collagen breakdown was shown to increase and TIMP-1 to decrease in the myopic

21



sclera of tree shrews (Guggenheim and McBrien, 1996; J. T. Siegwart and Norton,
2001). TGF beta and alpha 1, 2 and beta 1 integrins were downregulated and FGF
receptor-1 was upregulated in the myopic sclera (Gao et al., 2011; Gentle and McBrien,
2002; Jobling et al., 2004). Cyclic AMP and GMP levels were also found to increase in
FD guinea pigs and injecting normal guinea pigs with inhibitors of these secondary
messengers inhibited FD myopia (Fang et al., 2013; Tao et al., 2013).

The lamina cribrosa (LC) is a multilayered mesh-like network of collagen fibers that
inserts into the scleral canal. The LC plays an important role in maintaining a pressure
gradient and forming an interface between the intraocular pressure inside the eye and
the cerebrospinal fluid pressure in the optic nerve sheath (Balaratnasingam et al., 2007,
Eraslan et al., 2016; Kim et al., 2015; Yang et al., 2007a). The LC is weaker and thinner
than the surrounding dense sclera. As a result, the LC is more sensitive to IOP changes
and tends to displace posteriorly causing pores pinching and deformation as a response
to elevated IOP. This is believed to be one of the causes of the glaucomatous optic
nerve damage (Morgan-Davies, 2004).

A thinner and weaker peripapillary sclera in myopia can affect the lamina cribrosa
biomechanics explaining in part the increased risk of glaucomatous damage in myopic
patients (Jonas et al., 2011; Norman et al., 2011). In fact, it was found that the LC
thickness decreases with longer axial length and thinner posterior sclera (including
sclera at the optic disc border) in non-glaucomatous monkeys; a similar finding to
humans (Jonas et al., 2016). In our study, we also examine the optic nerve head,
lamina cribrosa, and scleral macro/ micro-structural changes in FD guinea pigs.

2.2 Methods

2.2.1 Animals

Pigmented guinea pigs were used in this study, with breeders obtained from the
University of Auckland, New Zealand. Study animals were bred on-site and housed in a
temperature-controlled room with a light/dark cycle of 12L/ 12D (on at 9.30 am, off at
9.30 pm). Pups were weaned at 5 days of age and housed as single-sex groups in 41
cm wide X 51 cm long transparent plastic wire-top cages, with free access to water and
vitamin C-supplemented food, with additional fresh fruit and vegetables given five times
a week as diet enrichment. All animal care and treatments in this study conform to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Experimental protocols are approved by the Animal Care and Use Committee of the
University of California, Berkeley.

2.2.2 Treatments and monitoring

Ten guinea pigs underwent monocular FD, using white plastic diffusers worn from 14-
days of age for 10-weeks to induce progressive myopia. Untreated contralateral eyes
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served as controls. FD treatment was monitored every 30 minutes to 1 hour during light
cycle (12 hours).

The design of the diffusers and attachment protocol were adapted from those
implemented in chicks (Wildsoet and Wallman, 1995). The diffusers were made from
sheets of white styrene (Midwest Products Co), hot-molded into semicircular domes and
mounted on hook Velcro ring supports. Opaque diffusers were used in this study. To
attach the diffusers to the guinea pigs, rings of loop Velcro were cut in halves and the
two segments symmetrically affixed to the fur surrounding one of the guinea pig’s eyes
using gel cyanoacrylate glue (SureHold® Plastic Surgery) (Figure 2.1).

Figure 2.1: Guinea pig with a monocular detachable diffuser attached to induce form deprivation (FD)
myopia.

2.2.3 Measurements: Intraocular pressure, refractive error, and axial ocular
dimensional measurements

Intraocular pressures (IOP), spherical equivalent refractive errors (SE) and optical axial
lengths (AL) were recorded for both eyes of each animal, immediately before the
initiation of the FD treatment (baseline), with follow-up measurements made at weekly
intervals over the first month and every other week thereafter. Because of well-
documented circadian rhythms in both IOP and eye elongation (Nickla et al. 1998),
measurements were always taken around the same time each day, early in the
morning, after lights-on.

All IOP measurements were conducted in awake animals, prior to other procedures
requiring anaesthesia to avoid possible confounding effects of the latter. An iCare
rebound tonometer (Tonolab, Helsinki, Finland) was used along with the setting for rat
eyes, for which this instrument has been calibrated and which are similar in size to
those of guinea pigs. This instrument provides confidence interval information based on
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successive readings; only data with a confidence interval of 5% or less were used.
Three measurements were taken on each eye and the average used in data analysis.

Refractive errors were measured using streak retinoscopy on awake animals, 30
minutes after instillation of one drop of 1% cyclopentolate hydrochloride (Bausch &
Lomb, Rochester, NY) for cycloplegia. Spherical equivalent refractive errors (average of
results for the two principal meridians) were derived for use in data analysis.

Ocular axial dimensions were measured with a custom-built, high-frequency A-scan
ultrasonography system, with an estimated resolution of ~10 ym (Nickla et al., 1998;
Wildsoet and Wallman, 1995). For these measurements, animals were first placed
under gaseous anaesthesia (1.5-2.5% isoflurane in oxygen), with eyelid retractors
inserted to hold their eyes open. For each measurement, at least 8 traces were
captured per eye and analyzed off-line. Only optical axial lengths are reported here,
derived as the sum of anterior chamber depth, axial lens thickness and vitreous
chamber depth.

2.2.4 Measurements: Diurnal intraocular pressure rhythms

To characterize diurnal rhythms in IOP, five measurements were made using the iCare
tonometer at ~6 h intervals over 24 h, including time points just after lights-on and just
before lights-off. Measurements during the lights-off hours were taken under
photographic dark light conditions to minimize the possible effect of brief exposures to
light on circadian rhythms. Three measurements were taken on each eye at each time
point and averaged for use in data analysis.

2.2.5 Measurements: SD-OCT imaging

A high-resolution spectral-domain optical coherence tomography system (SD-OCT,
Bioptigen, USA) was used to image the optic nerve head (ONH), starting one day
before the diffusers are attached and once per month thereafter. Both eyes of each
animal were imaged. Guinea pigs were first anaesthetized with an intramuscular
injection of ketamine and xylazine (27 mg/kg, 0.6 mg/kg, respectively), then placed on a
custom-made stage with x — y — z adjustments to facilitate align the optical axis of the
eye being imaged with that of the instrument. A high-resolution OCT scan was
generated from 500 B-scans by 400 A-scans, with a 12 by 12 mm field size, with two to
three such scans, centred on the ONH, captured from each eye at each time point
(Figure 2.2).

A cross-sectional 200x200 pixel image containing the ONH at its maximum horizontal
dimension was selected to assess ONH diameter, using the termination in Bruch's
membrane to define its boundary. Relevant points in the image were manually selected
and diameter measured using a custom MATLAB (MathWorks Inc., Natick, MA)
program. Values were corrected for differences in magnification related to the eye's
length.
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Figure 2.2: In Vivo SD-OCT images from a 2 week —old guinea pig: (A) Low resolution en face volume
intensity projection, indicating location of cross-sectional image in B (dotted line), and (B) corresponding
OCT image through optic nerve head (12 mm line scan, arrowhead: choroidoretinal border , asterisk,
termination of Bruch’s membrane).

2.2.6 Scanning electron microscopy to image lamina cribrosa

Following animals sacrifice, eyes were enucleated and ONHs excised from the posterior
segment to include a 4 mm ring of surrounding sclera for scanning electron microscopy
(SEM). ONH samples were first soaked in 0.2M NaOH for 30 h, to remove cellular
components, leaving only collagenous structures. ONHs/ lamina cribrosa (LC) samples
were then fixed in 4% glutaraldehyde in 0.1M sodium cacodylate, stained with osmium
tetroxide, dried through an ethanol series, and finally subjected to critical point drying
before imaging. LC samples were imaged using a Hitachi TM-1000 scanning electron
microscope. Images were captured at 600X magnification (Figure 2.3).

2017004110

Figure 2.3: The process of imaging the lamina cribrosa; A) processed optic nerve head and 4 mm ring of
the surrounding sclera, B) Scanning electron microscope, C) lamina cribrosa electron microscopy image
at 600X.
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2.2.7 Transmission electron microscopy to image scleral collagen

Following animals sacrifice, eyes were enucleated and optic nerve heads (ONHs)
excised from the posterior segment. A 6 mm ring of sclera surrounding the ONH was
excised using disposable punchers for transmission electron microscopy (TEM). Tissue
samples were first fixed in 4% glutaraldehyde in 0.1M sodium cacodylate, stained with
osmium tetroxide, dried through an acetone series, infiltrated with resin and finally
embedded into molds (Figure 2.4).

Figure 2.4: Resin molded blocks containing cross-sections of scleral tissue on both edges.

To section the sample blocks, the blocks containing a cross-section of the tissue were
hand-cut by razorblade creating a face in the shape of a right trapezoid. Smooth faces
were made using a diamond knife on a Reichert-Jung Ultracut E microtome. The tissue
sections were cut into 70 nm silver and gold-colored sections (Figure 2.5).

Figure 2.5: A) Scleral sample attached to a Reichert-Jung Ultracut E microtome and sectioned using a
diamond knife, B) Scleral tissue cut into 70 nm silver and gold-colored sections, C) Silver sections with
scleral samples in the middle.
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Sections were then placed on coated copper meshed grids. The ready sections were
stained with uranyl acetate and lead citrate (Figure 2.6).
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Figure 2.6: A) An example of a copper meshed grid, B) A cartoon of thinly sectioned specimens
placed on top of a copper grid.

Samples were viewed using an FEI Tecnai 12 transmission electron microscope.
Images were captured from three different samples of each eye at a magnification of

6800X (Figure 2.7).
; LI 2

i

Figure 2.7: An FEI Tecnai 12 transmission electron microscope.

2.3 Results

2.3.1 Effects of myopia progression on refractive error and axial length

Our guinea pig group showed significant ocular elongation of their FD eyes and myopic
shifts in spherical equivalent refractive error (RE), as reflected in the changes in
interocular differences and FD eye measurements over the 10-week treatment period.
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Over the first week of the FD treatment, FD eyes elongated faster than their fellows and
showed myopic shifts in their spherical equivalent refractive errors. The mean
interocular differences in SE and axial length (AL) at the end of this 1-week treatment
period, reflect these changes, i.e., -2.9 £ 0.35 D and 0.05 + 0.02 mm. The changes in
this group recorded significantly increased interocular differences, i.e., 0.00 £ 0.015 at
baseline vs. 0.29 + 0.04 mm after 10 weeks (p< 0.001) and 0.025 £ 0.36 vs. -8.2 £ 0.71
D (p<0.001) (Figure 2.8).

Refractive Error Optical Axial Length

Interocular Difference (D)
Interocular Difference (mm)

-0.1 T T T T T T T T

Figure 2.8: A) Mean (+ SEM) interocular differences in spherical equivalent refractive error (diopters),
and B) optical axial lengths (distance from the front surface of the cornea to the retina, mm) in guinea pigs
that were monocularly form-deprived (FD) for 10 weeks.

2.3.2 Effects of myopia progression on intraocular pressure and diurnal
rhythms

Mean IOP (+SEM) was measured in FD and fellow control eyes of 10 guinea pigs,
deprived from 2 weeks of age for 10 weeks. IOPs of FD eyes significantly increased
over time, from a baseline value of 22.37 £1.21 to 28.63 £1.59 mmHg by week 10 (p =
0.0016). IOPs of fellow eyes also increased with time, from 22.2 £1.53 to 26.5 £1.25
mmHg by week 10 (p = 0.04). Although not statistically significant, IOPs of FD eyes
appeared to increase at a faster rate over time than IOPs of fellow eyes (Figure 2.9).
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Figure 2.9: Mean IOP (+tSEM) measured in FD and fellow control eyes of 10 guinea pigs, deprived from 2
weeks of age for 10 weeks. IOPs of FD eyes significantly increased over time. IOPs of fellow eyes also
increased with time, although not statistically significant, IOPs of FD eyes appeared to increase at a faster
rate over time than IOPs of fellow eyes.

The figure below shows the average diurnal rhythm in IOP for FD and fellow eyes
derived from measurements made at 6-hour intervals over 24 hours. The timing of peak
IOP was similar for the FD eyes and their fellows, around 9:35 am, just after “lights on”.
The mean diurnal IOP (xSEM) at 9:35 am was 29.87 + 1.65 mmHg in the FD eyes and
29.9 1.7 mmHg in the fellow eyes. No statistically significant difference was found
between FD and fellow eyes at each measurement point (Figure 2.10).
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Figure 2.10: Mean IOPs (+ SEM) measured at 6-h intervals over 24 h, for the form-deprived and fellow
eyes of ten guinea pigs. IOPs were recorded at the end of the 10-week treatment period.

2.3.3 Optic nerve head size increases with myopia progression

The dimensions of the opening in Bruch’s membrane to accommodate the exiting optic
nerve fibers were used here as a surrogate for optic disc dimensions (ODDs). For the
FD eyes, the mean ODDs increased from 218.8 + 7.7 um at the start of the study (2
weeks old) to 248.6 + 8.9 uym by the end of the study (3 months old). For the fellow
eyes, the equivalent values are 224.3 £ 7.7 ym and 238 £ 8.7 um (Figure 2.11).
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Figure 2.11: ODDs (mean + SEM) for FD and fellow eyes of young NZ guinea pigs, recorded over a 10-
week period corresponding to ages of 2 weeks to 3 months.

Optic disc dimensions (ODDs) were calculated by measuring Bruch’s membrane
opening, of form-deprived and fellow eyes plotted against the axial length of the same
eyes (Figure 2.12). While both FD and fellow eyes showed significant linear correlations
between these parameters (r>= 0.93, p= 0.03 FD vs. r’= 0.99, p= 0.002 fellow), FD eyes
showed a more rapid increase in ODDs with axial elongation over the 10 week
treatment period, as reflected in the slopes of regression lines (23.98+4.8 for FD eyes
compared to 13.16 +0.65 for fellow eyes).
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Figure 2.12: Optic disc dimensions (ODDs) of form-deprived and fellow eyes plotted against the axial
length of the same eyes.

2.3.4 Effects of myopia on lamina cribrosa - scanning electron microscopy

In this study, there was no statistically significant difference in the mean of laminar
pores area between FD and fellow eyes. The mean laminar area was 21.69 + 8.88 um?
for the FD eyes and 22.21 + 8.71 um?for the fellow eyes (Figure 2.13). Laminar pores
were further categorized based on the area into small (<15 ym?), medium (15-30 um?),
and large (>30 um?) pores area. FD and fellow eyes had the largest percentage of the
smallest lamina criborsa pores area (FD; 65.3 + 15.3 %, fellow; 63.9 £ 13.5%) and
about a similar percentage of the medium (FD; 16.5 £ 5.2 %, fellow 16.6 + 3.2%) and
large pore (FD; 18.2 £ 10.9%, fellow 19.5 £ 11.5%) area. No statistically significant
difference in the pore area was found between the FD and the fellow eyes (Figure 2.14).

32



0373 2018/02/27 17:02 L x600 100 um | 0380 20180313 1511 L =600 100 um

FD myopic eye

Fellow eye

Figure 2.13: Representative image of the lamina cribrosa of a form-deprived eye and fellow eye using
scanning electron microscopy (SEM) imaged at 600X.
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Figure 2.14: Laminar pores categorized based on the area into small (<15 pm?2), medium (15-30 pym?2),
and large (>30 ym2) pores area. FD and fellow eyes had the largest percentage of the smallest lamina
cribrosa pore area and about a similar percentage of the medium and large pore areas.
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2.3.5 Effects of myopia on scleral collagen - transmission electron
microscopy

Both the distribution of scleral collagen fibers and their cross-sectional area dimensions
were qualitatively examined. In the normal guinea pig sclera, as represented by that of
fellow eyes, scleral collagen fibers were evenly spaced. In contrast, the sclera from
myopic FD eyes was clearly altered, with increased spacing between the collagen
fibers; there also appeared to be a higher proportion of smaller fibers (Figure 2.15). That
the scleras of FD myopic eyes had smaller fibers compared to those of their fellows was
confirmed statistically (0.0059 + 0.0013 ym?, FD-AT vs. 0.0085 + 0.002 um?, fellow
(p<0.001)).

To further compare the effects of the FD myopia on scleral collagen fibers, cross-
sectional area data were categorized into one of three groups, small (<6000 nm?),
medium (6000-12,000 nm?), and large (>12,000 nm?). The percentage of scleral
collagen fibers in each category was calculated for both FD eyes and their fellows. The
FD eyes had the highest percentage of the smallest fibers (51.7 £ 9.1%), and the lowest
percentage of the largest fibers (19.5 £ 6.5%) (p= 0.02), compared to their fellows (39.6
£13.1%, small vs. 25.2 + 12.7%, large; p= 0.32) (Figure 2.16).

FD Myopic sclera Fellow eye sclera

Figure 2.15: Representative image of the scleral collagen fibers of a form-deprived eye and fellow eye
using transmission electron microscopy (TEM) imaged at 6800X. Note the difference in morphology of
myopic sclera and fellow sclera. Myopic sclera has a higher proportion of the smaller collagen fibers with
a lot more spacing between the fibers exposing the extracellular matrix. On the other hand, fellow sclera
has more evenly spaced collagen fibers with predominating medium-sized fibers.
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Figure 2.16: Percentage of each of three categories of scleral collagen fibers, based on cross-sectional
areas (small, <6000 nm?; medium, 6000-12,000 nm?; large, >12,000 nm?), shown for the FD and fellow
eyes.

