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Abstract

The purpose of this study was to assess the effect of a scleral cross-linking agent on susceptibility
to glaucoma damage in a mouse model. CD1 mice underwent 3 subconjunctival injections of 0.5
M glyceraldehyde (GA) in 1 week, then had elevated intraocular pressure (I0OP) induced by bead
injection. Degree of cross-linking was measured by enzyme-linked immunosorbent assay
(ELISA), scleral permeability was measured by fluorescence recovery after photobleaching
(FRAP), and the mechanical effects of GA exposure were measured by inflation testing. Control
mice had buffer injection or no injection in 2 separate glaucoma experiments. IOP was monitored
by Tonolab and retinal ganglion cell (RGC) loss was measured by histological axon counting. To
rule out undesirable effects of GA, we performed electroretinography and detailed histology of the
retina. GA exposure had no detectable effects on RGC number, retinal structure or function either
histologically or electrophysiologically. GA increased cross-linking of sclera by 37% in an ELISA
assay, decreased scleral permeability (FRAP, p = 0.001), and produced a steeper pressure—strain
behavior by in vitro inflation testing. In two experimental glaucoma experiments, GA-treated eyes
had greater RGC axon loss from elevated 10P than either buffer-injected or control eyes,
controlling for level of IOP exposure over time (p = 0.01, and 0.049, multivariable regression
analyses). This is the first report that experimental alteration of the sclera, by cross-linking,
increases susceptibility to RGC damage in mice.
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1. Introduction

Glaucoma is the second leading cause of blindness worldwide (Quigley and Broman, 2006),
and the incidence and progression of open angle glaucoma (OAG) are closely related to
mean intraocular pressure (I0P) (Bengtsson and Heijl, 2005) and to its variability (Nouri-
Mahdavi et al., 2004; Boland and Quigley, 2007). IOP acts a mechanical load on the lamina
cribrosa through the translaminar pressure differential and the tensile hoop stresses in the
sclera. These two effects combine to produce a stress and deformation state that leads to
alterations in ONH glial and connective tissues, damage to RGC axons (Quigley et al, 1981),
and ultimately to ONH excavation, a defining clinical feature of glaucoma (Quigley et al.,
1983; Burgoyne et al., 2005). Histological and physiological evidence suggests that both
anterograde and retrograde RGC axonal transport are interrupted soon after a change in 10P
from baseline levels, in human eyes (Quigley and Green, 1979), and in monkey (Gaasterland
and Kupfer, 1974) and rodent eyes (Morrison et al., 1990).

Mammalian eyes that are subjected to experimental I0P increase have neuronal, glial, and
associated tissue alterations that are phenotypically similar to those of human glaucoma
(Morrison et al., 1990; Morrison et al., 1997). Furthermore, lowering of IOP protects against
progressive worsening of both animal and human glaucoma (Morrison et al., 1998; Heijl et
al., 2002). IOP generates stress and strain in the sclera and lamina cribrosa, the level of
which depends on the mechanical properties of the tissues. Variation in the mechanical
properties of the ocular connective tissues may explain why half of individuals with OAG
suffer injury at physiological IOP levels (Quigley and Broman, 2006). Biomechanical
models (Norman et al., 2011, Sigal et al. 2005, Girard 2009, Sigal et al. 2011, Coudrillier et
al. 2013) suggest that the mechanical behavior of the sclera significantly influences the
stress and deformation of the lamina cribrosa (LC) and may be a critical mechanical driver
of glaucomatous damage to RGC axons. The candidate genes and their products that affect
glaucoma damage may include those determining scleral composition and its response to
IOP-related stress. Corneal hysteresis and myopia with its thinner sclera have been
implicated as glaucoma risk factors (Boland and Quigley, 2007; Congdon et al., 2006).

Mechanical testing of normal human (Woo et al., 1972, Coudrillier 2012, Fazio 2013),
porcine (Girard et al., 2008), monkey (Girard et al., 2009) and rabbit (Greene et al., 1979)
scleral tissue established that the sclera deforms nonlinearly in response to IOP elevation
and creeps at constant elevated IOP. The structure of the mouse sclera is similar in several
respects to that of human sclera (Gelman et al., 2010; Watson and Young, 2004). The sclera
becomes thinner with aging (Girard et al. 2009; Coudrillier et al. 2012) and there are
decreases with age in decorin, biglycan and elastin (Watson and Young, 2004; Rada et al.,
2000). An increase in glycation of collagen fibrils with age may be a factor in increasing
their cross-sectional area (Keeley et al., 1984; Malik et al., 1992). Increased mechanical
stiffness of the sclera with age has been reported in human (Avetisov et al., 1984; Friberg
and Lace, 1988; Coudrillier et al. 2012; Geraghty et al., 2012), monkey (Girard et al., 2009),
and mouse (Myers et al., 2010), in part due to increasing intermolecular collagen
crosslinking with age (Curtin, 1969; Ihanamaki et al., 2001; Girard et al., 2009). Fazio et al.
(2013) showed that the strains in the peripapillary sclera were significantly lower in older
human specimens. The structure of the mouse lamina cribrosa is similar to the human sclera,
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in that axon bundles pass out through septae; however, the septae in the mouse consist of
astrocytes, not connective tissue beams surrounded by astrocytes as in the monkey and
human (Sun et al., 2009).

There is evidence that both human glaucoma and experimental animal models of glaucoma
lead to increased scleral stiffness. Downs et al. (2005) showed that the stress relaxation
behavior measured by strip tests of monkey sclera with induced glaucoma damage displayed
a larger relaxation time and equilibrium modulus compared to the sclera of normal monkey
eyes. Nguyen et al., (2013) found increased stiffness in mouse eyes exposed to elevated 10P.
Hommer et al., (2008) measured in vivo ocular expansion caused by blood pressure
pulsation and concluded that the eyes of glaucoma patients exhibited a higher ocular
stiffness than those of non-glaucoma patients. Coudrillier et al. (2012) found that human
glaucoma eyes were stiffer than normal in post-mortem inflation testing. It is critical to
determine whether scleral stiffening as observed in human glaucoma eyes is a beneficial
adaptation or a detrimental contributor to ONH injury. A stiffer sclera would decrease the
expansion of the sclera canal, but would also potentially increase posterior bowing of the LC
(YYang et al., 2009).

