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Abstract: The structural and biomechanical properties of collagen-rich ocular tissues, such as the
sclera, are integral to ocular function. The degradation of collagen in such tissues is associated
with debilitating ophthalmic diseases such as glaucoma and myopia, which often lead to visual
impairment. Collagen mimetic peptides (CMPs) have emerged as an effective treatment to repair
damaged collagen in tissues of the optic projection, such as the retina and optic nerve. In this study,
we used atomic force microscopy (AFM) to assess the potential of CMPs in restoring tissue stiffness in
the optic nerve head (ONH), including the peripapillary sclera (PPS) and the glial lamina. Using rat
ONH tissue sections, we induced collagen damage with MMP-1, followed by treatment with CMP-3
or vehicle. MMP-1 significantly reduced the Young’s modulus of both the PPS and the glial lamina,
indicating tissue softening. Subsequent CMP-3 treatment partially restored tissue stiffness in both the
PPS and the glial lamina. Immunohistochemical analyses revealed reduced collagen fragmentation
after MMP-1 digestion in CMP-3-treated tissues compared to vehicle controls. In summary, these
results demonstrate the potential of CMPs to restore collagen stiffness and structure in ONH tissues
following enzymatic damage. CMPs may offer a promising therapeutic avenue for preserving vision
in ocular disorders involving collagen remodeling and degradation.

Keywords: tissue biomechanics; extracellular matrix; extracellular matrix remodeling; collagen;
collagen mimetic peptides

1. Introduction

Collagen-rich ocular tissues such as the cornea and sclera function as a robust biome-
chanical framework to maintain eye structure and integrity, an important function achieved
through the laminar arrangement of collagen [1]. Degradation of collagen in the sclera
and scleral remodeling is linked to the progression of myopia, a prominent driver of vi-
sual impairment worldwide [2-5]. High myopia heightens the risk of sight-threatening
complications such as myopic macular degeneration and retinal detachment [6]. Scleral
remodeling and thinning, tissue degradation, and change in collagen fiber architecture
underlie axial elongation in myopia [7-9]. Similarly, in glaucoma, the leading cause of
irreversible blindness worldwide [10,11], the organization of collagen fibers in the peri-
papillary sclera (PPS) is altered in human patients and in animal models. Remodeling of
the extracellular matrix (ECM)—including collagen—also occurs at the optic nerve head
(ONH), a critical juncture in glaucoma pathophysiology [12,13]. Collagen fiber density is di-
minished in glaucomatous lamina cribrosa [14], changing the biological and biomechanical
properties of the tissue to impact retinal ganglion cell (RGC) vulnerability at ONH [15-19].
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An interdependence exists between the sclera and lamina cribrosa; collagen fibers of
the PPS intersect with collagen fibers at the border of the lamina cribrosa [20,21], together
forming the ONH connective tissue framework [22]. In rodents the glial lamina, which
is analogous to the lamina cribrosa in primates, maintains the structural integrity of the
ONH, despite having a less extensively structured collagenous ECM [14,23]. Matrix metal-
loproteinases (MMPs) are proteolytic enzymes responsible for ECM degradation, and play
an important role in collagen remodeling in ocular tissues during both homeostasis and
disease [3,24]. A large component of scleral and ONH tissue is collagen, which imparts
stiffness and structural integrity to tissue, as well as mediating important inflammatory
and cellular signaling [22,25-28]. Atomic force microscopy (AFM) offers a potent approach
to assess the biomechanical properties of tissue, including stiffness, without the need for
extensive tissue processing [29]. Using AFM, the Young’s modulus, a mechanical property
that is indicative of tissue stiffness, can be determined quantitatively [30]. In the eye, AFM
has been successfully used to evaluate stiffness across various ocular tissues and in a broad
range of mammals, including corneal stiffness in mice [31] and humans [32,33]; trabecular
meshwork stiffness in rats [34]; lens stiffness in mice [35] and non-human primates [36]; and
the sclera and optic nerve head stiffness in pigs [37,38], mice [39], rats [40], and humans [41].