2.4 Discussion

2.4.1 Form-deprivation myopia-related changes in intraocular pressure
and diurnal rhythms

In our study, the FD eyes showed a trend towards |IOP elevation. Although this trend
was not statistically significant, another study also reported an increase in IOP in lens-
induced myopic guinea pig eyes receiving 0.9% saline by the end of the study (Liu et
al., 2017). These findings also fit with isolated reports in humans of higher IOPs in
myopes compared to emmetropes (Cahane and Bartov, 1992; Detry-Morel, 2011; Wong
et al., 2003). Nonetheless, even without significant IOP elevation, for eyes with fibrous
scleras, biomechanically weakening of the sclera due to the increased extracellular
matrix during myopia progression, will arguably render it more vulnerable to the
stretching (inflationary) influence of IOP. The possibility that structural changes in
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myopic (FD) eyes can lead to IOP elevation, as a further adverse complication, is the
subject of future investigations.

Diurnal rhythms in IOP have been documented in many species, including chicks
(Nickla et al., 1998), rats (Arranz-Marquez and Teus, 2004; Kahane et al., 2016),
rabbits (Howlett and McFadden, 2006; Smith et al., 2009), monkeys (Bito et al., 1979),
and humans (Detry-Morel, 2011; Lindsey et al., 1997), with species differences in the
phase and amplitude of IOP rhythms apparent, e.g., lower in rhesus monkey eyes (5
mmHg) (Bito et al., 1979) than in rat eyes (Arranz-Marquez and Teus, 2004; Kahane et
al., 2016) and rabbit eyes (10 mmHg) (Howlett and McFadden, 2006; Smith et al.,
2009). For our guinea pigs, the highest IOP was recorded at the first, morning time-
point, just after lights-on, with IOP decreasing throughout the day. These results agree
with our already published diurnal IOP patterns for normal guinea pigs (Lisa A. Ostrin
and Wildsoet, 2016). The IOP rhythm amplitude for FD eyes was increased, to
approximately 8 mmHg, compared to fellow eyes. However, while the latter value is
comparable to the amplitude reported for FD myopic chick eyes (Nickla et al., 1998), the
amplitude was reported to be not significantly affected, but phase more variable in the
latter study, pointing to a possible species difference.

2.4.2 Form-deprivation myopia and macro/ micro-structural changes

In this study, optic discs tended to increase in size with increasing axial length in both
FD myopic and fellow (normal) eyes, but at a faster rate in the myopic eyes, paralleling
the trends reported for human myopia. IOPs also seemed to be slightly higher in myopic
eyes compared to their fellows, and as a result, the scleras of the larger myopic eyes
would have experienced more mechanical stress, perhaps contributing to the greater
rate of elongation in these eyes.

While optic discs area generally increases with axial elongation (Hoh et al., 2006; Savini
et al., 2012; Bae et al. 2016), Leung et al. found using a Heidelberg Retina Tomograph
(HRT), that optic disc size was independent of axial length and refractive error between
-8 and +4 D and concluded that OCT does not agree with HRT, because it may
overestimate optic disc area, cup to disc area ratio, and rim area in myopic eyes (Leung
et al., 2006). This discrepancy between the two instruments could be related to the
different methods of measuring the disc margin. In the HRT, the disc margin is
demarcated by Elschnig’s ring outer boundary, whereas, the retinal pigmented
epithelium ends are what is detected in OCT (Leung et al., 2006). Given that
peripapillary atrophy- disruption of the retinal pigmented epithelium in the area
surrounding the optic disc- is more common in myopic eyes (Ramrattan et al., 1999),
the optic disc margins with the peripapillary atrophy, could have been overestimated in
size in OCT. Therefore, it is crucial to account for axial length- induced ocular
magnification when measuring optic nerve head size.

To date, the effect of myopia on the architecture of the lamina cribrosa has not been
investigated in any animal model, although a previous study by our group used

scanning electron microscopy to image the lamina cribrosa of normal pigmented and
albino guinea pigs (Lisa A. Ostrin and Wildsoet, 2016). The guinea pig was shown to
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have a well-organized, collagen-based lamina cribrosa, making it a promising model for
investigating the relationship between myopia and glaucoma. Histomorphometric
studies of human globes have found the lamina cribrosa to be thinner in highly myopic
eyes when compared to eyes with normal axial length (Jonas et al., 2012, 2004), and in
another study involving normal monkeys (no myopia or glaucoma), lamina cribrosa
thickness was found to decrease and the posterior sclera to thin, with increasing axial
length (Jonas et al., 2016). However, in the current study, no abnormalities in the lamina
cribrosa architecture were identified in FD myopic eyes.

Our interest in the lamina cribrosa architecture of the myopic guinea pigs stems from in
vivo human studies suggesting that both high myopia and glaucoma significantly
increase the risk of lamina cribrosa damage, and the further suggestion that lamina
cribrosa changes in highly myopic eyes with no glaucoma may partially explain the
increased risk of glaucoma in these eyes (Miki et al., 2015). Eyes with tilted discs, as
commonly encountered in human myopia, appear more susceptible to focal temporal
lamina cribrosa defects and associated glaucomatous visual field defects, (Sawada et
al., 2017). Interestingly, none of the myopic guinea pigs that were also imaged in vivo
using SD-OCT showed tilted discs. It is plausible that this difference between the guinea
pig and human eyes reflects differences in the anatomical location of the optic nerve
insertion site, raising the further possibility that shearing forces on the lamina cribrosa
may be less in the case of guinea pig lamina cribrosa, as reflected in our failure to
detect any related structural abnormalities. Nonetheless, because the SEM technique
used in this study only allows for characterization of the surface structure of the lamina
cribrosa, we cannot rule out changes in the deeper layers. It is also possible that such
changes as described in humans may slowly evolve over time, while our study was
limited to a 10-week monitoring period.

The scleras of the myopic FD guinea pig eyes were morphologically different from those
of their fellow eyes. In the scleras of untreated fellow (normal) eyes, collagen fibers
were relatively evenly spaced; also, while the fibers ranged in size from quite small to
quite large, medium-sized fibers dominated. In contrast, the scleras of the more myopic
eyes had both a higher proportion of smaller collagen fibers and overall, the fibers were
more sparsely spaced. The latter picture fits well with other descriptions of myopic
scleras. For example, in 1979, Curtin (Curtin et al., 1979), in examining human myopic
eyes by electron microscopy, noted the following differences in myopic sclera:
predominantly lamellar, reduction in fibril diameters (below 60-70 nm), greater
dispersion for the range of fibril diameters, greater prevalence of extremely small
diameter fibrils, and unusual star-shaped fibrils on cross-section. With the exception of
the last observation, this description also captures the changes in the scleras of our
myopic guinea pigs.

Similar to human myopic scleral changes, myopia development and progression in tree
shrews and mice have also been linked to changes in scleral collagen fiber spacing and
diameter, as viewed by TEM. For example, in one study involving long-term (= 3
months) form deprivation in tree shrews, the resulting myopia was linked to an increase
in the proportion of small diameter scleral collagen fibrils (McBrien et al., 2001). Similar
scleral changes were also observed in a transgenic mouse model, which exhibits high
myopia (Song et al., 2016). These findings are consistent with our own observation of a
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higher proportion of the smaller collagen fibers in the scleras of the form-deprived
myopic eyes of guinea pigs.
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Chapter 3 Effect of Intraocular

Pressure Reduction on Slowing Myopia
Progression in the Guinea Pig Form-
Deprivation Model

3.1 Introduction

Myopia (near-sightedness) has become a significant public health concern, as its
prevalence continues to increase in the United States (Vitale et al., 2009) and around
the world, especially Asia (Pan et al., 2015). The sclera plays an important role as a
determinant of eye size and thus in the development of myopia, which reflects
excessive eye elongation. Comprising mainly of collagen type I, with fibroblasts
functioning to produce and maintain the extracellular matrix, the sclera is known to
undergo structural and biomechanical changes in myopic eyes. These changes are a
byproduct of altered gene and protein expressions, including, but not limited to type 1
collagen, matrix metalloproteases (especially MMP2), tissue inhibitor of MMPs (TIMP),
TGF beta, and integrins (Barathi and Beuerman, 2011; McBrien et al., 2006; McBrien
and Gentle, 2003; Metlapally and Wildsoet, 2015; Rada et al., 1999). For example,
expression of MMP2, an enzyme associated with collagen breakdown, was shown to be
increased and expression of TIMP-1 to be decreased, in the myopic sclera of tree
shrews (Guggenheim and McBrien, 1996; J. T. Siegwart and Norton, 2001). This
increased remodelling of the scleral matrix leads to altered scleral microarchitecture,
collagen fibers becoming reduced in size and more disorganized, and the sclera, thinner
and weaker. In highly myopic eyes, the exaggerated and sustained biomechanical
instability of the thinned sclera may lead to scleral creep (irreversible scleral stretching)
and posterior staphyloma, in the event of mechanical scleral failure (Avetisov et al.,
1983; Curtin et al., 1969, 1979).

The role in ocular growth (enlargement) of intraocular pressure (IOP), which exerts a
stretching influence on the scleral wall of the eye, has been the subject of a number of
investigations making use of experimental animal models (Nickla, 2013). During myopia
development and progression, when scleral remodelling is upregulated, the sclera is
predicted to be more susceptible to the stretching influences of IOP, and thus eye
enlargement to accelerate as a consequence (Cahane and Bartov, 1992). That the
converse is also true, i.e., that ocular elongation can be slowed by decreasing IOP and
so the tension experienced by the sclera, was tested in this study using the topical
ocular hypotensive drug, latanoprost, and the guinea pig form-deprivation myopia
(FDM) model. In this study, we reported topical latanoprost to be effective in both
lowering IOP and slowing myopia progression in young guinea pigs (El-nimri and
Wildsoet, 2018).
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The use of IOP lowering drugs for controlling myopia progression has another potential
merit. Growing evidence from a number of studies links myopia with an increased risk of
primary open angle glaucoma (POAG), a leading cause of irreversible blindness
(Flitcroft, 2012). Eyes with POAG typically exhibit high intraocular pressure (IOP) and
altered diurnal IOP rhythms, as well as thinning of the neuroretinal rim and excavation
of the optic nerve head (ONH). The latter ONH changes reflect the loss of retinal
ganglion cell (RGC) axons as they pass through the lamina cribrosa (LC) (Flammer et
al., 2002), a sieve-like structure bridging the scleral canal through which the axons pass
to form the optic nerve, and which is also reported to be altered in glaucomatous eyes
(Yang et al., 2007).

The mechanism(s) underlying the increased susceptibility of myopes to glaucoma is not
well understood. Of possible contributing factors is the failure of the LC to adequately
support the RGC axons as they exit the eye. As the sclera becomes progressively
thinner and mechanically weaker with myopia progression, one might expect similar
changes in the LC since it is continuous, at least posteriorly, with the adjacent sclera
(Cahane and Bartov, 1992). A thinner and weaker peripapillary sclera in myopia could
also affect the biomechanical properties of the LC, potentially explaining, at least in part,
the increased risk of glaucomatous damage in myopic patients (Jonas et al., 2011;
Norman et al., 2011). In fact, it was found that the LC thickness is decreased in eyes
with longer axial lengths and thinner posterior scleras (including the sclera adjacent to
the optic disc border) in non-glaucomatous monkeys, a similar finding to that in humans
(Jonas et al., 2016).

Latanoprost is one of a number of prostaglandin (PG) analogues, which are currently
considered the first-line treatment for POAG, because they reliably reduce IOP, by
approximately 30%, and offer 24-hour control (Aptel et al., 2008). The IOP reduction
achieved with topical PGs is associated with increased uveoscleral (UV) outflow,
achieved through increases in the levels of matrix metalloproteinases (2 and 3), leading
to remodelling of the extracellular matrix (ECM) within the UV pathway (Russo 2009).
The latter activity profile raises the obvious question of whether the sclera is similarly
remodelled, despite latanoprost’s demonstrated ability to slow myopia progression in
the FDM guinea pig model (See sections 1.4.3 and 1.4.4).

3.2 Methods

3.2.1 Animals

Pigmented guinea pigs were used in this study, with breeders obtained from the
University of Auckland, New Zealand. Study animals were bred on-site and housed in a
temperature-controlled room with a light/dark cycle of 12L/ 12D (on at 9.30 am, off at
9.30 pm). Pups were weaned at 5 days of age and housed as single-sex groups in 41
cm wide X 51 cm long transparent plastic wire-top cages, with free access to water and
vitamin C-supplemented food, with additional fresh fruit and vegetables given five times
a week as diet enrichment. All animal care and treatments in this study conform to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
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Experimental protocols are approved by the Animal Care and Use Committee of the
University of California, Berkeley.

A total of 20 animals were used in this study, comprising of 2 groups of 10 animals. All
animals underwent monocular myopia-inducing form deprivation (FD) and the same
eyes also underwent one of two topical ophthalmic treatments as summarized below
(see also Tables 3.1 and 3.2 below). Untreated contralateral eyes served as controls.

3.2.2 Treatments: Myopia-generating (Form deprivation) and intraocular
pressure lowering (topical latanoprost)

Form deprivation: Detachable white plastic diffusers were fitted to 14 days-old guinea
pigs and worn for 10 weeks. Animals were monitored hourly during the 12 h lights-on
period to ensure that the diffusers remained in place; they were also cleaned as
necessary. The design of the diffusers and attachment protocol were adapted from
those implemented in chicks (Wildsoet and Wallman, 1995). The diffusers were made
from sheets of white styrene (Midwest Products Co), hot-molded into semicircular
domes and mounted on hook Velcro ring supports. Opaque diffusers were used in this
study. To attach the diffusers to the guinea pigs, rings of loop Velcro were cut in halves
and the two segments symmetrically affixed to the fur surrounding one of the guinea
pig’'s eyes using gel cyanoacrylate glue (SureHold® Plastic Surgery) (Figure 2.1).

Topical ophthalmic drug treatments: One group received one drop of latanoprost
(0.005% ophthalmic solution, Akorn, Lake Forest, IL), instilled daily into their FD eyes,
starting one week after the initiation of diffuser wear and continuing throughout the rest
of the 10-week treatment period. The FD eyes of the second (control) group received
topical artificial tears daily. The animals were randomly assigned to one of these two
treatment groups (latanoprost or artificial tears) at the end of the first week of the FD
treatment.

3.2.3 Measurements: Intraocular pressure, refractive error, and axial
ocular dimensional measurements

Intraocular pressures (IOP), spherical equivalent refractive errors (SE) and optical axial
lengths (AL) were recorded for both eyes of each animal, immediately before the
initiation of the FD treatment (baseline), with follow-up measurements made at weekly
intervals over the first month and every other week thereafter. Because of well-
documented circadian rhythms in both IOP and eye elongation (Nickla et al., 1998),
measurements were always taken around the same time each day, early in the
morning, after lights-on. Diurnal IOP rhythms were also recorded at monthly intervals.
All IOP measurements were conducted in awake animals, prior to other procedures
requiring anaesthesia to avoid possible confounding effects of the latter. An iCare
rebound tonometer (Tonolab, Helsinki, Finland) was used along with the setting for rat
eyes, for which this instrument has been calibrated and which are similar in size to
those of guinea pigs. This instrument provides confidence interval information based on
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successive readings; only data with a confidence interval of 5% or less were used.
Three measurements were taken on each eye and the average used in data analysis.

Refractive errors were measured using streak retinoscopy on awake animals, 30
minutes after instillation of one drop of 1% cyclopentolate hydrochloride (Bausch &
Lomb, Rochester, NY) for cycloplegia. Spherical equivalent refractive errors (average of
results for the two principal meridians) were derived for use in data analysis.

Ocular axial dimensions were measured with a custom-built, high-frequency A-scan
ultrasonography system, with an estimated resolution of ~10 ym (Nickla et al., 1998;
Wildsoet and Wallman, 1995). For these measurements, animals were first placed
under gaseous anaesthesia (1.5-2.5% isoflurane in oxygen), with eyelid retractors
inserted to hold their eyes open. For each measurement, at least 8 traces were
captured per eye and analyzed off-line. Only optical axial lengths are reported here,
derived as the sum of anterior chamber depth, axial lens thickness and vitreous
chamber depth.

3.2.4 Measurements: Diurnal intraocular pressure rhythms.

To characterize diurnal rhythms in IOP, five measurements were made using the iCare
tonometer at ~6 h intervals over 24 h, including time points just after lights-on and just
before lights-off. Measurements during the lights-off hours were taken under
photographic dark light conditions to minimize the possible effect of brief exposures to
light on circadian rhythms. Three measurements were taken on each eye at each time
point and averaged for use in data analysis.

Statistical analysis: Data analysis made use of Prism 6 (GraphPad Software, La Jolla,
CA, USA). Data for treated and control eyes, as well as derived interocular differences
(treated eye - control eye), are reported as mean + SEM. For diurnal IOP data, the
timing of peak IOPs was analyzed as were rhythms amplitudes, derived as the
difference between the highest and lowest |IOP recorded during the 24 h period,
regardless of time of day. Two-way repeated measures ANOVAs, with a Bonferroni post
hoc test, were applied to longitudinal data. P-values from post-hoc testing are reported
in the results section and summarized in Tables 3.1 and 3.2. A two-tailed paired t-test
was applied to compare the IOP rhythm amplitudes of treated and control eyes. By way
of indirectly evaluating the influence of IOP on myopic growth, the relationship between
latanoprost-induced reductions in IOP at week 10, relative to baseline, and the ratio of
changes in optical axial length of FD eyes to changes in fellow eyes over the same time
period was examined by regression analysis.