The aim of this work is to investigate the effect of scleral stiffness on the susceptibility to
glaucoma damage. The concept of scleral crosslinking was introduced in 2004 by Wollensak
et al. and further elaborated as a potential treatment of progressive myopia. This in vivo
method (Wollensak et al, 2008a; Wollensak et al, 2008a), was used to increase the stiffness
of mouse sclera by subconjunctival injection of 0.5 M glyceraldehyde (GA), a known
collagen crosslinking agent (Tessier et al., 2003; Danilov et al., 2008). We measured the
alteration in biomechanical behavior caused by GA treatment using an in vitro inflation test
(Myers et al., 2010) of normal and experimental glaucoma eyes compared to their
contralateral controls. Corneal cross-linking treatment has been applied to human eyes with
keratoconus, by activating riboflavin with ultraviolet light (Wollensak et al., 2003).
Exposure of living rabbit corneas to GA increased cross-linkage and altered stress—strain
behavior without significant damage to either the retina or to other ocular structures
(Wollensak et al., 2005; Wollensak et al., 2008a; Wollensak et al., 2008b; Wollensak et al.,
2009; Mattson et al., 2010; Terai et al., 2012). Cross-linking of sclera in excised pig eyes has
shown increased stiffness (Thornton et al., 2009). To our knowledge, this is the first test of
the effect of an experimental scleral modification on glaucoma damage.

2. Methods

2.1. Mice

We used 381 CD1 albino, female mice that were 2 months of age at the start of experiments
(Charles River, Inc., Wilmington, MA). Animals were treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. All protocols were
approved and monitored by the Johns Hopkins University School of Medicine Animal Care
and Use Committee. For individual study breakdown, please see Table 2.
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2.2. GA Exposure

Mice were anesthetized with a mixture of ketamine (Fort Dodge Animal Health, Fort Dodge,
IA), xylazine (VedCo Inc., Saint Joseph, MO), and acepromazine (Phoenix Pharmaceuticals,
Burlingame, CA) at 50, 10 and 2 mg/kg, respectively. The dosage and time of anesthesia
was controlled and has been standardized as previously published (Cone et. al., 2010,
Gelman et. al., 2010, Nguyen et. al., 2013, Cone-Kimball., 2013). There is no reason to
believe that variation in anesthesia was a factor in the comparative 0P data within animals
or across groups of animals. Investigators were masked during injection to the content of the
injected material, masked during IOP measurements after bead injection, and masked during
all data acquisition including axon loss assessment. The GA experimental and control
animals were treated in masked fashion on the same days, interchangeably, so that any
difference in the state or effect of anesthesia would be random and would not lead to any
systematic bias. A pilot opening was made in the conjunctiva with a 30 gauge needle and
injections of GA or buffer were made with a mouse tail vein catheter (SAI Infusion
Technologies, Libertyville, IL) connected to a 1 cc syringe. The largest volume that could be
injected was 0.4 cc of 0.5 M GA (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.1 M
phosphate buffer (0.1 M NagPOy4, pH=7.2). At all steps of the experiment the solutions and
tissues were coded to mask the participants. The solutions were slowly injected over 5-10
seconds, the cannula was removed after 1 minute, and excess solution was blotted with a
cotton swab. IOP was measured immediately, at 3 days, and at one week. Animals receiving
subconjunctival injections had 3 injections of either GA or buffer over a 7 day period- Day
0, Day 3, and Day 7. In glaucoma experiments, elevated IOP was induced by bead injection
one week after the third subconjunctival injection. For assessment of GA effects, some eyes
received only 1 or 2 GA injections, or lower concentrations of GA (0.1 and 0.3 M). We
completed inflation studies on groups of 5-10 animals using these lower concentrations and
found that the effects on stiffness in inflation testing were less consistent and insufficient to
be statistically significant (data not included). At 0.5 M GA, the stiffening effects after 2 or
3 injections were significant (Figure 2), without causing toxicity. Some effects of GA were
also tested by soaking eyes after enucleation in 0.5 M GA for 1-24 hours. Exposure to
glutaraldehyde (not glyceraldehyde, a different molecule) in 3 tested concentrations was
found to be toxic or lethal (data not shown).

2.3. Bead Injection Glaucoma Model

The use of CD1 mouse was decided after having previously published (Cone et al., 2010)
that CD1 animals had a greater susceptibility to axon loss than B6. We believed that having
a model with greater susceptibility would allow us to better measure the beneficial or
detrimental effects of the cross-linking effects of glyceraldehyde exposure. Mice were
anesthetized with intraperitoneal injection of ketamine, xylazine, and acepromazine (50, 10
and 2 mg/kg, respectively) and the left anterior chamber was injected with Polybead
Microspheres® (Polysciences, Inc., Warrington, PA, USA), using the 4+1 protocol (Cone et
al., 2010), consisting of 2 pl of 6 um diameter beads, then 2 pl of 1 um diameter beads,
followed by 1 pl of viscoelastic compound (10 mg/ml sodium hyaluronate, Healon;
Advanced Medical Optics Inc., Santa Ana, CA). The injections were made through a glass
cannula with 50 um tip diameter, connected to a Hamilton syringe (Hamilton, Inc., Reno,
NV). IOP was measured immediately after injection, and at 3 days, 1 week, 2 weeks and 6
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weeks, using the Tonolab tonometer (TioLat, Inc., Helsinki, Finland). For IOP
measurements, mice were anesthetized by inhalation of a mixture of oxygen and isoflurane
using the RC2-Rodent Circuit Controller (VetEquip, Inc., Pleasanton, CA) and received
topical anesthesia with 0.5% proparacaine hydrochloride eye drops (Akorn Inc., Buffalo
Grove, IL, USA). We have published the accuracy of the Tonolab in normal and glaucoma
mice (Pease et al., 2006; Pease et al., 2011), but to confirm that GA treatment did not affect
the accuracy of IOP measurement, we measured IOP in GA-injected eyes of anesthetized
mice with 10P set by cannulation and attachment to a reservoir whose height determined the
pressure. We collected 5 means of 6 measurements at each 10P setting (a total of 30
measurements per eye) and used the median of 5 means as final IOP. Readings were taken
stepwise at reservoir heights corresponding to pressures of 10, 20, 30, 40, and 50 mm Hg.
The Tonolab 10P was compared to set IOP by linear regression, with measured y = 1.06x +
0.52, R2 = 0.99 for control eyes and y = 1.05x — 0.95, R? = 0.99 for GA-injected eyes,
indicating accurate representation of set IOP and no difference between groups.