Our previous work has highlighted the capacity of collagen mimetic peptides (CMPs)
to repair damage to tissue in the optic projection [42]. CMPs also promote corneal epithe-
lium healing and epithelial cell regeneration post acute injury [43], and corneal nerve repair
in a dry eye model [44]. A signature characteristic of intact collagen is a triple helical struc-
ture, which contains individual triple helices called tropocollagens [45]. Tropocollagens
include a set of three polypeptide chains comprising repeating sequences of glycine-x-y
triplets (x and y most commonly represent proline and hydroxyproline) [45]. CMPs are
short, single-stranded peptides that bind with high avidity to damaged collagen while
bypassing intact collagen structures [46-48]. CMPs enhance wound closure in mice through
improved collagen fibril alignment after damage by MMP [43,47]. The PPS and the glial
laminal tissue by design contain large amounts of collagen-rich ECM. Thus, CMPs are
largely sequestered by damaged collagen contained within the ECM. Given the established
capacity of CMPs to reinstate the structural and functional attributes of collagen to their
native states, here, we sought to determine the potential of CMPs in restoring the biome-
chanical properties of scleral and ONH tissue after enzymatic treatment. Using AFM, we
measured rat PPS and glial lamina stiffness at baseline, followed by MMP-1 treatment,
and again after CMP-3 or 1x PBS (vehicle) treatment. We found that MMP-1 effectively
reduces stiffness and increases levels of fragmented collagen in the PPS and glial lamina.
Application of CMP after MMP-1 treatment partially restores stiffness and reduces collagen
fragmentation compared to vehicle controls. Our results suggest that CMP partially restores
the structural and biomechanical properties of damaged collagen in scleral and glial lamina
tissue and may therefore represent a novel therapeutic avenue in ocular diseases where
collagen remodeling and degradation occur.

2. Results
2.1. Collagen Mimetic Peptide Restores Stiffness of the PPS after MMP-1

To determine tissue stiffness in the PPS, AFM measurements were acquired from dis-
tinct PPS locations within 300-500 um from the ONH. Measurements were taken at baseline
in naive tissue, and in the same location after MMP-1 incubation and EDTA quenching, and
subsequent CMP-3 or vehicle (1x PBS) treatments. Representative experimental datasets for
a specific location are shown in Figure 1A,B. Incubation with MMP-1 decreased the average
Young’s modulus by 38.3% (Figure 1C, Table 1), indicating diminished tissue stiffness.
CMP-3 reversed this trend, increasing the average Young’s modulus by 23.0% (Figure 1C,
Table 1), signifying at least a partial restoration of PPS stiffness. Application of vehicle after
MMP-1 treatment led to a further 26.0% reduction in average Young’s modulus, or a total
reduction of 54.3% from baseline (Figure 1C, Table 1).
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Figure 1. CMP-3 partially restores PPS stiffness after MMP-1 treatment. (A) Representative Young’s
moduli measurements in PPS from 7 = 1 of 3 animals. MMP-1 treatment reduced the stiffness of the
PPS (*, p < 0.001), while CMP-3 partially restored tissue stiffness (#, p < 0.001). (B) Representative
Young’s moduli measurements in PPS from #n = 1 of 3 animals. The addition of vehicle (1x PBS) after
MMP-1 treatment gradually reduced tissue stiffness (*, #, p < 0.001). (C) Pooled Young’s moduli
mean values from 7 = 3 animals show that MMP-1 treatment significantly reduced PPS tissue stiffness
compared to baseline (*, p < 0.001). Treatment with CMP-3 after MMP-1 digestion partially restored
tissue stiffness (#, p < 0.001), while the addition of vehicle after MMP-1 treatment further reduced
tissue stiffness ($, p < 0.001).

Table 1. Young’s moduli values for PPS. Mean Young’s moduli values for PPS along with 95%
confidence interval. n indicates the number of individual AFM measurements from a total of 3 rats.