3.2.5 Measurements: SD-OCT imaging

A high-resolution spectral-domain optical coherence tomography system (SD-OCT,
Bioptigen, USA) was used to image the optic nerve head (ONH), starting one day
before the diffusers are attached and once per month thereafter. Both eyes of each
animal were imaged. Guinea pigs were first anaesthetized with an intramuscular
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injection of ketamine and xylazine (27 mg/kg, 0.6 mg/kg, respectively), then placed on a
custom-made stage with x — y — z adjustments to facilitate align the optical axis of the
eye being imaged with that of the instrument. A high-resolution OCT scan was
generated from 500 B-scans by 400 A-scans, with a 12 by 12 mm field size, with two to
three such scans, centred on the ONH, captured from each eye at each time point.

A cross-sectional 200x200 pixel image containing the ONH at its maximum horizontal
dimension was selected to assess ONH diameter, using the termination in Bruch's
membrane to define its boundary. Relevant points in the image were manually selected
and diameter measured using a custom MATLAB (MathWorks Inc., Natick, MA)
program. Values were corrected for differences in magnification related to the eye's
length.

3.2.6 Scanning electron microscopy to image lamina cribrosa

Following animals sacrifice, eyes were enucleated and ONHs excised from the posterior
segment to include a 4 mm ring of surrounding sclera for scanning electron microscopy
(SEM). ONH samples were first soaked in 0.2M NaOH for 30 h, to remove cellular
components, leaving only collagenous structures. ONHs/ lamina cribrosa (LC) samples
were then fixed in 4% glutaraldehyde in 0.1M sodium cacodylate, stained with osmium
tetroxide, dried through an ethanol series, and finally subjected to critical point drying
before imaging. LC samples were imaged using a Hitachi TM-1000 scanning electron
microscope. Images were captured at 600X magnification (See section 2.2.6).

3.2.7 Transmission electron microscopy to image scleral collagen fibers

Following animals sacrifice, eyes were enucleated and optic nerve heads (ONHSs)
excised from the posterior segment. A 6 mm ring of sclera surrounding the ONH was
excised using disposable punchers for transmission electron microscopy (TEM). Tissue
samples were first fixed in 4% glutaraldehyde in 0.1M sodium cacodylate, stained with
osmium tetroxide, dried through an acetone series, infiltrated with resin and finally
embedded into molds.

To section the sample blocks, the blocks containing a cross-section of the tissue were
hand-cut by razorblade creating a face in the shape of a right trapezoid. Smooth faces
were made using a glass knife on a Reichert-Jung Ultracut E microtome. The tissue
sections were cut into 70 nm silver and gold sections.

Sections were then placed on coated copper meshed grids. The ready sections were
stained with uranyl acetate and lead citrate.

Samples were viewed using an FEI Tecnai 12 Transmission electron microscope.
Images were captured from three different samples of each eye at a magnification of
6800X (See section 2.2.7).

Statistical and image analysis: A custom image J program was used to measure scleral
collagen fiber cross-sectional area and LC pore area from captured images after
manually selecting the borders of each individual collagen fiber, as well as LC pore.
Graphical data analysis made use of Prism 6 (GraphPad Software, La Jolla, CA, USA).
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Data for treated and fellow eyes are reported as mean + SEM. Two-way repeated
measures ANOVAs, in combination with a Bonferroni post hoc test, were applied to
compare the differences between latanoprost and AT groups in IOP, refractive error,
optical axial length. Two-tailed t-tests were applied to compare the average collagen
fiber areas of treated and fellow eyes for both latanoprost and AT FDM groups (paired t-
tests) as well as differences between the groups (unpaired t-tests). LC pore areas were
similarly compared. Two-way ANOVAs were applied to compare the differences
between multiple area categories (represented in percentages) of collagen fibers and
LC pores.

3.3 Results

3.3.1 Effect of latanoprost on intraocular pressure in guinea pigs

The morning IOP measurements provide convincing evidence of the effectiveness of
daily topical latanoprost in lowering IOP. Specifically, the mean interocular differences in
IOP changed from 0.07 £ 0.35 mmHg at baseline to -5.17 + 0.96 mmHg after 10 weeks
of latanoprost treatment (p<0.001). In contrast, interocular differences in |OP for the
control group did not change significantly over the study period (p= 0.53), with the
difference at the week-10 time-point being slightly but not significantly higher than the
baseline value, i.e., 1.80 £ 1.16 vs. -0.30 £ 0.51 mmHg (Figure 3.1). Both eyes of
control animals and the fellow (control) eyes of latanoprost-treated animals recorded
higher IOPs at week 10, compared to baseline values. In contrast, the FD eyes treated
with latanoprost showed relatively stable IOP over the treatment period (i.e. 24.23 +0.87
mmHg vs. 23.4 £1.6 mmHg) (Table 3.2). In comparing the changes in the two groups, it
is of note that the mean increase in IOP for the FD eyes of the control group was also
larger in absolute terms than the reduction in IOP for the FD eyes of the latanoprost

group.
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Figure 3.1: Interocular differences in IOP (mean + SEM, mmHg) in guinea pigs treated in their FD eyes
with topical latanoprost or artificial tears from week 1 of the 10-week FD treatment period. The arrow
indicates the start of the topical treatments (latanoprost or artificial tears).

3.3.2 Effect of latanoprost on diurnal intraocular pressure rhythms in
guinea pigs

The diurnal data offer a further perspective on the ocular hypotensive profile of
latanoprost in guinea pigs. Figures 3.2 A and B show the average diurnal rhythm in IOP
for FD and fellow eyes derived from measurements made at 6-hour intervals over 24 h,
for both groups. As in humans, latanoprost induced a sustained drop in IOP across 24 h
(Sjoquist and Stjernschantz, 2002). Thus, there were significant differences between the
latanoprost and control groups in the IOPs of FD eyes, recorded in both the dark period
(p=0.02) and morning (p= 0.005), with differences in IOPs recorded just before “lights
off” being borderline significant (p= 0.051). The timing of peak IOP was similar for the
FD eyes of both latanoprost and control groups, as well as for their fellows, around 9:35
am, just after “lights on”. However, control FD eyes recorded a larger rhythm amplitude
than their fellow eyes (8.1 versus 5.9 mmHg, p=0.045), while in contrast, latanoprost-
treated FD eyes and their fellows recorded similar amplitudes (5.7 versus 5.23 mmHg,
p= 0.94). There was no statistically significant difference between the amplitudes of the
fellow eyes of each group.

To further analyze the effects of the latanoprost treatment on diurnal IOP rhythms,
interocular difference patterns for latanoprost and control groups were compared. These
data are shown in Figure 3.2 C. The interocular difference was highest in the morning,
just after lights-on (-6.6 + 1.2 mmHg) for latanoprost group, while for the control group,
the largest difference was recorded in the dark phase, at approximately 3:35 am and
was only small (1.67 + 1.45 mmHg). Interocular differences for the two groups were also
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significantly different at 9:25 pm, 3:25 am and 9:35 am (p-values: 0.03, 0.004, and
0.004) (Figure 3.2 C).
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Figure 3.2: Mean IOPs (+ SEM) measured at 6-h intervals over 24 h, for A) the form-deprived eyes of
guinea pigs treated daily with either topical latanoprost or artificial tears, B) the fellow eyes for both
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groups, and C) mean interocular (treated-control) differences; + SEM) for the same animals. In all cases,
IOPs were recorded at the end of the 10-week treatment period and both topical treatments were initiated
one week after the start of the FD treatment.

3.3.3 Effect of latanoprost on slowing myopia progression and axial
elongation

As expected, the control group showed significant ocular elongation of their FD eyes
and myopic shifts in spherical equivalent refractive error, as reflected in the changes in
interocular differences and FD eye measurements over the 10-week treatment period.
While in contrast, the latanoprost group showed a much smaller change in these
parameters over the same time period. Relevant mean baseline and week-10
interocular SE and AL difference data for both groups are summarized in Table 3.1;
equivalent data for treated eyes and their fellows are also provided (Table 3.2).

Over the first week of the FD treatment, before the initiation of drug treatments, FD eyes
elongated faster than their fellows and showed myopic shifts in their spherical
equivalent refractive errors. The mean interocular differences in SE and AL at the end of
this 1-week treatment period, for the two groups combined, reflect these changes, i.e., -
2.9+ 0.35D and 0.05 £ 0.02 mm. However, over the following drug treatment period,
results for the latanoprost and control groups diverged, with the FD eyes of the former
group showing much slower increases in AL and smaller myopic shifts in SE. These
trends are shown graphically in Figures 3.3 A and B. By the end of study period,
interocular differences in AL and SE had changed minimally from baseline for the
latanoprost group, i.e., 0.02 + 0.02 vs. 0.06 £ 0.02 mm (p= 0.202) and -0.15 £ 0.35 vs. -
2.25 + 0.54 D (p= 0.03), compared to the changes in the control group, which recorded
significantly increased interocular differences, i.e., 0.00 £ 0.015 vs. 0.29 + 0.04 mm (p<
0.001) and 0.025 £ 0.36 vs. -8.2 £ 0.71 D (p<0.001). There were also statistically
significant differences between the two groups in interocular differences in SE and AL at
week 10 (p<0.001, p<0.001; repeated measure two-way ANOVA with a Bonferroni’s
post-hoc analysis, respectively). The above patterns are mirrored in the patterns of
change in treated compared to fellow eyes across the 10-week treatment period (Table
3.2). For the treated and fellow eyes of the latanoprost group, the changes in AL were
not significantly different (p=0.215), while they were for the control group (p<0.001). On
the other hand, the AL changes in the fellow eyes of the two groups were not
significantly different from each other (p=0.275), implying that latanoprost had no
contralateral effect.
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Figure 3.3: A) Mean (x SEM) interocular differences in optical axial lengths (distance from front surface of
cornea to retina, mm), and B) spherical equivalent refractive error (diopters) in guinea pigs that were
monocularly form-deprived (FD) for 10 weeks and treated in their FD eye with topical latanoprost or
artificial tears, from week 1. The arrows indicate the start of the topical treatments (latanoprost or artificial

tears).

Table 3.1: Summary of mean interocular differences in IOP, SE, and AL (x SEM) and summary statistics
for monocularly form-deprived (FD) guinea pigs treated in their deprived eyes with either topical
latanoprost or artificial tears (as a control treatment). Statistics indicate the significance of change over
the 10-week treatment period.

Parameter Treatment Groups Time of measurement Statistics
Baseline Week 10 (p-value)
IOP (mmHg) FD + Latanoprost 0.07 £0.35 -5.17 £0.96 | <0.001
FD + Artificial tears | -0.30 +0.51 1.80 £1.16 | 0.525
Spherical FD + Latanoprost -0.151£0.35 |-2.25+0.54 | 0.03
Equivalent (D) FD + Artificial tears | 0.025 +0.36 | -8.20 £0.71 | <0.001
Optical Axial FD + Latanoprost 0.02 £0.02 0.06 £0.02 | 0.202
Length (mm) FD + Artificial tears | 0.00 +0.015 | 0.29 +0.04 | <0.001
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Table 3.2: Summary of IOP, SE, and AL for form-deprived (FD) and fellow (control) eyes (+ SEM) and
summary statistics for guinea pigs treated in their deprived eyes with either topical latanoprost or artificial
tears (as a control treatment). Statistics indicate the significance of change over the treatment period.

Parameter Eye Treatment Baseline Week 10 Statistics
(p-value)
IOP (mmHg) FD Latanoprost | 24.23 +0.87 | 23.4 +1.6 >0.999
Control 24.17 +0.94 | 28.5+1.6 0.01
FD Artificial tears | 22.23 +1.0 | 27.33+1.5 | 0.009
Control 22.53 +0.92 | 25.53 +1.17 | 0.083
Spherical FD Latanoprost | 2.08 £0.59 |-1.32 +0.59 | <0.001
Equivalent (D) Control 2.220.75 |0.94+0.34 | 0.15
FD Artificial tears | 2.33 +0.73 | -6.9 £0.48 <0.001
Control 2.3 £0.56 1.5+ 0.37 0.55
Optical Axial FD Latanoprost | 7.5 +0.05 8.5 £0.05 <0.001
Length (mm) Control 7.5+0.06 | 8.44+0.03 | <0.001
FD Artificial tears | 7.47 +0.03 | 8.64 £0.06 | <0.001
Control 7.47 £0.03 | 8.35+0.02 | <0.001

To examine the potential influence of IOP on myopia development, the ratios for
individual animals of both groups, of changes over the 10-week treatment period in the
ALs of FD to fellow eyes were plotted against the changes in IOP over the same period
(Figure 3.4). A regression analysis undertaken on these data revealed a significant
linear correlation (r> = 0.53, p= 0.003), providing indirect evidence for a role of IOP as
an inflationary force in myopia development.
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Figure 3.4: Ratio of changes over the 10-week treatment period in optical axial lengths (AL) of form
deprived (FD) eyes to their fellow eyes plotted against changes in IOP, for both latanoprost and control
(artificial tears) groups.

3.3.4 Effect of latanoprost on optic nerve head size

The dimensions of the Bruch’s membrane opening were used here as a surrogate for
optic disc dimensions (ODDs). ODDs of all eyes appeared to slightly increase over the
study period (Figure 3.5), and although the ODDs of the Lat-treated and fellow eyes
seemed smaller at the end of the treatment period than those of the AT group, no
significant differences were found between the ODDs of Lat and AT groups at any time
point. For the Lat-treated eyes and their fellows, the mean ODDs were 228.0 + 7.8 and
225.3 + 7.8 pym respectively at the start of the study (2 weeks old) and 244.6 + 8.8 um
and 230.3 + 8.7 ym by the end of the study (week 10). For the AT-treated eyes and their
fellows, the mean ODDs were 218.8 £ 7.7 and 224.3 £ 7.7 um respectively at the start
of the study (2 weeks old) and 248.6 + 8.9 ym and 238 + 8.7 uym by the end of the study
(week 10).
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Figure 3.5: ODDs (mean = SEM, mmHg) in NZ guinea pigs treated in their FD eye with latanoprost (Lat)
or artificial tears (AT) (n= 10 per group), from week 1 of the 10-week treatment period.

ODDs of form-deprived (artificial tears (AT) or latanoprost treated) and fellow eyes was
plotted against AL of the same eyes (Figure 3.6). While both FD taking AT and fellow
eyes showed a trend of linear correlations between these parameters (r’= 0.83, p= 0.08
FD vs. r’= 0.99, p= 0.002 fellow). FD eyes seem to show a more rapid increase
(steeper) in ODDs with axial elongation over the 10 week treatment period, as reflected
in the slopes of regression lines (24.33 + 7.7 for FD eyes compared to 14.45 + 0.54 for
fellow eyes) (Figures 3.6 A and B).

On the other hand, Latanoprost treated eyes showed significant linear correlations
between ODDs and AL (r?= 0.94, p=0.03 FD) and a trend of positive linear correlation
in fellow eyes (r>= 0.36, p= 0.4 fellow). Latanoprost treated and fellow eyes had a more
similar slope of regression lines (16.26 + 3.0 for FD eyes compared to 12.84 + 12.0 for
fellow eyes) (Figures 3.6 C and D).
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Figure 3.6: Optic disc dimensions of form-deprived and fellow eyes of artificial tears (A and B) and
latanoprost groups (C and D) plotted against the axial length of the same eyes.

3.3.5 Effect of latanoprost on lamina cribrosa - Scanning electron
microscopy

Latanoprost is known to remodel the extracellular matrix. To test latanoprost treatment
effect and compare it to the group taking ATs, the microstructural changes of the lamina
cribrosa (continuous at least posteriorly with the sclera) were evaluated by scanning
electron microscopy imaging (Figure 3.7).
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Figure 3.7: Representative image of A) the lamina cribrosa, captured using scanning electron microscopy
(SEM) and imaged at 600X, B) pore selection by custom image J program, C) pore map generated by
image J.

The LCs of FD-AT eyes and their fellows were very similar in appearance and this is
reflected in their pore area profiles, which were not significantly different (21.69 + 8.88
vs. 22.21 + 8.71 um?; p> 0.999). Likewise, there was no difference between the LC pore
area profiles of FD-Lat eyes and their fellows (18.30 + 9.15 vs. 18.87 + 9.33 ym?; p>
0.999). Nonetheless, it is noteworthy that FD-Lat eyes and their fellows tended to have
slightly smaller laminar pores areas, on average, than the FD-AT eyes and their fellows
(Table 3.3).

Table 3.3: Mean (+SEM) laminar pore area (um?) in form-deprived and fellow eyes of artificial tears and
latanoprost groups.

Eye Treatment | Laminar pore area Number of eyes
(pm?)

FD Artificial Tears 21.69 + 8.88 5

Fellow Avrtificial Tears 22.21 +8.71 5

FD Latanoprost 18.30 £ 9.15 5

Fellow Latanoprost 18.87 + 9.33 5

The laminar pores data were further analyzed after categorization based on size, into
one of three groups, small (<15 ym?), medium (15-30 ym?), and large (>30 um?). The
percentage of lamina cribrosa pores in each category was calculated for the treated and
fellow eyes of both AT and Lat groups. This analysis further confirmed the lack of any
significant difference between the LCs of treated eyes and their fellows. For all eyes, the
smallest laminar pores accounted for the highest percentage of pores, while there were
approximately equal numbers of medium and large pores, expressed in percentage
terms (Table 3.4 and Figure 3.8).
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Table 3.4: Laminar pores area percentages small of small (<15 pm?2), medium (15-30 um2), and large
(>30 um?) pores, in form-deprived (FD)- and fellow eyes of artificial tears (AT)- and latanoprost (Lat)-
treated groups. Statistics indicate significance of the difference between numbers of small and large LC
pores, expressed in percentage terms; differences between numbers of small and medium LC pores, are
all significant.