Three sets of mice received 3 injections of GA and 2 of these underwent experimental
glaucoma. In one experiment, unilaterally 3x GA-injected mice (N=40) were compared to
buffer-injected mice (N=41) and in a second, confirming experiment, 3x GA-injected mice
were compared to bilateral controls (N=20). In both groups, the primary outcome was the
degree of RGC axon loss. The third set of animals underwent 3 GA injections and were
tested for potential effects of the injection on retinal histology (N=5), electroretinography
(ERG, N=5), scleral advanced glycation end products concentration (AGE, N=38), and
biomechanical behavior (N=157).

2.4. Biomechanical Inflation Testing

Eyes of 4-6 month old CD1 mice were inflation tested post-mortem in a procedure
previously published (Nguyen et al., 2013) and modified as indicated below. Inflation
testing was carried out on eyes that had undergone 6 weeks of elevated IOP after GA
(N=31) or buffer injection (N=28), as well as 6 week glaucoma eyes without
subconjunctival injection (N=20), control eyes (N=28), eyes that had undergone GA
injection alone without glaucoma (N=24), and eyes that were soaked in vitro in GA for 5
minutes to 24 hours (N=26). Animals were anesthetized with a mixture of ketamine,
xylazine, and acepromazine, the superior cornea was marked for orientation, and the eyes
were enucleated and the animal sacrificed by exsanguination. The axial length was measured
from the cornea to the temporal optic nerve margin, while width was measured at the largest
dimension at the equator, midway between cornea and optic nerve, in both the nasal-
temporal axis and the superior—inferior axis with a digital caliper (Instant Read Out Digital
Caliper, Electron Microscopy Sciences, Hatfield, PA, USA). The anterior portion of the
whole, enucleated eye was glued into a custom fixture with the anterior chamber cannulated
by a 30 gauge needle. Then, the eye was placed in a water bath at 20°C under a dissecting
microscope (Carl Zeiss Microimaging, Thornwood, NY). The globe was oriented with the
superior pole toward the camera, providing a view of the nasal-temporal sclera in the
measuring plane. For scleral inflation, IOP was controlled through the cannula and measured
with an in-line pressure transducer (Sensotech Inc, Wayne, NJ). Scleral displacement was
measured during inflation using a two-dimensional (2D) digital image correlation (DIC)
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system, which consisted of a CCD video camera (Grasshopper, model Gras-20S4M-C, Point
Grey Research, Inc., Richmond, BC, Canada) attached to the dissecting microscope and a
commercial DIC software package (Vic-2D, Correlated Solutions, Columbia, SC).

The eyes underwent two load--unload inflations from a reference pressure of 6-10 mm Hg
(at which the sclera had no folds) to 30 mm Hg and back to reference pressure, then a third
inflation to 30 mm Hg with pressure held at 30 mm Hg for 30 minutes, with a loading rate of
0.25 mm Hg/s for both load—unload and ramp—nhold inflations (Nguyen et al., 2013). The
analyses of scleral displacement presented here are from the loading portion of the first load-
unload and from the ramp—hold to determine creep rate.

The strains in two directions, circumferential and meridional, were calculated for each eye
from the DIC-determined position and displacement measurements, using the method
described in detail in Nguyen et al. 2013 and briefly summarized here. For calculation of
effective circumferential strain, we examined digital images of the nasal and temporal
scleral edges from a superior view of the eye in the fixture. A series of points were marked
manually every 0.1 mm along the scleral edge from the nerve head to the fixture along both
the nasal and temporal sclera. DIC provided X-Y positions of selected points along both
scleral edges at the reference pressure and the x-y positions after displacement (ux and uy)
for each subsequent pressure. The deformed positions of the points were calculated as: x = X
+ ux and y =Y + uy. The displacements and reference coordinates were used to calculate arc
length coordinates, s, along the nasal and temporal scleral edge. Then, the effective
circumferential strain was calculated from the change in the distance separating two points
on the nasal and temporal scleral edge at the same s, which corresponded to a series of the
nasal-temporal diameters at each s (see Nguyen et al., 2013). This would equal the
circumferential strain for a pressurized spherical and spheroidal shell.

The meridional strains for the temporal and nasal edges of the sclera were calculated as the
change in length of the scleral edges from s = 0.2 mm to 1.5 mm from the ONH. To
calculate the length of the scleral edge, a generalized ellipse was fit to the DIC-measured
(Xk, Yk) positions at the reference pressure and to the deformed (xy, yx) positions at each
subsequent pressure, in order to smooth the DIC measurements (Figure 1). Corresponding
points (X,&, Y,€) on the ellipse describing the undeformed scleral edge, and (x, yx®) on the
ellipse describing the deformed scleral edge were calculated from the polar angle of the DIC
positions from the major axis of the fitted ellipse. The length of the undeformed (L) and
deformed edge (I,;) were calculated as:

15 D) D)
Lo= 3\ (X = XD+ (Ve =)

15 [1
ly= 2 /(@1 =20) + (1)

where k = 1..15, the number of the point along the ellipse.

The meridional strain in the region 0.2 mm-1.5 mm, was calculated separately for the nasal
and for the temporal scleral edges as:
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To verify that the ellipse fit only reduced the variation associated with DIC noise and did not
otherwise alter the measured pressure-strain response, the raw DIC position measurements
were used to calculate the meridional strain for all control specimens at 26 mm Hg and 30
mm Hg and the results were compared to those using the smoothed positions. For both the
nasal and temporal edges at both pressure levels, the difference in the raw and smoothed
strains averaged over all specimens were less than +/- 0.001, which was smaller than the
resolution of the DIC measurements.

Each specimen underwent two load—unload tests from reference 10P to 30 mm Hg and
immediate return to reference, followed by a ramp—hold test, involving a loading to 30 mm
Hg and holding at that pressure for 30 minutes with return to baseline to estimate creep rate.
For the meridional creep rate analysis, the displacements were measured using DIC at 6 time
points, one every 5 minutes, during the ramp—nhold portion. Using the initial reference
image from the first load-unload (used in the meridional analysis) the displacement was
measured at each 5-minute time point to calculate the circumferential and meridional strains.
Then, a linear regression was fit to these points for each eye and taken as the creep rates.

2.5. Scleral Thickness Measurements

Scleral thickness was measured on both fresh, unfixed sclera under a dissecting microscope
and on histological sections embedded in epoxy, as described in a previous publication
(Cone-Kimball et al., 2013). For fresh tissue thickness measurements, we used the inflation
tested eyes (see section 4 in Methods). An eyepiece micrometer with the Zeiss dissecting
microscope was used (Electron Microscopy Sciences. Hatfield, PA) to measure scleral
specimens prepared with a razor blade to a resolution of + 0.01 mm. Three strips, each 0.33
mm wide and 2.5 mm long, were cut from the superior sclera. Thickness measurements were
made at 6 locations, every 0.5 mm, starting at the optic nerve head (ONH) and continuing
anteriorly to the limbus.

For comparison to fresh measurements, fixed tissues were prepared in the following manner.
Animals were euthanized and then perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer. The same eyes were also used for histological retinal analysis and optic nerve axon
counts (see section 2.6 in Methods). After perfusion, eyes were enucleated and superior
sclera was marked and the optic nerve was removed. The ONH was removed using a
trephine and then it and the remaining sclera were fixed in 1% osmium tetroxide, dehydrated
in ethanol, and stained with 1% uranyl acetate for 1 hour. Sclera was embedded in epoxy
resin and 1 micron sections were stained with 1% toluidine blue. Images were taken using a
100x oil objective on a Zeiss light microscope (Carl Zeiss Microlmaging, Thornwood, NY)
and a total of nine measurements were made for each animal and analyzed with Metamorph
Image Analysis software (Molecular Devices, Downington, PA).
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2.6. Histological Observations

For histological observations and for measurement of the outcome of glaucoma experiments
to assess RGC axon loss, perfusion-fixed globes and optic nerves (N = 81 and N = 50,
respectively) were post-fixed in 1% osmium tetroxide, epoxy-embedded, and sectioned at 1
um thickness. Digital images of optic nerve cross-sections were taken at low power to
measure the total optic nerve area. Then, five, 40 x 40 um fields (100x magnification, Cool
Snap camera, Metamorph Image Analysis software; Molecular Devices, Downington, PA)
were acquired, representing a random 9% sample of the total nerve area (Levkovitch-Verbin
et al., 2002). A masked observer edited non-axonal elements from each image and the
program calculated axon density. Average axon density/mm? was multiplied by the
individual nerve area to estimate axon number. Experimental eyes were compared to the
mean axon number in pooled, fellow eye nerves of the appropriate strain and tissue fixation
to yield percent axon loss.

In addition, from 1 pm epoxy sections of retina, we quantitatively measured retinal layer
thickness in GA-injected and in control eyes to evaluate possible damage either by GA
injection treatment alone or by the glaucoma model (N=5). Thicknesses of the inner nuclear
and outer nuclear layers were measured at 6 locations on each section by a masked observer.

2.7. Electroretinogram (ERG) Methods

ERG was recorded with an Espion instrument (Diagnosys LLC, Littleton, MA) as
previously described (Oveson et al., 2011; Komeima et al., 2006; Komeima et al., 2007;
Okoye et al., 2003; Ueno et al., 2008). Briefly, mice were kept in the dark overnight for dark
adaptation. The mice were anesthetized with an intraperitoneal injection of ketamine
hydrochloride (100 mg/kg body weight) and xylazine (5 mg/kg) body weight). Pupils were
dilated with Midrin P containing 0.5% tropicamide and 0.5% phenylephrine, hydrochloride
(Santen Pharmaceutical Co., Osaka, Japan), placed on a pad heated to 39°C, and platinum
loop electrodes were placed on each cornea after application of gonioscopic prism solution
(Alcon Labs, Fort Worth, TX). A reference electrode was inserted into the tail. The head of
the mouse was held in a standardized position in a ganzfeld bowl illuminator that ensured
equal illumination of the eyes. Recordings for both eyes were made simultaneously with
balanced electrical impedance. Scotopic mean a-wave and b-wave amplitudes were
calculated for 6 flashes of light at each of 11 light intensity levels. Then, photopic ERGs
were recorded after light adapting the mice for 10 minutes. Photopic b-wave amplitudes
were recorded using 3 flash intensities (4, 10, and 25 cd-s/m2) under a 25 cd/m? background
light.

2.8. Fluorescence Recovery after Photobleaching (FRAP)

As a measure of scleral tissue diffusion for larger molecules, we employed FRAP, as
recently published (Pease et al., 2014). In brief, freshly enucleated sclera was cleaned of
extraocular tissue, separated from retina and choroid, and the optic nerve was removed flush
with the sclera by a razor blade. We studied with the FRAP technique the sclera from 20
animals, 10 of which received only GA injections and 10 more that had GA injection and
underwent experimental glaucoma. All scleral specimens were placed in 1 mg/ml
fluorescein isothiocyanate-dextran (FITC-dextran) solution, molecular weight 40kDa
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(FD-40, Sigma-Aldrich Corp, St. Louis, MO, USA) in phosphate buffer, incubated in the
dark for 90 minutes, then mounted on slides in 25 uL of FITC-dextran that were sealed with
nail polish. Both the treated and untreated eyes (right) were studied from each group.

FRAP quantifies diffusion of fluorescently labeled molecules by measuring re-entry of
unbleached dye into a region exposed to high intensity laser energy. Intensity of
fluorescence re-entry over time is modeled as a bleach recovery function, whose half time
was used as a measure of FITC-dextran diffusion. We used the Zeiss LSM510 NLO (Zeiss,
Inc., New York, NY) with 488 nm laser at 2% power, a 488 main beam splitter and 415-735
band pass, and the Plan-Apochromat 63x/1.40 oil objective lens. The mean of 4-6 bleaches
were analyzed with Zen 2010 LSM710 software, release 6.0 (Zeiss, Inc., New York, NY),
fitting an exponential function to produce the primary outcome parameter, half time for
recovery of baseline intensity after bleaching (t%2).

2.9. Cross-Linking Assay

For the assay of advanced glycation end-products (AGE), a total of 38 CD1 animals were
tested, including eyes with 3 GA injections (N=13), eyes with 3 buffer injections (N=15),
bilateral control scleras (N=5), and scleras soaked in 0.5 M glyceraldehyde at room
temperature for two hours (N=5). To include sufficient material for analysis, we pooled
several scleral samples that had been treated similarly. Animals were anesthetized with
intraperitoneal ketamine, xylazine, and acepromazine and their eyes were enucleated, with
the sclera separated from the retina and choroid. Anterior and posterior sclera segments were
separated. The posterior sclera included all the sclera within 2 mm of the optic nerve and the
anterior sclera was the remaining sclera up to the limbus. Both were frozen and stored at
—-80°C. Samples were manually macerated and sonicated for 15 seconds, then incubated in
HEPES lysis buffer (100 mM HEPES pH 8.0, 200 mM 1 M KCI, 4 mM EDTA, 0.2%
NP-40, 20% glycerol) with protease inhibitors (2 mM DTT, protease cocktail, 10 mM NaF,
5 nM okadaic acid, 5 nM calyculin A, 50 mM B-glycerolphosphate) on ice for one hour.
Finally, samples were spun at 4°C at 15,000 g for 15 minutes. Supernatant was decanted and
stored at —20°C prior to testing.