Eye % of <15 um?2 | % of 15-30 % of >30 um? P-value
pm2 (Small vs large)
FD-AT 65.3+15.4 16.5+5.2 18.2+10.9 0.07
Fellow-AT 63.9 +13.5 16.6 + 3.2 19.5+ 115 0.09
FD-Latanoprost 71.3+16.7 10.7 £ 5.7 18.0+11.0 0.03
Fellow- 68.9 + 16.7 13.3+6.1 17.7£10.8 0.04
Latanoprost '

Percentage of lamina cribrosa pores

3
15-30 <
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Figure 3.8: Graph showing percentage of laminar pores in each of three size categories (small, <15 pm2;
medium, 15-30 um?; large (>30 um3). for the treated and fellow eyes of artificial tear (AT) and latanoprost
groups. For all eyes, the smallest laminar pores accounted for the highest percentage, while there were
approximately equal numbers of medium and large pores.
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3.3.6 Effect of latanoprost on scleral collagen - Transmission electron
microscopy

Both the distribution of scleral collagen fibers and their cross-sectional area dimensions
were qualitatively examined. In the normal guinea pig sclera, as represented by that of
fellow eyes, scleral collagen fibers were evenly spaced (Figure 3.9A). In contrast, the
sclera from myopic FD eyes treated with AT (FD-AT eyes), was clearly altered, with
increased spacing between the collagen fibers; there also appeared to be a higher
proportion of smaller fibers (Figure 3.9B). Interestingly, the FD eyes treated with Lat
(FD-Lat eyes), were not only less myopic, but their scleras had more evenly spaced
collagen fibers than those of the FD-AT eyes, more similar to those of the fellow eyes
(Figure 3.9C).

Control FD Myopia + Artificial tears FD Myopia + Latanoprost

Figure 3.9: Representative TEM images of scleras from A) fellow eyes of the latanoprost group, B) FD
eyes treated with artificial tears (AT), and C) FD eyes treated with latanoprost at 6800X. Compared to the
sclera of the fellow eye (left panel), which shows a predominance of medium to large collagen fibers, the
sclera of the AT-treated myopic eye (middle panel) has a higher proportion of smaller collagen fibers, and
is less compact, contrasting with the sclera of the latanoprost-treated eye (right panel), which closely
resembles that of the normal fellow sclera.

Collagen fiber cross-sectional area data for the treated and fellow eyes of both groups
are summarized in Table 3.5. That the scleras of FD-AT eyes had smaller fibers
compared to those of their fellows was confirmed statistically (0.0059 + 0.0013 ym?, FD-
AT vs. 0.0085 + 0.002 um?, fellow (p<0.001)), while the scleral fiber dimensions for FD-
Lat eyes and their fellows were similar to each other (0.0083 + 0.002 um?, FD-Lat vs.
0.0078 % 0.0014 um?, fellow (p= 0.057). There was also a significant difference between
the scleral fiber areas of FD-AT and FD-Lat eyes, being smaller on average in FD-AT
eyes (p<0.001).
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Table 3.5: Mean (+SEM) scleral collagen fiber area (um?) in form-deprived and fellow eyes of artificial
tears and latanoprost groups.

Eye Treatment Scleral collagen Number of eyes
fiber area (um?)

FD Artificial tears 0.0059 + 0.0013 5

Fellow Artificial tears 0.0085 + 0.002 5

FD Latanoprost 0.0083 + 0.002 5

Fellow Latanoprost 0.0078 £ 0.0014 5

To further compare the effects of the various treatment on scleral collagen fibers, cross-
sectional area data were categorized into one of three groups, small (<6000 nm?),
medium (6000-12,000 nm?), and large (>12,000 nm?). For both the AT and the Lat
groups, the percentage of scleral collagen fibers in each category was calculated for
both treated eyes and their fellows. Results of this analysis are shown in Figure 3.10
and summarized in Table 3.6. The FD-AT eyes had the highest percentage of the
smallest fibers (51.7 £ 9.1%), and the lowest percentage of the largest fibers (19.5
6.5%) (p= 0.02), compared to their fellows (39.6 £+13.1%, small vs. 25.2 + 12.7%, large;
p= 0.32). On the other hand, the FD-Lat eyes and their fellows had similar percentages
of small (37.6 £ 7.1%, FD-Lat; 36.8 £ 8.4%, fellow; p> 0.999), medium (32.0 + 1.7%,
FD-Lat; 36.4 + 4.0%, fellow; p> 0.999), and large fibers (30.4 + 5.9%, FD-Lat; 26.8 +
8.4%, fellow; p> 0.999). The scleral collagen profiles of FD-Lat eyes and their fellows
were also similar to and not significantly different from those of the fellow eyes of the
FD-AT group.

Table 3.6: Scleral collagen fiber cross-sectional areas; percentages of small (<6000 nm?), medium (6000-
12,000 nm?), and large (>12,000 nm?) fibers in form-deprived (FD)- and fellow eyes of artificial tears (AT)-
and latanoprost (Lat)-treated groups. Statistics indicate significance of difference between numbers of
small and large scleral fiber areas, expressed in percentage terms; differences between other groups not
significant.

Eye % of <6000 % of 6000- % of >12,000 P-value
nm? 12,000 nm? (Small vs large)
FD-AT 51.7 £ 9.1 28.8+3.3 19.5+6.5 0.02
Fellow-AT 39.6 £13.1 35.2+0.6 25.2+12.7 0.32
FD-Latanoprost 37671 320+1.7 30.4+59 0.91
Fellow-Latanoprost 36.8+84 36.41+4.0 26.8+84 0.62

56




60

50

40

30

20 -7 Fellow

Treated

*~

&

&
&
10 &
&

Percentage of scleral collagen fibers

Fellow

<6000
6000-12000 v'?

Scl
eral collagen fibers Areq (nm?) >12000

Figure 3.10: Percentage of each of three categories of scleral collagen fibers, based on cross-sectional
areas (small, <6000 nm?; medium, 6000-12,000 nm?; large, >12,000 nmZ2), shown for the treated and
fellow eyes of the artificial tears and latanoprost groups.

How tightly related were the changes in scleral collagen fibers area to eye elongation?
To address this question, the interocular difference of the average collagen fiber area
was plotted against the interocular difference of the axial length for both AT and Lat
groups. The AT group showed a negative linear correlation between axial length and
collagen fiber area (r>= 0.9, p= 0.014), while there was no significant linear correlation
between these parameters for the Lat group (r?= 0.13, p= 0.55) (Figure 3.11).
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Figure 3.11: Interocular differences in average scleral collagen fiber area (nm?) for individual animals of
artificial tear (AT) and latanoprost treated groups, plotted against interocular differences of axial length for
the same animals.

3.4 Discussion

3.4.1 Latanoprost and intraocular pressure, diurnal rhythms, and myopia
control in guinea pigs

This study aimed to re-examine the possibility of using ocular hypotensive drugs as
myopia control therapies, specifically addressing the question of whether myopia
progression can be inhibited through an appropriate, sustained reduction in IOP. To this
end, we examined the efficacy of topical latanoprost, as a representative prostaglandin
analog, for controlling myopia progression in a form-deprived guinea pig model of
myopia. We found that topically applied latanoprost was effective in both lowering IOP
and slowing myopia progression in this model.

As noted in the introduction, to-date there have been three studies investigating the
effects of intervention with ocular hypotensive drugs on myopia progression in animal
models. Two of the studies involved form-deprived chicks and one of them also involved
latanoprost, delivered by intravitreal injection (Jin and Stjernschantz, 2000). The latter
study also reported attenuation of eye elongation. Intravitreal injection of 100 ng
latanoprost acid twice for a week approximately halved the mean interocular difference
compared to that recorded from chicks injected with isotonic saline, i.e., 0.17 £0.12
versus 0.30 £0.04 mm. Nonetheless, intravitreal injection of latanoprost in chicks was
less effective than our longer-term topical latanoprost treatment in guinea pigs
(0.06+0.02 mm latanoprost vs. 0.29 +0.04 mm control at week 10. This is possibly
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because the chick sclera has an inner cartilage layer, in addition to the more commonly
found fibrous layer. Thus the underlying scleral “growth” mechanism(s) and the role of
IOP in eye enlargement in the chick may be different from those in mammals and
humans. The other earlier study in chicks tested timolol, a beta-blocker, which proved to
have minimal effect on the development of form-deprivation myopia, even though it was
found to lower IOP by approximately 18% in myopic eyes (Schmid et al., 2000).
Interestingly, timolol is the only ocular hypotensive drug to have been evaluated
clinically, and while a correlation between reductions in IOP and the rate of myopia
progression was reported in the earliest of two studies (Goldschmidt, E., Jensen, H.,
Marushak, 1985), the latter effect was reported to be small, even though timolol
apparently lowered |IOP, by ~3 mmHg (Goldschmidt, E., Jensen, H., Marushak, 1985;
Hosaka, 1988). Finally, another recent study tested the efficacy of brimonidine, another
ocular hypotensive drug, against lens-induced myopia in guinea pigs (Liu et al., 2017).
Brimonidine belongs to a different drug class than both latanoprost and timolol, being an
alpha2 adrenergic agonist, with effects on both aqueous inflow and uveoscleral outflow.
Nonetheless, it also proved effective in stabilizing myopia progression.

In our study, the FD eyes of control (artificial tears-treated) animals showed a trend
towards IOP elevation. Although this trend was not statistically significant, the
brimonidine study also reported an increase in IOP in lens-induced myopic eyes
receiving 0.9% saline by the end of the study (Liu et al., 2017). These findings also fit
with isolated reports in humans of higher IOPs in myopes compared to emmetropes
(Cahane and Bartov, 1992; Detry-Morel, 2011; Wong et al., 2003). Nonetheless, even
without significant IOP elevation, for eyes with fibrous scleras, biomechanically
weakening of the sclera due to increased extracellular matrix during myopia
progression, will arguably render it more vulnerable to the stretching (inflationary)
influence of IOP. In this context, the results of our study, i.e., that latanoprost lowered
IOP and slowed axial elongation in treated FD eyes relative to control FD eyes are
predictable. The possibility that structural changes in myopic (FD) eyes can lead to IOP
elevation, as a further adverse complication, is the subject of on-going investigations.

Why did latanoprost prove so effective relative to timolol in slowing myopia progression
in our study? Apart from the differences in animal models used to test their efficacy —
guinea pig versus chicks, the ocular hypotensive action of timolol is largely limited to
daytime hours in comparison to latanoprost, which has an enduring (24 h) ocular
hypotensive effect (Liu et al., 2004). Overall, the prostaglandin analogs also tend to be
more effective in lowering IOP than beta-blockers, such as timolol (Camras, 1996).
These features of latanoprost’s profile contributed to its selection for our study, along
with other data showing robust ocular hypotensive effects in a variety of species,
including monkeys (Takagi et al., 2004) and dogs (Kahane et al., 2016). The study
reported here allows the guinea pig to be added to this list. The only previous study
involving the use of topical latanoprost in guinea pigs was short-term (24 h) and the
animals studied were normal and older than those used in the current study (Di et al.,
2017). Nonetheless, they also reported a reduction in IOP in response to latanoprost, by
2.1+£1.3 mm Hg, after one hour.

Ophthalmic research into the actions of latanoprost and closely-related PG analogs has
largely been directed towards understanding their ocular hypotensive action. In this
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context, they are known to increase matrix metalloproteinase (MMP) activity and thus
remodelling of the extracellular matrix (ECM) within the uveoscleral outflow
pathway.(Lindsey et al., 1997) Our finding that treatment efficacy, i.e., inhibition of FD
myopia, was directly related to the extent to which IOP was reduced, supports a
biomechanical explanation, i.e. that the reduced rate of ocular elongation reflects the
reduced tension on the scleral wall, achieved by lowering IOP. However, alternative
explanations cannot be ruled out, including the possibility that increased uveoscleral
outflow may have contributed to the observed myopia control effect in other ways, for
example, by increasing the clearance of scleral-directed myopiagenic growth factors
released by the retinal pigment epithelium (Zhang et al., 2012), and/or thickening the
choroid, which has been linked to inhibited eye elongation in a variety of animal models
(e.g., Nickla, 2013; Takagi et al., 2004). As noted in the introduction, latanoprost has
also been reported to increase scleral remodelling (Cahane and Bartov, 1992), which
might exacerbate rather than inhibit myopia progression; although such effects cannot
be ruled out in the current study, they clearly not dominate in terms of treatment
outcome. Nonetheless, further investigation of the scleral and choroidal effects of
latanoprost at the molecular, cellular and biomechanical levels, would seem warranted
to better understand its myopia control effect.

Diurnal rhythms in IOP have been documented in many species, including chicks
(Nickla et al., 1998), rats (Arranz-Marquez and Teus, 2004; Kahane et al., 2016), rabbits
(Smith et al., 2009), monkeys (Bito et al., 1979) and humans (Detry-Morel, 2011;
Lindsey et al., 1997) with species differences in the phase and amplitude of IOP
rhythms apparent, e.g., lower in rhesus monkey eyes (5 mmHg) (Bito et al., 1979) than
in rat eyes (Arranz-Marquez and Teus, 2004; Kahane et al., 2016) and rabbit eyes (10
mmHg) (Smith et al., 2009)- For our guinea pigs, the highest IOP was recorded at the
first, morning time-point, just after lights-on, with IOP decreasing throughout the day.
These results agree with our already published diurnal IOP patterns for normal guinea
pigs (Lisa A. Ostrin and Wildsoet, 2016). While all eyes showed daily rhythms in IOP in
the current study, interestingly, the IOP rhythm amplitude for myopic eyes treated with
artificial tears was increased, to approximately 8 mmHg, compared to fellow eyes.
However, while the latter value is comparable to the amplitude reported for FD myopic
chick eyes (Nickla et al., 1998), amplitude was reported to be not significantly affected,
but phase more variable in the latter study, pointing to a possible species difference. It
is noteworthy that latanoprost reduced the IOP rhythm amplitude for FD myopic eyes to
a level similar to that of untreated fellow eyes (~5 mmHg), also comparable to data from
normal monkeys (Bito et al., 1979). Thus, in addition to reducing IOP overall,
latanoprost appears to normalize IOP rhythms in myopic eyes. In keeping with a
biomechanical explanation for the slowed myopia progression with latanoprost, could
the normalization of the IOP rhythm amplitude in the FD myopic eyes of the guinea pigs
underlie the slowed myopia progression observed? Alternatively, it is possible that the
sustained ocular hypotensive action of latanoprost, i.e., around the clock, was
responsible.

Limitations: Below we summarize key weaknesses in our study. As mentioned, guinea
pigs wore diffusers affixed over one of their eyes via Velcro rings. While this method
successfully induced myopia, the long-term nature of these experiments carried a
significant risk of the diffusers becoming detached. However, in cases of diffuser
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detachment, temporary intervention using masks with diffusers attached limited the
disruption to the form deprivation treatment. Also, there were no clear treatment-related
biases, i.e., latanoprost versus artificial tears, in detachment events. On average,
diffusers of each animal were detached once or twice a week for no longer than 1 hour
each time. Accurate measurement of IOP is also critical to this study. While we did not
undertake calibration measurements for the iCare rebound tonometer used in our study,
it has been calibrated for rat eyes, which are similar in size to guinea pig eyes. Central
corneal thickness is also known to influence IOP readings but was not measured in our
study, and it is not possible to rule out an effect of latanoprost, via remodeling of the
ECM of the corneal stroma, as there are no relevant published studies. Our analyses
were also largely based on interocular differences, by way of reducing the effects of
inter-animal variability. Lending validity to this approach, we also report no significant
differences between the fellow eyes of the latanoprost and control groups; nonetheless,
subtle changes in the fellows to form-deprived eyes have been reported in a number of
past studies involving other animal models (Howlett and McFadden, 2006; Smith et al.,
2009). Finally, we did not test the effect of latanoprost on normal (non-form deprived)
eyes, leaving open the question of its effect on normal eye growth. However, data
collected from older (three-months-old) animals are encouraging; monocular latanoprost
significantly reduced IOP in otherwise untreated eyes (mean interocular IOP differences
(x SEM): -0.44+0.48 mmHg at baseline, -2.89+1.13 mmHg after 2 weeks, p= 0.05),
while neither SEs nor ALs were affected.

3.4.2 Latanoprost and macro-structural changes

Optic discs tended to increase in size with increasing axial length in both FD myopic
and fellow (normal) guinea pigs eyes, but at a faster rate in the myopic eyes, paralleling
the trends reported for human myopia. Latanoprost treated FD eyes and their fellow
eyes also seemed to increase in size with axial elongation, but had a more similar rate
of growth. Although there are not many animal studies that tracked optic disc size in
relation to refractive error and axial length, there is a number of human studies that
investigated the influence of refractive error and/ or axial length on the optic disc size.

While optic discs area generally increases with axial elongation (Hoh et al., 2006; Savini
et al., 2012; Bae et al. 2016), Leung et al. found using a Heidelberg Retina Tomograph
(HRT), that optic disc size was independent of axial length and refractive error between
-8 and +4 D and concluded that OCT does not agree with HRT, because it may
overestimate optic disc area, cup to disc area ratio, and rim area in myopic eyes (Leung
et al., 2006). This discrepancy between the two instruments could be related to the
different methods of measuring the disc margin. In the HRT, the disc margin is
demarcated by Elschnig’s ring outer boundary, whereas, the retinal pigmented
epithelium ends are what is detected in OCT (Leung et al., 2006). Given that
peripapillary atrophy- disruption of the retinal pigmented epithelium in the area
surrounding the optic disc- is more common in myopic eyes (Ramrattan et al., 1999),
the optic disc margins with the peripapillary atrophy, could have been overestimated in
size in OCT. Therefore, it is crucial to account for axial length- induced ocular
magnification when measuring optic nerve head size.
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There is a lot of controversy regarding the relationship between optic disc size and
refractive error. Two studies found that optic disc size was independent of refractive
error between -8 and +4 D (Jonas, 2005; Wang, 2006). In contrast, another study
reported an increase in the disc area for each diopter increase in the myopic direction.
However, No significant correlation was found in eyes with a refractive error within the
range of -4 and +4 D (Ramrattan et al., 1999). It has been reported that peripapillary
atrophy increases by 1.3% for each diopter of myopic refraction increase (Ramrattan et
al., 1999). Therefore, it is logical that the OCT may overestimate the optic disc area in
highly myopic eyes.