Scleral protein concentrations in the extracted samples were determined by the Bradford
assay (Bio-Rad, Hercules, CA). Quantification of AGE were determined using the OxiSelect
Advanced Glycation End Product Competitive ELISA kit (Cellbiolabs, San Diego, CA), an
assay measuring a variety of AGE. Briefly, in 96 well plates pre-adsorbed with an AGE
conjugate, samples were introduced and AGE-specific primary antibody injected. Following
incubation, the conjugated HRP secondary antibody was added. Sclera samples in triplicate
were read at 450 nm using a SynergyMx microplate reader (Bio-Tek, Winooski, VT) and
Genb.1 software (Bio-Tek, Winooski, VT). The absorbance of scleral samples was
compared to an AGE-BSA standard curve to yield AGE concentration in pg/mL.

2.10. Statistical Analysis

Outcomes were compared by t test for normally distributed parameters and Mann Whitney
tests for parameters failing a normality test. Data from GA-injected eyes were compared to
fellow eyes or to data from pooled, age-matched controls. Regression models were used to
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estimate the effect of variables such as height and duration of 1OP exposure on RGC axon
loss when comparing results of experimental glaucoma trials.

3.1. Inflation Testing after GA Injection

Inflation testing consisted of two rapid load—unload tests to 30 mm Hg, followed by a load
to 30 mm Hg held for 30 minutes. The pressure--strain in the first load—unload test was
compared in eyes once, twice, or 3 times injected subconjunctivally with GA and in
untreated control eyes (Figure 2; n =12 (3X GA), n =18 (2X GA),n=12 (1IX GA),and n =
28 (control)). The 3X GA injected eyes had significantly stiffer pressure—strain behavior
than controls in both meridional and circumferential directions (Table 1). For example, the
meridional strain at 30 mm Hg was significantly lower in GA injected eyes than controls (p
=0.002, t test), as was the mean circumferential strain for the entire sclera at 30 mm Hg (p =
0.05, t-test). Comparing the slopes of the meridional strains at 6 pressures during the load—
unload test between reference IOP and 30 mm Hg, the 3X GA injected curve was
significantly stiffer than the control values (p = 0.004; best fit regression for 3X GA:y =
189644x2 - 1251x + 11.9, r2 = 0.98, and for control: y = 28470x2 — 152x + 10.5, r2 = 0.98;
Figure 2). Similarly, the creep rate during a 30 minute ramp—nhold experiment was
significantly lower after 3 GA injections than in control CD1 eyes. For example, in the
circumferential direction, the mean creep rate in 4 sampled regions from the ONH to the
anterior sclera ranged from 23 to 40% less after GA exposure than in controls (p = 0.055 to
0.009, t tests).

3.2. Advanced Glycation End Product Assay (AGE)

The AGE concentration was 13.7 pg/mL in the 3x GA injected sclera compared to 9.9
ug/mL in the bilateral control group (data from combined posterior and anterior sclera), a
37% = 3.7 % (standard deviation) higher concentration of AGE with GA exposure than in
controls (p < 0.003, t test, n = 13 GA-treated scleras and 15 controls). There was no
consistent difference between posterior and anterior sclera in either controls or treated eyes.

3.3. Effect of GA Injections on ERG, Retinal Histology, Scleral Thickness, and FRAP

Diffusion

3.3.1—Scotopic ERG testing was performed after overnight dark adaptation, followed by
photopic testing. There were no significant differences in a-wave and b-wave amplitudes
between 3x GA injected and control eyes at 11 scotopic flash intensities and 3 photopic flash
intensities (all p > 0.2, Figure 3). ERG values were similar to those previously published by
Campochiaro et al. for mice (Miki et al., 2010).

3.3.2—Retinal histology was compared in 3X GA injected and control, uninjected mice in 1
micron, epoxy-embedded sections (n = 5 per group). GA-injected eyes had no apparent
differences from normal in the appearance of RGC layer, nerve fiber layer, inner nuclear
layer, outer nuclear layer or photoreceptor layer. The measured thicknesses of the inner and
outer nuclear layers were not significantly different between GA and controls (Table 3).
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3.3.3. Scleral thickness measurements—The average fresh, unfixed scleral thickness
from ONH to limbus was 8.7% less for 3x GA injected sclera than that of age-matched,
fellow eye controls (p = 0.2 or greater for each of 6 regions). After tissue fixation,
measurements in histological sections showed that the peripapillary scleral thickness had a
complex structure. At approximately 200 pum from the ONH, the scleral divides into two
portions, one that adjoins the ONH and the other which courses posteriorly to join the dura
mater surrounding the nerve (Figure 4). We therefore measured both the outer sclera prior to
this division and the inner portion adjacent to the canal. Control CD1 outer scleral thickness
(Table 4) was similar to our previously published peripapillary scleral thickness in CD1
mice (32.7 £ 4.4 um) (Nguyen et al., 2013). After bead-induced glaucoma, both GA and
non-GA injected eyes had significantly thicker outer sclera than controls (p = 0.02 and
0.0015, t tests compared to matched controls; Table 4). The GA injection alone group was
not significantly thicker than controls.

The mean inner peripapillary sclera thickness, immediately on either side of the nerve canal,
was thicker across all groups than the outer peripapillary portion (p = 0.007, t-test; Table 4).
This inner peripapillary scleral thickness was not significantly different between GA
injected (without glaucoma) and controls, but both glaucoma groups (with and without GA
injection) had significantly thicker inner sclera than control (18% and 24% increase,
respectively; p = 0.012, 0.017, t test, 5 animals per group, Table 4). In both the outer and
inner peripapillary sclera, the increase in thickness after glaucoma exposure was less in the
GA injected than the non-injected eyes, but this difference did not reach significance (p
=0.4).

3.3.4—Fluorescence recovery after photobleaching (FRAP) measurement yields a half time
to recovery of original fluorescence (t%2) that indicates poorer permeability of the sclera. In
control sclera, we confirmed our prior finding (Pease et al., 2014) that the peripapillary
sclera (outer) has the lowest permeability (Table 5) and that permeability is greater at 0.75
mm or 1.5 mm more anteriorly (toward the cornea; paired t tests: p <0.0001 and 0.0009;
Table 5). Treatment with 3 GA injections (without experimental glaucoma) significantly
decreased scleral permeability compared to controls in all 3 scleral zones (p = 0.001). There
was no significant difference between sclera treated with GA and sclera from eyes that
underwent experimental glaucoma after GA treatment (p = 0.7, t test). In our prior work,
sclera from eyes that underwent experimental glaucoma also had lower permeability than
fellow eye, control sclera (Pease et al., 2014).

3.4. Experimental Glaucoma: Effect of GA Injection

3.4.1. First glaucoma experiment—Unilateral, bead-induced glaucoma was produced
in 42 mice one week after 3 GA injections over one week and in 46 mice that had 3 similarly
timed buffer injections (final axon loss data was collected in 40 GA and 41 buffer eyes).
Axial length and width increased with chronically elevated 10P in both 3x GA and 3x buffer
injected eyes, with somewhat less elongation in GA eyes than in buffer eyes (p = 0.05 for
length difference, 0.2 for width difference, t test; Table 6). As might be expected, greater
IOP exposure was associated with significantly greater RGC axon loss (p = 0.02, regression
coefficient = 0.0006, 95% C.l.: 0.00007, 0.001, see Figure 5). Since there was a small, but
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not significantly higher 10P exposure in the buffer compared to the GA group (197 vs 169
mm Hg—days, positive IOP integral, p = 0.4, t test), we compared the groups taking IOP
exposure into account in regression models.

Compared to fellow eye controls, RGC axon loss was greater in the 3x GA-injected group
than buffer-injected controls. In a regression model comparing RGC axon loss between
treatment groups including 10P exposure, the RGC axon loss was significantly greater in the
GA group compared to buffer group (regression model p = 0.01; regression coefficient
(treatment GA vs control) = 0.1275 (SE = 0.07953; 95% CI = -0.03114 to 0.2861;
coefficient (positive integral) = 0.0005922 (SE = 0.0002609; 95% CI = 0.00007174 to
0.001113). The distribution of RGC axon loss in GA compared to buffer injected eyes was
particularly evident in the axon loss range between 10-60% when each animal was ranked
by degree of injury (Figure 6). The median axon loss was 62% in GA compared to 34% loss
in the buffer-injected group (mean + standard deviation for GA: 53 £+ 34% loss, buffer: 41 +
37% loss, n = 40 and 41 mice).

3.4.2. Second glaucoma experiment—We compared RGC axon loss with bead
induced glaucoma between 3x GA injected eyes and control, uninjected eyes, again with
glaucoma induction one week after the GA injections. With 20 mice in each group, GA
injected eyes experienced nearly twice the RGC axon loss of the controls, a mean of 44.6 +
32.4% RGC axon loss for GA group compared to 23.0 + 30.9% loss for the uninjected
controls (Table 7). There was only a slight difference in IOP exposure between the GA and
controls. Multivariable regression analysis including cumulative IOP exposure as an
independent variable showed that there was significantly greater loss in GA injected eyes
compared to controls (p = 0.049, regression coefficient (treatment GA vs control) = -0.2228
(SE =0.1087;95% CI = —0.4444 to —0.001261; for positive integral IOP term in this
regression model, regression coefficient = 0.0001981 (SE = 0.0002535; 95% CI =
-0.0003184 to 0.0007146).

To test for a detrimental effect of GA injection alone on RGC axon number, we counted
axon number in 10 mouse nerves 6 weeks after 3 GA injections. The total RGC axon counts
of 3x GA injected eyes were not significantly different from control CD1 mice, indicating
that the greater loss of RGC in the GA group in the glaucoma experiments was not due to a
primary toxic effect of GA alone.

4. Discussion

We show for the first time, to our knowledge, that experimental alteration of scleral
composition can affect the rate of RGC damage in a mouse glaucoma model. GA treatment
of the sclera was associated with greater RGC axon loss than among control eyes in 2
experiments. While the mouse model leads to a difference among animals exposed to
elevated pressure in the degree of axon loss, the distribution and the mean axon loss were
significantly different in the GA treated mice exposed to glaucoma compared to either
control or buffer treated animals. GA treatment increased scleral cross-linking, decreased
scleral permeability, and increased scleral stiffness. GA exposure alone did not produce
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RGC axon loss through a direct toxic effect, nor was there any damage to other retinal layers
as measured by histological evaluation or ERG.

Our data suggest that the alterations in the sclera induced by GA treatment led to greater
RGC axon loss due to decreased scleral strain (increased stiffness), especially in the
peripapillary region. In monkey (Girard et al., 2009; Downs et al., 2005) and human eyes
(Coudrillier et al., 2012), the peripapillary sclera exhibits the greatest strain from 10P,
compared to more anterior regions of the sclera, and its connective tissue elements are
specifically organized in a circumferential manner to resist this strain. Modeling studies
point to the importance of peripapillary scleral strain on the ONH and to an interaction
between ONH features and those of the surrounding sclera (Sigal et al., 2011a; Sigal et al.,
2005; Normal et al., 2011). It can be predicted that if the scleral peripapillary ring enlarges
with an increase in IOP, the width of the ONH would increase, potentially causing effects
such as anterior movement of the ONH, as is actually observed in early experimental
glaucoma in young monkeys (Downs et al., 2005; Yang et al., 2011; Coudrillier, 2013). On
the other hand, if the peripapillary sclera were relatively more rigid (such as after GA
treatment), the LC might be more likely to bow outward with an 10P increase (Sigal et al.,
2011b). Either widening of the scleral canal (with a more elastic peripapillary sclera) or
backward bowing of the lamina cribrosa (with a more rigid sclera) could be protective or
detrimental to RGC axons passing through the ONH (Quigley and Cone, 2013; Strouthidis
and Girard, 2013). While modeling points to important factors for study, experimental
alteration of parameters under controlled conditions can directly test the effects of each
component. Thornton et al. (2009) produced stiffening of excised pig eyes in peripapillary
sclera and speculated that this might be beneficial in glaucoma. Our data suggest that
experimental stiffening of the sclera has a statistically significant association with greater,
not less RGC damage, at least in CD1 mice.