3.4.3 Latanoprost and micro-structural changes

To date, the effect of myopia on the architecture of the lamina cribrosa has not been
investigated in any animal model, although a previous study by our group used
scanning electron microscopy to image the lamina cribrosa of normal pigmented and
albino guinea pigs (Lisa A. Ostrin and Wildsoet, 2016). The guinea pig was shown to
have a well-organized, collagen-based lamina cribrosa, making it a promising model for
investigating the relationship between myopia and glaucoma. Histomorphometric
studies of human globes have found the lamina cribrosa to be thinner in highly myopic
eyes when compared to eyes with normal axial length (Jonas et al., 2012, 2004), and in
another study involving normal monkeys (no myopia or glaucoma), lamina cribrosa
thickness was found to decrease and the posterior sclera to thin, with increasing axial
length (Jonas et al., 2016). However, in the current study, no abnormalities in the lamina
cribrosa architecture were identified in either of FD groups, including the one treated
with latanoprost, which is itself reassuring from a therapeutic perspective.

Our interest in the lamina cribrosa architecture of the myopic guinea pigs stems from in
vivo human studies suggesting that both high myopia and glaucoma significantly
increase the risk of lamina cribrosa damage, and the further suggestion that lamina
cribrosa changes in highly myopic eyes with no glaucoma may partially explain the
increased risk of glaucoma in these eyes (Miki et al., 2015). Eyes with tilted discs, as
commonly encountered in human myopia, appear more susceptible to focal temporal
lamina cribrosa defects and associated glaucomatous visual field defects, (Sawada et
al., 2017). Interestingly, none of the myopic guinea pigs that were also imaged in vivo
using SD-OCT showed tilted discs (unpublished data). It is plausible that this difference
between the guinea pig and human eyes reflects differences in the anatomical location
of the optic nerve insertion site, raising the further possibility that shearing forces on the
lamina cribrosa may be less in the case of guinea pig lamina cribrosa, as reflected in
our failure to detect any related structural abnormalities. Nonetheless, because the
SEM technique used in this study only allows for characterization of the surface
structure of the lamina cribrosa, we cannot rule out changes in the deeper layers. It is
also possible that such changes as described in humans may slowly evolve over time,
while our study was limited to a 10-week monitoring period.

In this study, the scleras of the myopic FD guinea pig eyes were morphologically
different from those of their fellows and the latanoprost-treated eyes. In the scleras of
untreated fellow (normal) eyes, collagen fibers were relatively evenly spaced; also,
while the fibers ranged in size from quite small to quite large, medium-sized fibers
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dominated. In contrast, the scleras of the more myopic eyes, treated only with artificial
tears, had both a higher proportion of smaller collagen fibers and overall, the fibers were
more sparsely spaced. The latter picture fits well with other descriptions of myopic
scleras. For example, in 1979, Curtin (Curtin et al., 1979), in examining human myopic
eyes by electron microscopy, noted the following differences in myopic sclera:
predominantly lamellar, reduction in fibril diameters (below 60-70 nm), greater
dispersion for the range of fibril diameters, greater prevalence of extremely small
diameter fibrils, and unusual star-shaped fibrils on cross-section. With the exception of
the last observation, this description also captures the changes in the scleras of our
myopic guinea pigs.

Similar to human myopic scleral changes, myopia development and progression in tree
shrews and mice have also been linked to changes in scleral collagen fiber spacing and
diameter, as viewed by TEM. For example, in one study involving long-term (= 3
months) form deprivation in tree shrews, the resulting myopia was linked to an increase
in the proportion of small diameter scleral collagen fibrils (McBrien et al., 2001). Similar
scleral changes were also observed in a transgenic mouse model, which exhibits high
myopia (Song et al., 2016). These findings are consistent with our own observation of a
higher proportion of the smaller collagen fibers in the scleras of the form deprived
myopic eyes of guinea pigs treated only with artificial tears. Furthermore, the scleral
changes in these same animals were closely related to the induced changes in eye
length, with the average size of collagen fibers decreasing with increased elongation.

Interestingly, in our study, latanoprost not only inhibited myopia progression but also
appeared to normalize the scleral collagen mosaic in these eyes. While it is not possible
to establish a causal relationship between the latter finding and the slowed myopia
progression observed, it was nonetheless, an unexpected result, given that
latanoprost’s ocular hypotensive action has been attributed to enhanced uveal
extracellular matrix remodeling ( Li et al., 2016; Oh et al., 2006; Ooi et al., 2009). Should
similar protein expression changes, i.e. increases and decreases expressions of matrix
metalloproteinase (MMPs) and tissue inhibitor of metalloproteinase (TIMPs)
respectively, occur in the nearby sclera, one would expect the myopic changes to be
exaggerated. Lending weight to the latter prediction are observations involving monkey
and human sclera of increased MMP expression and increased permeability after
exposure to topical prostaglandins in vivo, (Aihara et al., 2002; Kim et al., 2001;
Weinreb, 2001). That in the current study, the sclera from eyes treated with latanoprost
had a similar appearance to the fellow eyes thus raises the possibility that the effect of
lowering IOP outweighed any enhanced scleral remodelling effects of latanoprost. This
explanation also fits with in vitro data showing influences of both static and dynamic
stress on collagen synthesis in scleral explants (Prema O’Brien, 2010). An alternative
pharmacokinetic explanation that the posterior sclera was less exposed to latanoprost
than the anterior sclera, due to our use of topical drops, seems less plausible due to
both the relatively small eye size of the guinea pig and evidence from in vivo SD-OCT
imaging that the nearby posterior choroid of these eyes was structurally altered (El-
Nimri et al., ARVO abstract 2018).
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Chapter 4 : Effect of the Ocular

Hypotensive Drug, Latanoprost on
Choroidal Thickness in Normal Guinea Pigs

4.1 Introduction

Intraocular pressure (IOP) is speculated to play a key role in normal ocular growth, by
exerting a stretching influence (tangential tension), on the outer scleral wall of the eye,
which undergoes remodeling as part of this growth process (Nickla, 2013). During
development and progression of myopia, scleral remodeling is upregulated (McBrien et
al., 2009; Summers Rada et al., 2006), altering the biomechanical properties of the
sclera (Phillips, 1995; Siegwart and Norton, 1999), and allowing eye enlargement to
accelerate. IOP likely facilitates this process, especially in larger, already myopic eyes
due to the increase in tangential tension experienced (Cahane and Bartov, 1992).

The possibility that lowering IOP can slow “myopic eye elongation” led us to examine
the effects of the ocular hypotensive drug, latanoprost, on “myopic” ocular growth of
guinea pigs. It had been previously shown to slow myopia progression in chicks,
although it was administered by intravitreal injection in this study (Jin and Stjernschantz,
2000), rather than applied topically, as is standard for glaucoma therapy. However,
topical latanoprost also proved to strongly inhibit myopia progression in our guinea pig
myopia model, (El-nimri and Wildsoet, 2018), raising the further question of whether the
promising anti-myopia effect of latanoprost is drug-specific or a general effect of
lowering IOP. As a step towards addressing the above question, it was of interest to
learn more about the ocular effects of latanoprost in our guinea pig model. In this study,
we specifically examined its effects on the choroid of the guinea pig.

Interest in the role of the choroid, a major component of the ocular uveal tissue, in
normal and abnormal (myopic) eye growth regulation has increased in recent years,
with studies across a wide range of species reporting similar trends to those of early
studies in chicks, which linked choroidal thickening with slowed eye elongation and
choroidal thinning with increased eye elongation (Howlett and McFadden, 2006; Hung
et al., 2000; Norton and Kang, 1996; S.A. et al., 2013; Troilo et al., 2000; Wildsoet and
Wallman, 1995). As a highly vascular layer lying between the retina, where growth
regulatory signal are believe to be generated, and sclera, which largely determines eye
size, the choroid has the potential to influence eye growth in any of a number of ways,
including relaying growth regulatory signals from the retina to the sclera (Wang et al.,
2015; Zhang and Wildsoet, 2015),

Latanoprost, a prostaglandin (PG) F2a isopropyl ester prodrug, has proven very
effective in lowering IOP around the clock (24 h). Its pharmacological action is via FP
receptors, which are widely distributed throughout the eye, including on the iris, ciliary
body and choroid plexus (OCKLIND, 1998) Increased matrix metalloproteinase (MMP-
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2) activity linked to remodeling of the extracellular matrix (ECM) within the uveoscleral
aqueous outflow pathway appears to be largely responsible for its enduring ocular
hypotensive action (Russo et al., 2008; Weinreb and Lindsey, 2002). Prostaglandin
analogs have also been shown to increase choroidal thickness and improve choroidal
perfusion in glaucoma patients (Akyol et al., 2017; Boltz et al., 2011).

In chapter 3 investigating the potential of latanoprost to inhibit myopia progression in
guinea pigs (EI-Nimri and Wildsoet, 2018), we observed a trend of choroid thinning in
the form-deprived myopic eyes of animals treated with artificial tears, that was not
evident in form-deprived eyes treated with latanoprost (un-reported data). However, the
latter eyes were also significantly less myopic. These observations provided additional
motivation for the investigation reported here into the effects of latanoprost on the
guinea pig choroid.

4.2 Methods
4.2.1 Animals and treatments
Animals:

A total of 10 three-month-old, tricolored guinea pigs were used in this study, offspring of
breeders obtained from the University of Auckland, New Zealand. Study animals were
housed in a temperature-controlled room, with a light/dark cycle of 12L/ 12D (on at 9.30
am, off at 9.30 pm). Pups were weaned at 5 days of age and housed as single sex
groups in 41 cm wide X 51 cm long transparent plastic wire-top cages, with free access
to water and vitamin C-supplemented food, with additional fresh fruit and vegetables
given five times a week as diet enrichment.

All animal care and treatments in this study conform to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. Experimental protocols are approved by
the Animal Care and Use committee of the University of California, Berkeley.

Topical ophthalmic drug treatments:

All animals underwent 2 weeks of daily monocular treatment with 0.005% latanoprost
ophthalmic solution (Akorn, Lake Forest, IL), with the untreated contralateral eyes
serving as controls. Specifically, after obtaining baseline measurements, one drop of
latanoprost was instilled into the right eyes of all animals each day, at approximately 4
pm, for a total of two weeks, after which the treatment was terminated and animals
followed for a further two weeks (i.e., washout period).

4.2.2 Intraocular pressure, refractive error, axial length, and choroidal
thickness with A-scan ultrasonography

Intraocular pressures (IOP), spherical equivalent refractive errors (SE) and axial ocular
dimensional data were recorded for both eyes of each animal, immediately before the
initiation of the latanoprost treatment (baseline), with follow-up measurements made
after 2 days, 1 and 2 weeks of treatment, with the same measurement schedule
followed during the washout period. Because of well-documented diurnal rhythms in
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IOP, choroidal thickness, and eye elongation (Nickla et al., 1998) measurements were
always taken at approximately the same time each day, in the afternoon around 1:00
pm.

All IOP measurements were conducted in awake animals, prior to other procedures
requiring anesthesia to avoid possible confounding effects of the latter (Duncalf, 1975).
An iCare rebound tonometer (Tonolab, Helsinki, Finland) was used along with the
setting for rat eyes, for which this instrument has been calibrated and which are only
slightly smaller than those of guinea pigs. This instrument provides confidence interval
information based on successive readings; only data with a confidence interval of 5% or
less were used. Three measurements were taken on each eye and the average used in
data analysis.

Refractive errors were measured using streak retinoscopy on awake animals, 30
minutes after instillation of one drop of 1% cyclopentolate hydrochloride (Bausch &
Lomb, Rochester, NY) for cycloplegia. Spherical equivalent refractive errors (SERSs,
average of results for the two principal meridians) were used in data analysis.

Ocular axial dimensions, including choroidal thickness, were measured with a custom-
built, high-frequency A-scan ultrasonography system, with an estimated resolution of
~10 pm (Nickla et al., 1998): (Schmid et al., 1996)- For these measurements, animals
were first placed under gaseous anesthesia (1.5-2.5% isoflurane in oxygen), with eyelid
retractors inserted to hold their eyes open. For each measurement, at least 8 traces
were captured per eye and analyzed off-line. Axial choroidal thickness and axial length
data are reported here.

4.2.3 In vivo SD-OCT imaging

High-resolution cross-sectional images of the ocular fundus, including the choroidal
layer, were captured using spectral domain-optical coherence tomography (Bioptigen
SD-OCT, North North Carolina, USA). Both eyes of each animal were imaged. Animals
were first anesthetized with an intramuscular injection of ketamine and xylazine (27
mg/kg, 0.6 mg/kg, respectively), then placed on a custom-made stage with x-y-z
adjustments to facilitate alignment of the optical axis of the eye being imaged with that
of the instrument. As the guinea pig retina is devoid of retinal blood vessels, the optic
nerve head of each eye was used instead as a reference landmark for repeated
imaging. OCT scans were restricted to the visual streak region, which is located
approximately 2.5 optic disc diameters away from the center of the optic nerve head (~
700 ym away from the center of the optic nerve head). The scans spanned a 2.6 by 2.6
mm-wide field of view (approx. ~ 15 deg.), and consisted of 50 B-scans by 700 A-scans,
with 50 frames per B-scan (Jiang, Garcia et al., 2019). All imaging were performed
around 1:00 pm, to minimize the effect of diurnal variations in choroidal thickness.
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4.2.4 SD-OCT image analysis

A custom Imaged macro program was used to measure from captured images, both
overall choroidal thickness (Figure 4.1A), and the area of individual choroidal vessels
(Figure 4.1B). Only the middle one-third (~ 5 deg.) of each cross-sectional image was
analyzed to avoid any distortion due to lateral magnification differences at the
extremities, with choroidal thickness measurements made using built-in vertical calipers
at 3 different locations within this central zone and averaged. Choroidal vessels were
used as reference anatomical landmarks in analyzing images collected from the same
eyes on different days across the monitoring period.

Statistical analysis:

Statistical and graphical data analysis made use of Prism 6 (GraphPad Software, La
Jolla, CA, USA). Data for treated and control eyes, as well as derived interocular
differences (treated eye - control eye), are reported as mean £+ SEM. Two-way repeated
measures ANOVAs, with a Bonferroni post hoc test, were applied to data. P-values from
post-hoc testing are reported in the results section.
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Figure 4.1: Representative SD-OCT images of fundus layers captured from the visual streak, located
~2.5 disc diameters above the optic nerve head, recorded on day O (pretreatment baseline), as well as
day 2, week 1, week 2 of the latanoprost treatment period, and 1 and 2 weeks after termination of
treatments (washout period); the visual angular subtense of the images is ~15 deg. Images were
averaged to better visualize vessel margins. Bottom right image shows the choroidal vessel area map

produced by the custom imagedJ program.
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4.3 Results

4.3.1 Effect of latanoprost on intraocular pressure, refractive error, and
axial length in normal guinea pigs

Latanoprost treatment effects on IOP:

Key mean IOP data for latanoprost-treated and fellow eyes, i.e. recorded at baseline, at
the end of the treatment period and the end of the washout period, are summarized in
Table 4.1. Daily topical latanoprost was effective in lowering IOP in latanoprost-treated
eyes. This treatment effect is evident in the graphical plots of IOPs recorded from
treated and fellow eyes over the treatment period (Figure 4.2), and of the derived
interocular difference data (Figure 2 inset). At baseline, IOPs recorded from the two
eyes of each animal were similar, i.e., 21.63 + 1.12 mmHg (right eyes) and 22.07 + 0.94
mmHg (left eyes) (NS). However, thereafter, the IOPs of eyes treated with latanoprost
decreased relative to the IOPs of fellow eyes (Figure 4.2), with this interocular
difference reaching statistical significance after 2 weeks of latanoprost treatment, i.e.,
22.23 + 0.86 mmHg vs. 24.50 + 0.98 mmHg (p= 0.05). However, by the end of the “no
treatment” washout period, the IOPs of treated eyes were again comparable to those of
fellow eyes (Figure 4.2).
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Figure 4.2: Intraocular pressures (IOP) recorded from guinea pigs treated monocularly with topical
latanoprost for 2 weeks, means (+ SEM, mmHg) for treated and fellow eyes plotted against time. The
shaded area indicates the 2-week post-treatment washout period. Inset shows similarly plotted interocular
differences in IOP. * p< 0.05.
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Table 4.1 Summary of IOP, refractive error, axial length, choroidal thickness (measured using A-scan
ultrasonography and SD-OCT imaging), and choroidal vessel area data for latanoprost-treated and fellow
eyes (mean + SEM), recorded at the beginning and end of 2-week latanoprost treatment and washout

periods.