There are important similarities and differences in the anatomy of the mouse and human
peripapillary sclera and ONH. While the mouse ONH has no connective tissue, its astrocytes
mimic the configuration of the connective tissue LC of monkeys and humans (Sun et al.,
2009). The ONH and globe diameter of the mouse are proportionately 10 times smaller than
those in the human eye and mouse scleral thickness in mouse is about 1/10t" that of the
human eye. The mouse sclera shares important features of human sclera, such as the ring of
circumferentially oriented collagen and elastin in the peripapillary sclera (Cone-Kimball,
2013). Likewise, with experimental glaucoma, the mouse ONH widens posterior to Bruch’s
membrane (Cone-Kimball, et al., 2013), as does the human eye (Quigley et al., 1983). With
experimental 10P elevation, the mouse RGC axons develop acute abnormalities at the ONH
at the level of the sclera (Howell et al., 2007), as do humans (Quigley et al., 1981). The
relevance of mouse and rat experimental glaucoma to human disease is further supported by
the fact that only RGC die with moderate 10P elevations, as in humans (Kielczewski et al.,
2005). We presume that the effect of GA in the mouse eye was on the sclera, not the lamina
cribrosa, since the mouse has minimal if any connective tissues within the ONH.

Since an increase in scleral cross-linking led to worse glaucoma damage, it would be logical
to test whether weakening of scleral connective tissue components would be beneficial.
Enzymatic digestion of post mortem human ONH alters its biomechanical properties (Spoerl
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et al., 2005), and digestion with chondroitinase alters scleral strain in porcine globes in the
opposite direction to that seen with GA treatment (Murienne et al., 2013). Investigations of
experimental glaucoma both in monkeys (Burgoyne et al., 2005) and mice (Cone et al.,
2010) suggest that both baseline scleral structure and its dynamic response to elevated IOP
may be important determinants of glaucomatous damage. Therapeutically beneficial
approaches may necessitate more than baseline alterations of fiber or matrix components of
sclera. Mice with a mutation in collagen 8a2 (Aca23) are protected against injury in
experimental murine glaucoma (Steinhart et al., 2012). Aca23 mice have stiffer sclera at
baseline, as do our GA treated CD1 mice in the present experiment, yet the resultant RGC
axon loss differed in the 2 groups. The sclera is stiffer by inflation testing (Coudrillier et al.,
2012) and indirect evaluation (Hommer et al., 2008) in human glaucoma eyes and in the
sclera of experimental glaucoma mice of 3 strains (Nguyen et al., 2013). It is not yet
established whether the greater stiffness of human glaucoma eyes is present at baseline,
whether it develops as a response to the disease, or both. Recent detailed studies in mouse
glaucoma found a decrease in non-fibrillar scleral components, increased thickness and
number of fibrillar lamellae, and a shift toward lamellae oriented antero-posteriorly--all
consistent with the increased measured stiffness (Cone-Kimball et al., 2013). Experimental
glaucoma induces alterations in the mouse sclera that include increased fibroblast division,
transition to a myofibroblast phenotype, and activation of proteins involved in integrin-
linked signaling and actin cytoskeletal pathways (Oglesby et al., unpublished data). This
suggests that the scleral response to elevated IOP may be as important as its baseline state in
determining sensitivity to damage. There have been attempts to include a dynamic scleral
remodeling process after experimental 0P increase in models describing the eye’s response
to glaucoma (Grytz et al., 2012). However, more information is needed on the details of this
dynamic response before the models can be considered indicative of the true behavior.

One component of the dynamic scleral response to experimental glaucoma is upregulation of
TGFp signaling, which was identified in proteomic analysis of mouse glaucoma sclera
(Oglesby et al., 2014). This pathway has previously been involved in both trabecular
meshwork (Prendes et al., 2013) and ONH responses in glaucoma (Lukas et. al 2008;
Fuchshofer and Tamm, 2012). Human scleral anatomy and physiology change with age, and
are affected by diseases such as myopia (Rada et al., 2006; McBrien et al., 2006; Wiesel et
al., 1977) and glaucoma (Pijanka et al., 2012; Norman et al., 2010). Scleral stiffness
increases with age (Coudrillier et al., 2012) and the complement of connective tissue in the
LC is denser in the elderly compared to younger eyes (Coudrillier et al., 2012; Quigley,
1977). TGFp inhibition of mouse models of Marfan syndrome (Habashi et al., 2013) and
humans affected by the Marfan syndrome (Lacro et al., 2013) yielded beneficial effects.
Appropriate modification of important scleral processes in glaucoma could represent
important new therapeutic opportunities.

The present experiments have certain limitations. As discussed, mouse eyes and the ocular
and systemic responses in the mouse glaucoma model should be interpreted with caution in
respect to human glaucoma. CD1 mice have the advantage that they undergo significant and
selective loss of RGC with experimental IOP elevation. They are an outbred group of mice,
so therapy trials in this group are more generalizable than in inbred mice. We have
demonstrated that a specific alteration in scleral tissues was associated with an increase in
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RGC axon loss. We have attempted to assess off-target effects of GA injection that could
explain these results. The glaucoma experiment was repeated to confirm the association.
However, we cannot yet rule out the possibility that the detrimental effect of GA acted
through a mechanism other than scleral alteration. While we found that GA treatment
increased scleral cross-linking, it also decreased scleral permeability. This may point to an
effect of GA treatment on non-fibrillar components of the sclera as contributing elements in
protecting RGC from injury.

In summary, GA-treated mouse eyes had greater RGC axon loss from elevated IOP than
either buffer-injected or control eyes, controlling for level of IOP exposure. GA exposure
alone did not affect RGC number, retinal structure or function, though it increased scleral
crosslinking, decreased scleral permeability, and produced a steeper pressure—strain
behavior. To our knowledge, this represents the first experimental alteration of the sclera
that alters susceptibility to RGC damage. Further study of the dynamic responses of the
sclera to glaucoma may present therapeutic approaches that could be additive to IOP-
lowering.
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Figure 1.
Analysis of scleral inflation data

1.4 1.6

X and Y DIC coordinates (raw values) are shown from the nasal scleral edge for an eye at Py
(red circles) and P=30 mm Hg (purple squares). The ellipse fitted points (using DIC values)
at P (filled blue circles and line) and deformed positions at P=30 mm Hg for the same eye
(teal squares and line). The comparison of raw data points and the fitted ellipse show the
modest degree of smoothing that occurred (see Section 2.4. Biomechanical Inflation

Testing).
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Figure 2.
Comparison of IOP—strain for GA-treated and control sclera

The mean |IOP—strain values are plotted for 4 groups of mice with loading from reference
IOP to 30 mm Hg. The groups are Control (purple asterisk) and 1x treatment with GA (red
square) at the right and 2x treatment with GA (blue diamond) and 3x treatment with GA
(orange circle) at the left. Standard error bars are shown for control and 3x GA groups. The
fitted lines have also been added (for each group) in each respective color. Data from the
nasal meridional analysis (temporal meridional and circumferential analyses gave similar
results) show the significant stiffening effect after either 2 or 3 treatments with GA.
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Figure 3.
Electroretinogram data for Scotopic B-Wave

The graph plots the mean amplitude for control (blue triangles, N=5) and glyceraldehyde
treated eyes (green diamonds, N=5) at 10 different scotopic, B-wave, flash intensities
(amplitudes in pV (microvolts)).