Parameter Eye Baseline Week 2 Week 2
Treament Treatment Washout
IOP (mmHg) | Latanoprost | 21.63+1.12 | 22.23+0.86 | 25.04 £+1.17
Fellow 22.07+094 | 2450+098 | 24.71+1.13
Refractive Latanoprost 0.11+£0.43 0.7 £0.36 0.34 £ 0.40
error (D)
Fellow -0.3+047 0.23+0.28 -0.36 £ 0.47
Axial length | Latanoprost | 8.76 + 0.03 8.86 + 0.03 8.99 £ 0.05
(mm) Fellow 8.77+0.02 | 8.87+002 | 892003
Choroidal Latanoprost 180 £ 10 190 £ 10 200+ 10
Thickness
Fellow 190 £ 10 190 £ 10 190 £ 10
(A-scan)
(pm)
Choroidal Latanoprost 0.67 £0.03 0.65+£0.05 0.65+0.06
Thickness Fell 0.66 + 0.06 0.61+£0.08 0.58 + 0.07
ello .66 £ 0. .61+£0. .58 £ 0.
(SD-OCT) W
(pm)
Choroidal Latanoprost | 326.2 + 50.3 470.8 +43.8 | 500.8+424
Vessel Area
(um?) Fellow 327.0+46.4 370.0+ 346 | 391.0+25.8

Latanoprost treatment effects on refractive errors and axial lengths:

Key mean SER and AL data for both eyes are summarized in Table 4.1. SERs and AL
were not affected by the latanoprost treatment. Neither the latanoprost-treated eyes nor
their fellow eyes changed significantly over the study period, although the latter result is
not surprising given that these young adult animals would have already completed their
natural emmetropization and no experimental visual manipulations were used. Thus
animals were approximately emmetropic at baseline (+0.11 + 0.43 D/ 8.76 £ 0.03 mm,
right eyes vs. -0.3 £ 0.47 D/ 8.77 + 0.02 mm , left eyes), and remained so at the end of
the latanoprost treatment period (+0.7 £ 0.36 D/ 8.86 + 0.03 mm, treated eyes, vs.
+0.23 £ 0.28 D/ 8.87 £ 0.02 mm , fellow eyes), and also at the end of the washout
period (+0.34 + 0.40 D/ 8.99 £ 0.05 mm, treated eyes, vs. -0.36 + 0.47 D/ 8.92 £+0.03
mm, fellow eyes (Table 4.1 and Figure 4.3). There was also no significant difference
between the SERs/ ALs of right and left eyes at any time point (p>0.05).
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Figure 4.3: Spherical equivalent refractive error (SE) (mean + SEM, diopters) in guinea pigs that were
monocularly treated with topical latanoprost for 2 weeks. The shaded area indicates latanoprost 2-week
washout period. Inset: Interocular differences in SE throughout latanoprost treatment and washout
periods.

4.3.2 Effects of latanoprost on the choroidal thickness and vessel area

Choroidal thickness (ChT) was measured using two different techniques: high-
frequency A-scan ultrasonography (on-axis only), and SD-OCT imaging. Both
approaches failed to detect any significant effect of latanoprost on choroidal thickness.
Key mean ChT data obtained with both techniques are summarized in Table 4.1. On-
axis choroidal thicknesses, as measured by ultrasonography, were 180 + 10 and 190 +
10 ym for latanoprost-treated and fellow eyes respectively at baseline and not
significantly different from each other (p>0.05); choroidal thickness also changed
minimally thereafter, both over the latanoprost treatment period (e.g., 190 + 10 pym,
treated eyes vs. 190 + 10 ym, fellow eyes, after 2 weeks of latanoprost), and over the
washout period (200 + 10 pm, right eyes vs. 190 + 10 ym, left eyes).

The SD-OCT data show comparable trends to those just described, although in
absolute value, the SD-OCT-derived thicknesses are smaller. Thus baseline ChTs were
0.67 £ 0.03 and 0.61 £ 0.08 um for right and left eyes respectively, compared to 0.65 +
0.05 versus 0.65 + 0.06 um after 2 weeks of latanoprost treatment, and 0.66 + 0.06
versus 0.58 + 0.07 ym at the end of the 2 weeks washout period (Figure 4.4 top).
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Although no treatment-related changes in choroidal thickness were observed, choroidal
vessels appeared to undergo sustained dilatation under the influence of latanoprost
(Figures 4.4 bottom & Figure 4.5). Thus while there was no significant difference in
choroidal vessel area between treated and fellow eyes at baseline (326.2 + 50.3 vs.
327.0 + 46.4 ym?for right and left eyes respectively (p>0.05), by the end of the
latanoprost treatment period, the choroidal vessels of treated right eyes had increased
in area to 470.8 + 43.8 um? compared to 370.0 = 34.6 um? for the fellow eyes (p=0.04).
The increase in vessel area for fellow eyes was both much smaller and not statistically
significant. This treatment effect was also enduring, being still evident at the end of the
two-week washout period, i.e., 500.8 + 42.4 um? versus 391.0 + 25.8 uym? for treated vs.
fellow eyes (p= 0.01) (Figure 4.4 bottom & Table 4.1; also see Figure 4.5).
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Figure 4.4: Choroidal thickness (ChT, Top) and choroidal vessel area, Bottom) (mean + SEM), for
latanoprost-treated and fellow eyes, derived from captured SD-OCT images and plotted against time.
Latanoprost treatment period of 2 weeks followed by a 2-week post-treatment washout period (shaded
area). Insets show similarly plotted interocular differences. * p< 0.05, ** p<0.01.
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Figure 4.5: Choroidal vessel areas (mean + SEM, um?2), for individual guinea pigs, measured from SD-
OCT images from their latanoprost-treated and fellow (control) eyes, plotted against time over the 2-week
treatment and washout periods; shaded area demarcates the washout period.

4.4 Discussion

In chapter 3, we examined the efficacy of topical latanoprost, as a representative
prostaglandin analog, for controlling myopia progression in a form-deprived guinea pig
model of myopia. We found that topically applied latanoprost was effective in both
lowering IOP and slowing myopia progression in this model. In the study described
here, we confirmed the ocular hypotensive action of latanoprost in otherwise untreated
young adult guinea pigs and also report latanoprost-induced changes in the choroidal
vasculature, independent of choroidal thickness, the lack of effect on the latter also
consistent with the lack of effect on refractive error.

The choroid, which represents a major component of the uvea, plays an important role
in the aqueous humor drainage, via the so-called uveoscleral pathway. Latanoprost is
known to increase the uveoscleral outflow in both normal and ocular hypertensive
patients (Dinslage et al., 2000; Toris et al., 2001). Interestingly, an increase in choroidal
thickness in glaucomatous eyes has also been reported with a close relative of
latanoprost, specifically bimatoprost, (Akyol et al., 2017), although in contrast, no
significant change in choroidal thickness was found with latanoprost used to treat newly
diagnosed glaucoma and ocular hypertensive patients (Sahinoglu-Keskek 2018). In the
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current study involving young healthy guinea pigs, topical latanoprost also did not
increase choroidal thickness. It is possible that subtle differences in the actions of these
two drugs underlies their different effects on choroidal thickness, since bimatoprost is
known to lower IOP in humans by increasing both conventional (Bimatoprost activities
receptors in trabecular meshwork) and uveoscleral aqueous humor outflow (Daniel
Stamer et al., 2010). Furthermore, the decrease of choroidal extracellular matrix after
latanoprost treatment may have cancelled the increase in choroidal blood flow and
resulted in no change in choroidal thickness (Sahinoglu-Keskek 2018).

The effect of latanoprost on vascular beds appears to be site-specific, with reports of
both vasodilation and vasoconstriction, depending on the site of action (USKI et al.,
1984; USKI and ANDERSSON, 1984; Wendling and Harakal, 1991). In relation to the
eye, there has been debate over whether latanoprost causes vasoconstriction in the
posterior pole of the eye, potentially exacerbating glaucoma, or increases blood flow,
which would be beneficial for eyes with glaucoma (Stjernschantz, 1999). Its action also
appears to be both concentration-dependent (ASTIN, 1998; Astin and Stjernschantz,
1997), and variable across animal species (Kimura et al., 1992; MAIGAARD et al.,
1986; SCHERER et al., 1986; YOUSUFZAI et al., 1996).

In the current study, we observed apparent enlargement of the choroidal vessels with
latanoprost. Increased choroidal perfusion has been reported in latanoprost-treated
patients, up to 56% in one study (Vetrugno et al., 1998), and others have argued that
latanoprost enhances choroidal blood flow regulation (Boltz et al., 2011). However, it is
alternatively possible that the improvement in choroidal blood flow regulation is a
secondary effect of the latanoprost-induced decrease in IOP (Polska et al., 2007). We
did not measure choroidal blood flow in the current study, to either accept or rule ut this
explanation for the apparent increases in vessel areas. However, latanoprost-induced
increase in MMP1 within the choroid (Wang et al., 2001), would logically lead to a
reduction in extracellular matrix, which may in of itself, allow vessels to enlarge. The
contribution of such choroidal vessel changes to the observed inhibitory effect of
latanoprost on myopia progression, as reported in our previous study (El-nimri and
Wildsoet, 2018), requires further investigation, but one could speculate that such
changes may help to clear myopia-generating growth factors, released from the retina,
assuming that choroidal blood flow is also increased.

Interestingly, the choroidal vessels remained enlarged at the end of the 2-week,
latanoprost-washout period. It is not clear whether this reflects the time needed to
recover from the extracellular matrix remodeling effect of latanoprost treatment, or
whether some permanent structural change had been induced in these relatively young
eyes. In humans, the maximum IOP reduction is reached within 8-12 h after a single
topical dose of latanoprost and IOP remains low for at least 24 h (Lindén and Alm,
2007). It is unclear whether the extracellular matrix remodeling recovers after
discontinuing latanoprost.

The results of this study should be interpreted with some limitations in mind. First, this
study was not performed on myopic guinea pigs, so we can only speculate on the likely
effects of latanoprost on the choroid of myopic eyes. Second, we did not use
segmentation to analyze choroidal thickness using SD-OCT. Third, with the in vivo
imaging methodology, we cannot distinguish between different types of blood vessels
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(arteries and veins), or between blood vessels and lymphatic vessels. Well-developed
lymphatic-like vessels have been well documented in the choroid of chicks, in which
they have been linked to choroidal thickening and slowed eye growth (Wallman et al,
1995). Although there are no lymphatic vessels in the human and primates choroid, a
lymphatic-like system, outside of the choroiocapillaries fenestrated vessels has been
reported and might also be linked to choroidal thickness changes (Koina et al., 2015;
Schroedl et al., 2014, 2008).
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Chapter 9. Myopia-Insensitive Guinea
Pig Strain and Effect of Latanoprost

5.1 Introduction

As noted in previous chapters, guinea pigs have become an important, now widely used
animal model of myopia, reflecting the facts that they share similar features of primate
eyes (e.g., fibrous-only sclera), are generally responsive to myopia-inducing visual
manipulations, such as form-deprivation with diffusers (Howlett and McFadden, 2006;
Lu et al., 2006) and imposed hyperopic defocus with negative lenses (Howlett and
McFadden, 2009; Jiang et al., 2014), but are much easier to house and breed than
primates. Their eyes are also significantly larger than mice, another commonly used
model, whose eyes have a much larger depth-of-focus, rendering them less sensitive to
imposed optical defocus, one of the commonly used strategies for inducing myopia. The
visual acuity of guinea pigs is about 1.0 cycle per degree, also significantly better than
that of mice (Ostrin L, Mok-Yee J, Wildsoet C, 2011). Finally, guinea pigs are born with
their eyes open and well-developed vision (precocial) (Edwards et al., 1974), unlike tree
shrews and monkeys. These various features have also contributed to their increasing
popularity as a model in myopia studies.

Inter-animal variability and strain-dependent differences in ocular dimensions and
responsiveness to visual manipulations are well documented in myopia research
involving chicks (Chen et al., 2011; Schmid and Wildsoet, 1996; Troilo et al., 1995).
More recently, our group reported on related strain-dependent differences in guinea
pigs. Specifically, the EIm Hill (EH) pigmented guinea pig strain used in this study was
found to be novel in three ways. Compared to another pigmented strain obtained from
New Zealand, which was used in studies reported in Chapters 2 and 3, the EH animals
1) remained more hyperopic at the end of the normal emmetropization phase, 2) proved
to be unresponsive to myopia-inducing negative lenses and diffusers, and 3) had thicker
choroids (Jiang, L., Garcia M. et al., 2019). Although this strain has been partly
characterized by our research group, this chapter will describe further important ocular
features of this strain, including diurnal rhythms in intraocular pressure, and scleral and
lamina cribrosa ultrastructures. In addition, in the study described here, we examined
the effect of latanoprost on normal eye growth in this strain. As appropriate, we draw
comparisons between findings for this EH strain reported here and those described
previously for the NZ strain (Chapters 2 and 3).
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5.2 Methods
5.2.1 Animals and treatments

A strain of pigmented guinea pigs, obtained from EIm Hill (EH) labs (Chelmsford, MA),
was used in this study. Study animals were bred on-site and housed in a temperature-
controlled room with a light/dark cycle of 12L/12D (on at 9.30 am, off at 9.30 pm). Pups
were weaned at 5 days of age and housed as single-sex groups in transparent plastic
wire-top cages, with free access to water and vitamin C-supplemented food, with
additional fresh fruit and vegetables given five times a week as diet enrichment. All
animal care and treatments in this study conform to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Experimental protocols are approved by
the Animal Care and Use Committee of the University of California, Berkeley.

A total of 10 animals were used to track intraocular pressures, refractive errors, and
optical axial lengths during normal ocular development in this strain over 10 weeks.

5.2.2 Measurements: Longitudinal intraocular pressure, refractive error,
and axial ocular dimensional measurements

Intraocular pressures (IOP), refractive errors (RE) and optical axial lengths (OAL) were
measured for both eyes of each animal. Measurements were made at weekly intervals
over the first month and every other week thereafter. Because of well-documented
diurnal rhythms in both IOP and eye elongation (Nickla et al., 1998), measurements
were always taken around the same time each day, early in the morning, after lights-on.

All IOP measurements were conducted on awake animals and prior to any other
procedure requiring anaesthesia, to avoid possible confounding effects of the latter. An
iCare rebound tonometer (Tonolab, Helsinki, Finland) was used along with the setting
for rat eyes, for which this instrument has been calibrated and which are similar in size
to those of guinea pigs. This instrument provides confidence interval information based
on successive readings; only data with a confidence interval of 5% or less was used.
Three measurements were taken on each eye and the average used in data analyses.

Refractive errors were measured using streak retinoscopy on awake animals, 30
minutes after instillation of 1% cyclopentolate hydrochloride (Bausch & Lomb,
Rochester, NY) for cycloplegia. Spherical equivalent refractive errors (REs, average of
results for the two principal meridians) were derived for use in data analysis.

Ocular axial dimensions were measured with a custom-built, high-frequency A-scan
ultrasonography system, with an estimated resolution of ~10 um Nickla et al., 1998;
Wildsoet and Wallman, 1995). For these measurements, animals were first placed
under gaseous anaesthesia (1.5-2.5% isoflurane in oxygen), with eyelid retractors
inserted to hold their eyes open. For each measurement, at least 8 traces were
captured per eye and analyzed off-line. Only optical axial lengths (OALs) are reported
here, derived as the sum of anterior chamber depth, axial lens thickness and vitreous
chamber depth.

78



5.2.3 Measurements: Diurnal intraocular pressure rhythms

To characterize diurnal rhythms in IOP, five measurements were made at ~6 h intervals
over 24 h, including time points just after lights-on and just before lights-off. The mid-
night measurements during the lights-off hours were taken under photographic dark
light conditions to minimize the possible effect of brief exposures to light on circadian
rhythms. Three measurements were taken on each eye at each interval and the
average used in data analysis. Diurnal IOP rhythms were recorded at monthly intervals.

5.2.4 Measurements: SD-OCT imaging of optic nerve head

A high-resolution spectral-domain optical coherence tomography system (SD-OCT,
Bioptigen, USA) was used to image the optic nerve head (ONH) once per month for a
total of 10 weeks. Both eyes of each animal were imaged. Guinea pigs were first
anaesthetized with an intramuscular injection of ketamine and xylazine (27 mg/kg, 0.6
mg/kg, respectively), then placed on a custom-made stage with x — y — z adjustments to
facilitate alignment of the optical axis of the eye being imaged with that of the
instrument. A high-resolution OCT scan was generated from 500 B-scans by 400 A-
scans, with a 12 by 12 mm field size, with two to three such scans, centred on the ONH,
captured from each eye at each time point.

A cross-sectional 200x200 pixel image containing the ONH at its maximum horizontal
dimension was selected to assess ONH diameter, using the termination in Bruch's
membrane to define its boundary. Relevant points in the image were manually selected
and diameter measured using a custom MATLAB (MathWorks Inc., Natick, MA)
program. Values were corrected for differences in magnification related to the eye's
length.

5.2.5 Scanning electron microscopy imaging of lamina cribrosa

At the end of the study, representative animals were sacrificed, their eyes enucleated
and ONHs excised from the posterior segments to include a 4 mm ring of surrounding
sclera for scanning electron microscopy (SEM). ONH samples were first soaked in 0.2M
NaOH for 30 h, to remove cellular components, leaving only collagenous structures.
ONHs/lamina cribrosa (LC) samples were then fixed in 4% glutaraldehyde in 0.1M
sodium cacodylate, stained with osmium tetroxide, dried through an ethanol series, and
finally subjected to critical point drying before imaging. LC samples were imaged using
a Hitachi TM-1000 scanning electron microscope. Images were captured at 600X
magnification.

5.2.6 Transmission electron microscopy to image scleral collagen fibers

For transmission electron microscopy (TEM), a 6 mm ring of sclera surrounding the
ONH was excised from the posterior segments of enucleated eyes using disposable
punchers. Tissue samples were first fixed in 4% glutaraldehyde in 0.1M sodium
cacodylate, stained with osmium tetroxide, dried through an acetone series, infiltrated
with resin and finally embedded in molds. Three scleral samples per eye embedded and
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Before sectioning the sample blocks, they were trimmed by hand with a razorblade to
create a face in the shape of a right trapezoid. A glass knife on a Reichert-Jung Ultracut
E microtome was then used to cut 70 nm silver and gold-colored sections. Sections
were then placed on coated copper meshed grids, stained with uranyl acetate and lead
citrate and then imaged using an FEI Tecnai 12 transmission electron microscope.
Images were captured from three different (superior) scleral samples from each eye at a
magnification of 6800X.