Exp Eye Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Kimball et al.

Page 25

Figure 4.
Mouse peripapillary scleral area

The mouse peripapillary sclera, optic nerve head, and optic nerve in epoxy section. The
sclera divides into two portions, one splitting off posteriorly to join the dura mater and one
continuing directly to the ONH. We measured the scleral thicknesses in two areas, one just
prior to the division, which is referred to as the outer peripapillary scleral thickness (solid
line square) and one after the division, next to the optic nerve head, referred to as the inner
peripapillary sclera (dotted line square; scale bar =100um).
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Figure 5.
IOP Difference for Buffer+GL, GA+ GL and GA groups

Mean paired 10P difference between left eyes (treated) and right eyes (control) of each
animals. From glaucoma experiment 1, the buffer-injected (blue diamonds, N=41) and GA-
injected (red squares, B=40) show no significant increase pre-glaucoma (GL) induction after
their subconjunctival injection sequences (both p > 0.4). After glaucoma induction both GA
and buffer groups have significant elevations through the first 2 weeks (p <0.0001), but no
significant difference between the two experimental groups (all p > 0.27). Animals that were
injected with GA alone, but without glaucoma induction had no change in IOP (at either 1,
4,7, 14 or 42 days) in their injected compared to control eyes (green triangles, N=10). Mean
paired difference +/- standard error.
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Figure 6.

Distribution of RGC axon loss of individual eyes in first glaucoma experiment

Page 27

This graph plots the distribution of RGC axon loss for each individual mouse by group; 3
times treated GA eyes are represented in red squares (N=1-41) and the buffer injected eyes

are represented in blue diamonds (N=1-40). Each eye (numbered 1-41) is ranked in

ascending order of percent axon loss, and is plotted to show the distribution of axon loss in
each experimental group; 3x GA eyes showed greater amount of axon loss in the 10-60%

range when compared to buffer-injected controls.
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Sclera Strain Analysis for Control and 3x GA Injected Animals.

Table 1

Analysis of Controls, N=28

Global Ellipse Meridional Strain-Temporal Mean | Stdev
P10 0.0042 | 0.0047
P14 0.0112 | 0.0083
P18 0.0176 | 0.0104
P22 0.0225 | 0.0125
P26 0.0254 | 0.0143
P30 0.0262 | 0.0152
Global Ellipse Meridional Strain-Nasal

P10 0.0052 | 0.0075
P14 0.0124 | 0.0107
P18 0.0190 | 0.0158
P22 0.0243 | 0.0191
P26 0.0264 | 0.0217
P30 0.0281 | 0.0243
Circumferential Strain-R1

P10 0.0063 | 0.0037
P14 0.0126 | 0.0070
P18 0.0184 | 0.0081
P22 0.0233 | 0.0112
P26 0.0265 | 0.0151
P30 0.0287 | 0.0180
Circumferential Strain-R2

P10 0.0053 | 0.0043
P14 0.0114 | 0.0074
P18 0.0174 | 0.0084
P22 0.0221 | 0.0105
P26 0.0249 | 0.0120
P30 0.0264 | 0.0132
Circumferential Strain-R3

P10 0.0046 | 0.0040
P14 0.0102 | 0.0063
P18 0.0155 | 0.0076
P22 0.0199 | 0.0083
P26 0.0225 | 0.0091
P30 0.0238 | 0.0096
Circumferential Strain-R4

P10 0.0044 | 0.0039
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Analysis of Controls, N=28

Global Ellipse Meridional Strain-Temporal Mean | Stdev

P14 0.0096 | 0.0059

P18 0.0145 | 0.0070

P22 0.0191 | 0.0076

P26 0.0219 | 0.0085

P30 0.0234 | 0.0092

Analysis of 3x GA, N=12

Global Ellipse Meridional Strain-Temporal Mean Stdev | Percent Decrease | p-value
P10 0.0027 | 0.0037

P14 0.0065 | 0.0092

P18 0.0112 | 0.0108

P22 0.0148 | 0.0122

P26 0.0163 | 0.0137

P30 0.0174 | 0.0158 | 34% p=0.11
Global Ellipse Meridional Strain-Nasal

P10 0.0018 | 0.0023

P14 0.0073 | 0.0041

P18 0.0094 | 0.0052

P22 0.0104 | 0.0064

P26 0.0111 | 0.0079

P30 0.0132 | 0.0081 | 5305™ p=0.05
Circumferential Strain-R1

P10 0.0029 | 0.0016

P14 0.0089 | 0.0029

P18 0.0111 | 0.0042

P22 0.0125 | 0.0048

P26 0.0140 | 0.0050

P30 0.0136 | 0.0054 | 5304* p=0.007
Circumferential Strain-R2

P10 0.0028 | 0.0020

P14 0.0078 | 0.0046

P18 0.0107 | 0.0056

P22 0.0127 | 0.0071

P26 0.0138 | 0.0075

P30 0.0151 | 0.0077 | 4305* p=0.0086
Circumferential Strain-R3

P10 0.0027 | 0.0020

P14 0.0077 | 0.0042
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Analysis of 3x GA, N=12

Global Ellipse Meridional Strain-Temporal Mean Stdev | Percent Decrease | p-value
P18 0.0102 | 0.0053

P22 0.0121 | 0.0062

P26 0.0132 | 0.0064

P30 0.0143 | 0.0066 | 4005™ p=0.003
Circumferential Strain-R4

P10 0.0024 | 0.0018

P14 0.0072 | 0.0038

P18 0.0096 | 0.0050

P22 0.0116 | 0.0062

P26 0.0129 | 0.0066

P30 0.0139 | 0.0071 | 4105* p=0.0031

Page 30

GA=glyceraldehyde N=sample size, Mean= mean strain at each pressure, stdev= standard deviation, R1-R4= region along sclera edge (R1-
peripapillary region and R4- closest to equator), P10-P30= pressure reading in mm Hg, percent decrease= decrease in strain comparing the control
to 3XGA at pressure of 30 mm Hg, p-value= analysis comparing strain of control and 3xGA inflation tested tissue, at each region and for multiple

pressures (during the load).

*
These are not Bonferroni corrected p-values, however, the circumferential strains meet the p=0.009 significance criterion for Bonferroni

correction with 6 tests.
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