5.2.7 Effects of topical latanoprost

Twenty animals were randomly allocated one of two monocular topical drug treatments,
either latanoprost (0.005% ophthalmic solution, Akorn, Lake Forest, IL), or artificial tears
(AT [same animals used to track normal eye growth above]), starting one week after the
first baseline measurements and continuing for 9 weeks. Untreated contralateral eyes
served as controls in both cases.

IOPs, REs and OALs were measured for both eyes of each animal, before the initiation
of treatments (baseline), with follow-up measurements made at weekly intervals over
the first month and every other week thereafter. Diurnal IOP data and SD-OCT images
of the ONH were collected, one week before the initiation of topical treatment and once
per month thereafter. ONH and scleral samples were processed for SEM and TEM,
respectively as described above. See sections 5.2.2 to 5.2.6 for additional details
related to measurement protocols.

5.3 Results

5.3.1.1 Intraocular pressures, refractive errors, and optical axial lengths

The I0OPs of the EH guinea pigs appeared to fluctuate over the 10-week study duration,
with the highest values being recorded near the beginning of the study (age 21 days),
and end of the study (Figure 5.1). Thus, for right eyes, the mean |IOP was 18.27 £+ 0.70
mmHg at the start of the study and 20.20 +0.86 mmHg by the end of the study (week
10). The IOPs of left eyes were also comparable (18.80 £ 0.81 mmHg, baseline; 20.50
+0.99 mmHg, week 10), and there was no significant difference between the IOPs
recorded at beginning and end of the study, for either eye, or between the IOPs of right
and left eyes
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Figure 5.1: IOPs (mean = SEM) for right (OD) and left (OS) eyes of young EH guinea pigs, recorded over
a 10-week period corresponding to ages of 2 weeks (week 0) to 3 months (week 10).

The OALs of both right and left eyes of the guinea pigs showed a steady increase from
over the same 10-week study period (Figure 5.2A, Table 5.1), reflecting normal
development, with all animals also showing a steady increase in body weight over this
period. For right eyes, OALs increased from a mean of 7.41 + 0.026 mm to 8.45 + 0.034
mm (p< 0.0001), with left eyes showing comparable OALs (7.39 £ 0.040 mm & 8.43
0.04 mm; p< 0.0001). Changes in REs over the study period were consistent with OAL
changes, being most hyperopic initially (Figure 5.2B & Table 5.1). Thus, for right eyes,
the mean RE was +2.35 £ 0.50 D at age 2 weeks, decreasing to +0.73 £ 0.21 D by
week 10 (p=0.0002), and for left eyes, equivalent values are +2.85 + 0.52 D and +1.24 +
0.16 D (p= 0.0002).
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Figure 5.2: Means (x SEM) for (A) optical axial lengths and (B) refractive errors recorded from right (OD)
and left (OS) eyes of young EH guinea pigs over a 10 week period, from 2 weeks of age (week 0) to 3
months (week 10) of age (n=10).
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Table 5.1: Summary of mean IOP, RE, and OAL data (+ SEM) recorded from right (OD) and left (OS)
eyes of young EH animals and related summary statistics.

Parameter Eye Age Statistics
2 weeks 3 months (p-value)*

IOP (mmHg) (week 0) (week 10)

oD 18.27 + 0.70 20.20 +0.86 0.43
Refractive Error oS 18.80 + 0.81 20.50 +0.99 0.61
(RE, D) oD 2.35+0.50 0.73+0.21 0.0002

oS 2.85+0.52 1.24+0.16 0.0002
Optical Axial Length oD 7.41+0.026 8.45+0.034 | <0.0001
(OAL, mm)

oS 7.39 + 0.040 8.43 +0.04 <0.0001

* P-values refers to differences between week 0 & week 10 results (two-tailed paired t-test).
5.3.1.2 Diurnal variations in IOP

Young EH guinea pigs exhibited diurnal variations in their IOP, with the patterns for right
and left eyes being very similar (Figure 5.3). IOP consistently peaked in the morning, as
reflected in the readings recorded just after lights on at 9:35 am. Left and right eyes also
recorded similar rhythm amplitudes (the difference between the highest and lowest |IOP
recorded each day, regardless of time of day), with means estimated as 7.4 mmHg and
5.9 mmHg for left and right eyes (p= 0.054, two-tailed paired t-test). No statistically
significant difference was found between either IOPs of right and left eyes at any time
point or between diurnal variations in IOP recorded in week 0 (2 weeks old) and week
10 (3 months old) (repeated measures ANOVA).
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Figure 5.3: Mean IOPs (+ SEM) recorded at 6-h intervals over 24 h in week 10, for right (OD) and left
(OS) eyes of young EH guinea pigs (3 months old). Peak IOPs were recorded just after lights-on at 9:35
AM in all cases. Shaded area, when lights are off.
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5.3.1.3 Optic disc dimensions, derived from SD-OCT images

The dimensions of the opening in Bruch’s membrane to accommodate the exiting optic
nerve fibers were used here as a surrogate for optic disc dimensions. The EH guinea
pigs imaged all had approximately spherical optic discs and therefore only one
parameter, the horizontal optic disc diameter (ODD), is reported. Although ODDs
slightly increased with development in these young EH guinea pigs, none showed disc
tilting. For the right eyes, the mean ODDs increased from 225.7+ 15.6 ym at the start of
the study (2 weeks old) to 264 + 8.7 ym by the end of the study (3 months old). For the
left eyes, the equivalent values are 226.5 + 7.6 ym and 248.6 + 8.7 ym (Figure 5.4).
While there was also no significant difference between the ODDs of right and left eyes,
the changes with development were significant only for right eyes (p= 0.008).
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Figure 5.4: ODDs (mean + SEM) for right (OD) and left (OS) eyes of young EH guinea pigs, recorded
over a 10-week period corresponding to ages of 2 weeks to 3 months.

To examine how closely the dimensions of optic nerve heads were tied to eye size, the
ODDs of left and right eyes were plotted against AL (Figure 5.5), and correlation
analyses undertaken. Although the correlation between ODDs and OALs reached
statistical significance for only right eyes, positive trends were observed in both cases.
(OD: r2=0.95, p= 0.02, slope=40.6 * 6.4; OS: r’= 0.85, p= 0.08, slope= 17.6 + 5.3; Fig.
5.5).
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Figure 5.5: Optic disc dimensions for left (OS) and right (OD) eyes (A and B) plotted against the axial
length of the same eyes recorded over the study period, from its beginning (age 2 weeks old) to its end
(age 3 months old).

5.3.1.4 Lamina cribrosa and scleral ultrastructure

SEM images of the lamina cribrosa (LC) revealed a multilayered, mesh-like network of
collagen fibers that inserts into the scleral canal (Figure 5.6A, B). Qualitative
examination of the images also revealed a range of pore sizes, but apparently little
differences in the patterns between right and left eyes. Subsequent quantitative analysis
of the images confirmed this interpretation; the mean laminar pore area (+ SEM) was
3.59 + 0.52 ym? for right eyes and 3.66 + 0.76 pm? for left eyes and there was no
significant difference between results for left and right eyes.

The sclera surrounding the LC was also imaged by TEM in these animals.
Morphologically, scleral collagen fibers were found to approximately uniformly spaced,
with a predominance of medium-sized fibers, although smaller and larger fibers were
also evident in samples from left and right eyes (Figure 5.6C, D). The mean scleral
collagen fiber cross-sectional area (x SEM) was 0.01 + 0.003 uym? for right eyes and
0.009 = 0.0005 uym? for left eyes and there was no significant difference between values
for left and right eyes.
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Figure 5.6: Representative lamina cribrosa images (SEM, 600X) (top panel; A, B), and scleral images
(TEM, 6800X) (bottom panel; C, D), from right (OD) and left (OS) eyes of EH guinea pigs.

5.3.2.1 Effect of latanoprost on intraocular pressure, refractive error and
axial length

Daily topical latanoprost (Lat) significantly reduced IOP and the IOP lowering effect
progressively increased over time in these EH animals (Figure 5.7; Table 5.2). This
effect is reflected in the significant increase in interocular differences in IOP for the Lat
group, from 0.4 £ 0.31 mmHg at baseline to -2.83 + 0.59 mmHg by week 10 (p= 0.0001,
repeated measures ANOVA). In contrast, the equivalent values for the control artificial
tear (AT) group were very similar to each other and there was no significant change with
time, i.e., 0.53 £ 0.74 and 0.3 £ 0.25 mmHg (p= 0.99).

Despite the decrease in IOP achieved with the Lat treatment, it had no significant effect
on either the REs or OALs of these otherwise untreated animals (Figs. 5.8A, 5.8B;
Table 5.2), as reflected in the close correspondence for both Lat and AT groups in not
only baseline interocular differences, but also end-of-treatment interocular differences in
both REs and OALs (0.15 £ 0.30 vs. 0.9 £ 0.34 D, -0.27 £ 0.049 vs. -0.016 £ 0.017 mm
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(Lat); 0.51 £0.32vs. 0.5+ 0.20 D & -0.018 £ 0.029 vs. -0.017 £ 0.02 mm (AT) (Table
5.2). The OAL changes are consistent with the RE data, with none of the groups
showing significantly altered patterns of elongation in their treated eyes relative to their
fellows.

To further examine the Lat treatment effects for these EH animals and the potential
influence of reduced IOP, the ratio of week-10 OALs of left to right eyes (normalized to
baseline), were plotted against the change in IOP over the treatment period (Fig. 5.9),
and regression analyses were undertaken. There was no significant correlation between
these parameters (r?= 0.04, p=0.40).

Table 5.2: Summary of mean interocular differences in IOP, RE, and OAL (x SEM) and summary
statistics for the EIm Hill (EH) animals treated with monocular latanoprost (Lat) or artificial tears (AT).

Parameter Treatment Time of measurement Statistics
Baseline (Week 0) | Week 10 (p-value)*
IOP (mmHg) Latonly | 0.40+0.31 -2.8310.59 0.0001
ATonly | +0.5310.74 0.3010.25 0.9999
Refractive Error (D) Latonly | 0.15+0.30 0.90 +0.34 0.0855
ATonly | 0.51#0.32 0.50 +0.20 0.9999
Optical Axial Length | |atonly | -0.27 +0.049 -0.016 +£0.017 | 0.9999
(mm) ATonly | -0.018 +0.029 -0.017 £0.02 | 0.9999

* P-values refers to differences between baseline & week 10 results (Paired t-test).
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Figure 5.7: Interocular differences in IOP (mean + SEM, mmHg) in EH guinea pigs treated in their left eye
with latanoprost (Lat) or artificial tears (AT) (n= 10 per group), from week 1 of the 10-week treatment
period. The arrow indicates the start of the treatment (Lat or AT).
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Figure 5.8: (A) Mean (+ SEM) interocular differences in optical axial lengths (mm) and (B) refractive
errors (D) in EH guinea pigs treated in their left eye with latanoprost (Lat) or artificial tears (AT)(n=10 per
group), from the end of week 1. The arrows indicate the start of the treatment period (Lat or AT).
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Figure 5.9: Ratio of changes over the 10-week treatment period in optical axial lengths (OAL) of left to
right eyes plotted against changes in IOPs of left eyes, for both latanoprost (Lat) and artificial tears (AT)
treated groups.

5.3.2.2 Effect of latanoprost on diurnal intraocular pressures

IOP data collected at week 10 over 24 h for both Lat-treated eyes and their fellow, as
well as comparable data for AT-treated animals, are shown in Figures 5.10 A and B.

For these EH animals, there were statistically significant differences between the IOPs
of the treated eyes of the Lat and AT groups at both 3:35 am (p=0.01) and 9:35 am (p=
0.03). However, the IOPs recorded from the fellow eyes of the Lat and AT groups were
not significantly different at any time point. Peak IOPs were consistently recorded in the
morning, at 9:35 am for all eyes, and for both groups, treated eyes recorded similar
rhythm amplitudes to their fellow eyes (Lat: 5.3 vs. 5.73 mmHg, p= 0.95; AT: 7.4 vs. 5.9
mmHg, p= 0.054, two-tailed paired t-test)(Table 5.3 & Figure 5.10).

To further analyze the effect of the Lat treatment on diurnal IOP rhythms, interocular
difference patterns for Lat- and AT-treated groups were compared statistically and
graphically (Figure 5.10). The largest interocular differences occurred for the Lat-treated
guinea pigs at 9:35 am (-2.8 + 0.72; p= 0.006). In contrast, interocular differences over
the 24 h monitoring period never reached statistical significance for the AT-treated
guinea pigs (Figure 5.11).
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Table 5.3: Mean IOPs (£ SEM) measured at 6-h intervals over 24 h at week 10, for fellow control eyes
and left eyes treated with latanoprost (Lat) or artificial tears (AT). IOPs were significantly different at 3:35
pm versus 9:25 pm for Lat-treated eyes (p= 0.03) and for AT treated eyes at 3:35 pm (second reading)
versus 9:25 pm (p= 0.007) and between IOPs at the beginning and end of cycle (3:35 pm, p=0.017).

Eye Treatment 3:35pm | 9:25 pm 3:25 am 9:35 am 3:35 pm
Treated Artificial tears | 23.6+1.2 195209 |241+17 |256+0.8 |20.0+0.8
Fellow Artificial tears | 20.720.98 | 19.5+0.90 | 19.9+0.71 | 22.9+0.90 | 20.1 £+ 0.44
Treated Latanoprost 204+1.0 [170+06 |19.8+0.8 [{21.8+0.8 |20.2+0.5
Fellow Latanoprost 20.2+1.1 | 17.9+0.78 | 225+1.7 |228+0.56|17.9+0.6
40 40
A B
30 30
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10 10
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Figure 5.10: Mean IOPs (x SEM) measured at 6-h intervals over 24 h, for fellow control eyes (A) and left
eyes treated with latanoprost (Lat) or artificial tears (AT)(B) at week 10. Peak IOPs were recorded just
after lights-on at 9:35 AM in all cases. Shaded area, when lights are off.
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Figure 5.11: Mean interocular differences (treated-control; + SEM), in IOPs recorded at the end of the 10-
week treatment period from EH guinea pigs treated in their left eye with latanoprost (Lat) or artificial tears
(AT)(n=10 each group).

5.3.2.3 Effect of latanoprost on optic nerve head size

The dimensions of the Bruch’s membrane opening were used here as a surrogate for
optic disc dimensions (ODDs). ODDs of all eyes appeared to slightly increase over the
study period (Figure 5.12), and although the ODDs of the Lat-treated and fellow eyes
tended to be smaller at the end of the treatment period than those of the AT group, no
significant differences were found between the ODDs of Lat and AT groups at any time
point. For the Lat-treated eyes and their fellows, the mean ODDs were 221.5 + 7.7 and
234.6 = 7.7 ym respectively at the start of treatment (week 1; 2 weeks old) and 251 +
8.8 ym and 258.3 + 8.8 ym by the end of the study (week 10; 3 months old). For the AT-
treated eyes and their fellows, the mean ODDs were 226.5 + 7.6 and 225.7 + 15.6 ym
respectively at the start of treatment and 248.6 £ 8.7 ym and 264 £ 8.7 ym by the end of
the study.
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Figure 5.12;: ODDs (mean £ SEM, mmHg) in EH guinea pigs (control) treated in their left eye with
latanoprost (Lat) or artificial tears (AT) (n= 10 per group), from week 1 of the 10-week treatment period.

ODDs of Lat- and AT-treated eyes and their fellows are plotted against AL of the same
eyes in Figure 5.13. For the fellow eyes of both treatment groups, a strong positive
linear correlation between these parameters was observed (AT: r?= 0.95, p= 0.02,
slope=40.6 + 6.4; Lat: r’>= 0.96, p= 0.02, slope= 20.2 + 3.0)(Fig. 5.13 B & D). However
While similar trends between these parameters are evident in the data from Lat- and
AT-treated eyes, they did not reach statistical significance (AT: r’= 0.85, p= 0.08, slope=
17.6 £ 5.3; Lat: r’= 0.52, p= 0.3, slope=22.1 + 14.9). (Figure 5.13 A & C).
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Figure 5.13: Optic disc dimensions of treated and fellow eyes of artificial tears (A and B) and latanoprost
groups (C and D) plotted against the axial lengths of the same eyes.

5.3.2.4 Effect of latanoprost on lamina cribrosa and scleral ultrastructure

The effect of latanoprost (Lat) and the control artificial tears (AT) treatments on the
microstructural organization of the LC and posterior sclera were evaluated by SEM and
TEM imaging respectively.

Table 5.4: Mean (xSEM) laminar pore area (um?) in treated and fellow eyes of artificial tears and
latanoprost groups. No significant difference was found between AT and Lat groups.

Eye Treatment Laminar pore area | Number of eyes
mean * SEM (um?)
Treated Artificial tears 3.66 + 0.76 5
Fellow Artificial tears 3.59 £ 0.52 5
Treated Latanoprost 4.04 + 0.54 5
Fellow Latanoprost 3.53 £ 0.67 5
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LC pore area was compared between the two EH treatment groups. No statistically
significant difference in the mean laminar pores area (um?) was found between either
AT-treated eyes and their fellows, or between Lat-treated eyes and their fellow (Table
5.4).

The laminar pores data were further categorized based on their area into small (<15
um?2), medium (15-30 ym?), and large (>30 um?), and the percentage of lamina cribrosa
pores in each category was calculated for the treated and fellow eyes of both treatment
groups. The smallest laminar pores area accounted for the highest percentage for all
eyes (~99%) (Figure 5.14).
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Figure 5.14: Percentage of laminar pores in each of three size categories (small, <15 ym?2; medium, 15-
30 um?; large (>30 um?2) for the treated and fellow eyes of artificial tear (AT) and latanoprost (Lat) treated
groups. For all eyes, the smallest laminar pores accounted for most of them and there was no significant
difference between AT and Lat groups or between the treated and fellow eyes of each group.

In relation to scleral ultrastructure, evenly spaced collagen fibers spanning a range of
sizes (small, medium, and large) characterized the scleras of all eyes (Figure 5.15 A/B
and 5.15 C/D). However, the scleras of Lat-treated eyes and their fellows seemed to
have less spacing between collagen fibers, with less exposed extracellular matrix and
slightly larger collagen scleral fibers overall compared to the scleras of AT-treated and
fellow eyes although the latter differences were not statistically significant (Table 5.5).
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Artificial tears treated Fellow (untreated)

Figure 5.15: Representative transmission electron microscopy (TEM) images of scleras of A) a
latanoprost treated eye, B) its fellow eye, C) an eye treated with artificial tears, and D) its fellow eye,
showing collagen fiber organization in cross-section for EH animals; imaging at 6800X.
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Table 5.5: Mean (+SEM) collagen fiber cross-sectional area (um?2) in scleras of treated and fellow eyes of

artificial tears- and latanoprost-treated EH animals.

Eye Treatment Scleral collagen Number of eyes
fiber area (um?)
Treated Artificial tears 0.0085 + 0.0005 3
Fellow Artificial tears 0.012 £ 0.003 3
Treated Latanoprost 0.014 £ 0.0004 3
Fellow Latanoprost 0.011 £ 0.003 3

For all eyes (treated and fellow eyes of AT and Lat-treated groups), scleral collagen
fibers were further categorized based on cross-sectional area into small (<6000 nm?),
medium (6000-12,000 nm?), and large (>12,000 nm?), and the percentage of fibers in
each category calculated. Surprisingly, Lat-treated eyes had the highest percentage of
the largest fibers and the lowest percentage of the smallest fibers (p=0.03), compared to
their fellows and AT-treated eyes (Table 5.6 and Figure 5.16).

Table 5.6: Percentage of scleral collagen fibers categorized based on cross-sectional area into small
(<6000 nm?2), medium (6000-12,000 nm2), and large (>12,000 nm?2) for treated and fellow eyes of AT and
Lat-treated groups. Statistics indicate significance of the difference between the percentage of small and
large scleral fiber areas; only the difference for Lat-teated eyes was significant; differences for the other
groups, including the percentages between small and medium scleral fiber areas/ medium and large
scleral fiber areas were not significant.

Eye % of <6000 % of 6000- % of >12,000 P-value
nm? 12,000 nm? (Small vs large)

AT-treated 38.4+£0.19 45.6 £ 3.0 15.9+3.2 0.4

AT Fellow- 274 +94 33.4+89 39.3+18.3 0.96

Lat-treated 9.8+2.38 30.6+45 59.7+1.7 0.03

Lat-Fellow 26.6 + 12.1 34.4+5.3 39.0+17.3 0.92
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Figure 5.16: Percentage of each of three categories of scleral collagen fibers, based on cross-sectional
areas (small, <6000 nm?; medium, 6000-12,000 nmZ; large, >12,000 nmZ2), shown for the treated and
fellow eyes of the Atrtificial tears- and Latanoprost-treated EH groups.

We also examined the relationship between interocular differences in scleral collagen
fiber area to eye elongation (Figure 5.17). Although there was a trend of negative
correlation, no significant linear correlation was found between these parameters for the
Lat group (r?= 0.976, p= 0.099) or the AT group (r?= 0.958, p= 0.13). However, this lack
of statistical significance could be due to the smaller number of animals per group (n=3
per group).
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Figure 5.17: Interocular differences in mean scleral collagen fiber area (nm?) for individual animals of
artificial tear (AT) and latanoprost-treated EH groups, plotted against interocular differences in axial
length for the same animals.

5.4 Discussion
5.4.1.1 Strain-dependent differences in guinea pigs

In this chapter, we characterized further important ocular features of the EH strain,
including the diurnal rhythm in its intraocular pressure, and scleral and lamina cribrosa
ultrastructure. We also made comparisons, as appropriate, regarding these ocular
features between this EH strain and the NZ strain described in chapters 2 and 3.

Our group recently reported significant ocular differences between these EH and NZ
guinea pig strains. The specific focus of the latter report was the difference in sensitivity
to myopia-inducing stimuli and the role of the choroid, which appears to play an important
role in normal and myopic ocular growth regulation. The current study focused on normal
as opposed to “myopic” ocular growth in the EH strain, which was also profiled in terms
of its diurnal IOP rhythm, and scleral and the lamina cribrosa ultrastructure. In addition,
we examined the effect of the ocular hypotensive drug, latanoprost, on normal ocular
growth in the EH strain. The data thus collected from the EH strain are compared with
equivalent data from the NZ strain in the following discussion.

Table 5.7A below summarizes differences in IOP, RE, and OAL between the untreated
right eyes of the EH strain and the fellow eyes of the AT group in the NZ strain (Chapter
3). LC pore and scleral collagen fiber dimensions, recorded from EM images of tissues
samples collected at the end of the study are also compared.
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Interestingly, the EH strain not only had naturally lower IOP compared to the NZ strain,
but their LC pore area appeared to be significantly smaller than those of the NZ. The LC
is thought to help maintain the pressure gradient between the interior of the eye and the
surrounding tissues (Jonas et al., 1991). Given that the LC is typically thinner and
structurally weaker than the surrounding sclera, it is more sensitive to IOP changes and
tends to react to any increase in IOP through an anterior to posterior displacement, which
causes the pores to deform (Morgan-Davies, 2004; Quigley et al., 2017). It is thus logical
to assume that the lower IOP in the EH strain reduced LC displacement compared to that
in the NZ strain and thus the deformation of its pores, which might contribute to the strain-
related differences in LC pore areas.

The EH strain also recorded a larger mean peripapillary scleral collagen fiber area than
the NZ strain. It is known that the scleral mechanical load is mainly derived from |OP-
related strain and stress (Jia et al., 2016). Additionally, IOP-generated stress can lead to
regional thinning, stretching and deformation of the LC and the peripapillary sclera (Yang
et al., 2009). Others have argued that the biomechanical scleral response to increases in
IOP is mainly centered on the ocular tissue immediately surrounding the ONH (Coudrillier
et al., 2012). Thus as the IOP increases, the sclera deforms and these deformations,
when transmitted to the ONH, in turn lead to LC displacement (Agoumi et al., 2011; Yang
et al., 2009, 2007b). The results of these studies suggest that the sclera, ONH, and LC
behave as a unified biomechanical system when responding to IOP elevation. The
converse relationship might also apply in the case of our EH guinea pigs. Specifically,
reduced ONH/LC deformation is compatible with their smaller LC pores. It is also
plausible that its scleral profile is a product of the naturally lower IOP of our EH guinea

pigs.

IOP-related stress in the sclera is inversely related to scleral thickness (Jia, Xu, Yu, Juan,
Liao, Sheng-Hui, Duan, 2016). While we did not measure scleral thickness per se,
nonetheless, one might expect the scleras of the EH animals to be more resistant to the
stretching influence of IOP. If we also assume that larger collagen fibers are linked to
thicker scleral walls, this combination would result in IOP-related stress being further
reduced. It is also noteworthy that diurnal IOP rhythms were consistently lower around
the clock in the EH strain (Table 5.7B). This finding is particularly important because of
the reported interplay between IOP and ocular growth rhythms (Nickla, 2013). A
comparison of scleral thickness between the two strains and more comprehensive
investigations of their ocular growth rhythms are warranted to obtain additional insight
into the resistance to myopia of this EH strain.
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Table 5.7A: Summary of mean IOP, RE, and OAL (x SEM) at baseline and week 10, and mean lamina
cribrosa pore and scleral collagen fiber areas at week 10 for the untreated right eyes of the EH animals and
untreated fellow eyes of NZ animals receiving artificial tears in their other eye.

Parameter Strain Week EH vs. NZ at | EH vs. NZ at
Baseline (0) Week 10 baseline* week 10*

IOP (mmHg) EH 18.27+0.70 | 20.20 +0.86 0.037 0.002
NZ 22.53 +0.92 2553 +1.17

Refractive EH 2.35+0.50 0.73 +0.21 >0.999 0.38

Error (D) NZ 2.3 +0.56 15+ 0.37

Optical Axial EH 7.41+0.026 | 8.45%+0.034 0.32 0.10

Length (mm) NZ 7.47+003 | 8.35:0.02

Lamina EH — 3.59 + 0.52 — <0.0001

f\:f:(’:l; ':;"e NZ — 2221 +87

Scleral EH — 0.012 £ 0.003 — 0.42

Collagen NZ — 0.0085+0.002

Fiber Area

(rm?)

* P-values refer to differences between EH and NZ strains at baseline and week 10

Table 5.7B: Mean IOPs (£ SEM) measured at 6-h intervals over 24 h at week 10, for the right eyes of the
EH strain and the fellow eyes treated with artificial tears (AT) in the NZ strain. IOPs recorded for the two
strains were significantly different at 9:25 pm (p= 0.002) and at 9:35 am (p= 0.0003).

Strain Eye 3:35 pm 9:25 pm 3:25 am 9:35 am 3:35 pm
EH Right eye 20.7+0.98 | 19.5+£0.90 | 19.9+£0.71 | 22.9+ 0.90 | 20.1 £ 0.44
NZ Fellow of AT | 22.7£1.7 | 25.720.84 | 22.5+1.1 29.9+1.7 24+£1.7

5.4.2.1 Latanoprost and its effect on intraocular pressure, refractive error,
and axial elongation

In this study, EH guinea pigs were treated with latanoprost, without any additional visual
manipulation to evaluate its effects on “normal” ocular development. Daily topical
latanoprost significantly reduced IOP in EH animals, consistent with already published
data showing its ocular hypotensive action in guinea pigs of an unknown strain (Di et al.,
2017). However, despite its ocular hypotensive action in the EH animals, refractive error
and ocular axial elongation were unaffected by latanoprost. In contrast, latanoprost
significantly slowed axial elongation in NZ form-deprived, myopic eyes (Chapter 3),
suggesting that different mechanisms underlie normal and “myopic” eye elongation. The
latter difference in the effect of latanoprost on normal and myopic eyes, and specifically
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its lack of effect on normal eye growth, raises the possibility of its use prophylactically,
before the onset of myopia in children, without adverse effects.

5.4.2.2 Latanoprost and macro/micro-structural changes

Latanoprost did not seem to have any negative influence on the ODDs. Both Lat and AT
groups seemed to have relatively larger ODDs throughout the duration of the study
when compared to baseline, however, no clear trend in the correlation between ODDs
and axial length and/or refractive error was found in either group.

Although the influence of latanoprost treatment on ODDs appears not to have been
investigated, either in any animal model or humans, there are a few animal and several
human studies that have examined the influence of refractive error and/ or axial length
on optic disc size. A recent guinea pig study derived Bruch’s membrane opening (BMO)
areas and diameters (Same as our ODDs measurement) from OCT images collected on
2.5 years old untreated EH guinea pigs. The mean BMO diameter reported in this study
was 493.79 + 31.89 ym (Jnawali et al., 2018), which is significantly larger than the
ODDs recorded in our 3 months-old EH guinea pigs (264 + 8.7 uym OD/ 248 + 8.7 ym
OS). This difference is mostly due to the younger age and the shorter eyes of our
guinea pigs compared to those in the previous study (ALs: 8.45 £ 0.034 mm (OD) and
8.43 £ 0.04 mm (OS) vs. 10 £ 0.12 mm).

No difference was found in laminar pore size area in AT- and Lat-treated EH eyes as
well as between those of treated eyes and their fellows. To date, there have only been
limited studies of the LC ultrastructure in animals. A previous study by our group used
scanning electron microscopy to image the lamina cribrosa of normal EH and albino
guinea pigs (Lisa A. Ostrin and Wildsoet, 2016). The guinea pig was shown to have a
well-organized, collagen-based lamina cribrosa, making it an attractive model for us to
investigate the effect of latanoprost on the LC architecture. In an unrelated study
involving normal monkeys (no myopia or glaucoma), lamina cribrosa thickness was
found to decrease and the posterior sclera to thin, with increasing axial length (Jonas et
al., 2016). However, in the current study, no abnormalities in the lamina cribrosa
architecture were identified in either the AT, or Lat groups, as AL increased with age.
This finding is itself reassuring from a therapeutic perspective. However, it is important
to note that, as expected, none of the EH guinea pigs showed tilted discs, although
none were myopic. Thus, the shearing forces on the lamina cribrosa may be less in the
case of guinea pig lamina cribrosa compared to that experienced in the case of titled
discs in human myopic eyes, and as reflected in our failure to detect any structural
deviations. It is plausible that this difference between the guinea pig and human eyes
may also reflect, at least in part, differences in the anatomical location of the optic nerve
insertion site and the temporal location of the eyes of the guinea pig.

The IOP reduction achieved with topical latanoprost is attained through increases in the
levels of matrix metalloproteinases, leading to remodelling of the extracellular matrix
within the uveoscleral pathway (Russo 2009). In our study, scleral extracellular matrix
remodeling was not evident, based on the findings of our TEM scleral study. However,
the latanoprost-treated eyes had the highest proportion of the largest scleral collagen
fibers and the lowest proportion of the smallest fibers compared to the fellow and AT-
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treated eyes. It is possible that this difference is a byproduct of the IOP lowering effect
of latanoprost, specifically of the reduced tension on the sclera. It was demonstrated
through theoretical modelling that the higher the IOP, the higher the scleral wall tension,
which is also more pronounced in longer eyes. Conversely, lowering IOP would have
reduced the tension on the scleral wall (Cahane and Bartov, 1992).

Overall, the studies described in this chapter offer additional insights into the ocular
differences between the EH and NZ strains of guinea pigs (Section 5.4.1.1). Results
with latanoprost complement those reported for myopic eyes and the NZ strain,
indicating a negligible effect on normal ocular growth, which is critical to treating
otherwise healthy eyes prior to their development of myopic refractive error (Sections
5.4.2.1and 5.4.2.2).
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Chapter 6: conclusion Chapter

The research reported in this dissertation was driven by two main goals, as summarized
below along with main research outcomes.

6.1 Characterize changes with myopia in diurnal IOP rhythms, as well as scleral
and optic nerve head macro- and micro-architecture in myopia-sensitive New
Zealand guinea pigs

Myopia progression in humans is reported to adversely affect both scleral and optic
nerve head architecture and biomechanical properties. As a myopia model, guinea pigs
were monocularly form deprived (FD) and advanced imaging tools applied to track eye
length and optic disc changes in vivo, after which ocular tissue was harvested for
analysis of structural changes, e.g., in the architecture of sclera, including scleral
collagen organization and lamina cribrosa (LC) pore size. Fellow untreated eyes served
as controls. Like primates, including humans, and mammals, guinea pigs have a fibrous
sclera, which makes them a good animal myopia model for studies focused on the
sclera.

Key findings are as follows:

e Although there was no significant difference in diurnal IOP rhythms between
form-deprived myopic and fellow eyes, form-deprived eyes showed a faster
increase in IOP over time compared to the developmental increases in fellow
eyes.

e Optic discs increased in size with increasing axial length in both form-deprived
myopic and fellow (normal) eyes, but at a faster rate in myopic eyes, paralleling
the trends reported for human myopia.

e No effects of myopia on the LC ultrastructure were not detected in this study. In
contrast, studies in humans have reported significant changes in the LC in highly
myopic eyes, which may contribute to the increased risk of glaucoma in myopic
eyes (Miki et al., 2015). That the guinea pig study was comparatively short in
duration as a partial explanation for this difference warrants further investigation.

e The scleras of myopic FD eyes were morphologically different compared to the
scleras of fellow eyes. In latter scleras, collagen fibers ranged in size from quite
small to quite large and were evenly spaced. In contrast, the scleral collagen
fibers were more widely spaced, with a higher proportion of the smaller sized
collagen fibers in myopic eyes. The latter description matches the typical
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appearance of the myopic sclera, including human myopic sclera described by
Curtin in 1979.

6.2 Investigate whether sustained reductions in IOP can slow myopia progression
and if so, also reduce/minimize myopia-related changes in scleral and optic nerve
head macro-/micro-architecture.

Latanoprost is now widely used to treat primary open-angle glaucoma, with the benefit
of offering 24-hour control of IOP in humans. We used it to retest the hypothesis that
lowering IOP could slow myopia progression. Timolol, which has been used in previous
related studies, failed to do so. Our novel finding is that latanoprost slows myopic
progression, at least in our mammalian (guinea pig) model of myopia.

Key findings are as follows:

Daily topical latanoprost both lowered IOP, as expected, and significantly
inhibited myopia progression.

Latanoprost achieved a sustained IOP lowering effect over 24 hours, perhaps
contributing to its inhibitory effect on myopia progression, which is reported to be
fastest at night.

The IOP lowering action of latanoprost has been linked to remodelling of the
extracellular matrix in the uveoscleral pathway. Myopia has been linked to
increased scleral extracellular matrix modelling, the net result being smaller
collagen fibers in the myopic sclera compared to normal healthy (control) sclera.
Unexpectedly, latanoprost not only inhibited myopia progression, but also
normalized the scleral collagen mosaic in myopic eyes. The sclera from form-
deprived eyes treated with latanoprost had a similar appearance to the control/
fellow eyes.

The lamina cribrosas of latanoprost-treated, form-deprived eyes were similar in
appearance to those of fellow eyes.

Other important findings:

Daily topical latanoprost administered to otherwise untreated NZ guinea pigs
resulted in apparent choroidal vasodilation, with no significant increase in
choroidal thickness.

While latanoprost lowered IOP in otherwise untreated EImHill guinea pigs, ocular
axial elongation was unaffected, contrasting with its inhibitory effect on “myopic”

eye growth, suggesting that different mechanisms underlie these two patterns of
ocular elongation.
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