Sample Type Mean Young’s Modulus (kPa) 95% C.I n
Baseline 9.500 0.161 6656
MMP-1 5.865 0.124 5120
CMP-3 7.214 0.101 2938

1x PBS (vehicle) 4.345 0.323 1536
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2.2. Collagen Mimetic Peptide Restores Stiffness of the Glial Lamina after MMP-1

Glial lamina stiffness measurements were determined as outlined for the PPS. Repre-
sentative experimental data are shown in Figure 2A,B. The average Young’s modulus of
the glial lamina decreased by 57.2% after MMP-1 treatment; CMP-3 again partially restored
stiffness of the tissue (49.5% increase; Figure 2C, Table 2). Although stiffness increased by
13.2% with application of the vehicle (Figure 2C, Table 2), it did not increase the stiffness of
the tissue to the same magnitude as observed with CMP-3.
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Figure 2. CMP-3 partially restores glial lamina stiffness after MMP-1 treatment. (A) Representative
Young’s moduli measurements in glial lamina from # = 1 of 3 animals. MMP-1 treatment reduced
stiffness of the PPS (*, p < 0.001), while CMP-3 restored tissue stiffness (#, p < 0.001). (B) Repre-
sentative Young’s moduli measurements in glial lamina from n = 1 of 3 animals. The addition of
vehicle (1x PBS) after MMP-1 treatment gradually reduced tissue stiffness (*, #, p < 0.001). (C) Pooled
Young’s moduli mean values from n = 3 animals show that MMP-1 treatment significantly reduced
glial lamina tissue stiffness compared to baseline (*, p < 0.001). Treatment with CMP-3 after MMP-1
digestion partially restored tissue stiffness (#, p < 0.001), while the addition of vehicle after MMP-1
treatment increased tissue stiffness to a smaller extent ($, p < 0.001).
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Table 2. Young’s moduli values for glial lamina. Mean Young’'s moduli values for PPS along with
95% confidence interval. n indicates the number of individual AFM measurements from a total of

three rats.
Sample Type Mean Young’s Modulus (kPa) 95% C.L n
Baseline 13.096 0.248 9082
MMP-1 5.602 0.090 2304
CMP-3 8.373 0.253 2229
1x PBS (vehicle) 6.342 0.151 1024

2.3. Collagen Mimetic Peptide Mitigates Collagen Fragmentation

To assess collagen fragmentation, we immunolabeled rat ONH tissue after AFM
analysis and imaged the glial lamina (Figure 3A; box 1) or PPS regions of interest (Figure 3A;
box 2). Collagen type-1 is visualized in green, with fragmented collagen highlighted in
red using an R-CHP peptide; an increase in red fluorescence is indicative of increased
fragmented collagen. In naive glial lamina tissue at baseline, collagen-1 was evident
with low levels of fragmentation (Figure 3B(1a)). After MMP-1 digestion and vehicle
addition, the level of fragmented collagen increased dramatically (Figure 3B(1b)). After
collagen digestion with MMP-1 and subsequent CMP-3 addition, the level of fragmented
collagen was reduced and comparable to the baseline (Figure 3B(1c)). Similarly, in the
PPS, levels of fragmented collagen were low at baseline (Figure 3B(2a)). After MMP-1
and vehicle addition, fragmented collagen levels increased (Figure 3B(2b)). After CMP-3
addition to MMP-1 digested tissue, the levels of fragmented collagen were again reduced
(Figure 3B(2c)).

B Naive MMP —>PBS ___MMP —>CMP

Figure 3. CMP repairs fragmented collagen in PPS and glial lamina. (A) Representative confocal
image of rat ONH tissue labeled for collagen-1 (green) and fragmented collagen (R-CHP; red).
Dashed boxes show regions of interest including (1) glial lamina and (2) PPS. (B) Representative
confocal images of ROIs from glial lamina (1a-1c) and PPS (2a—2c). In naive glial lamina, low levels
of fragmented collagen were observed (B(1a)). After MMP-1 digestion, collagen fragmentation
increased (B(1b)). CMP-3 treatment of MMP-1-degraded tissues reduced fragmented collagen levels
(B(1c)). In naive PPS, there were low levels of fragmented collagen (B(2a)). After MMP-1 digestion,
increased fragmented collagen was evident (B(2b)). CMP-3 treatment of MMP-1-degraded tissues
reduced fragmented collagen levels (B(2c)).
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3. Discussion

Scleral and ONH tissue integrity is critical to the maintenance of eye structure and
the support of RGC axons as they traverse the ONH and travel to the brain. Breakdown of
ONH and scleral tissue integrity through damage to collagen is evident in diseases that lead
to vision loss, including myopia and glaucoma [7,9,14,17]. Collagen degradation with aging
and disease is often attributed to increases in tissue MMP activity that promotes collagen
breakdown and triggers tissue remodeling [3,24]. Our work with CMPs has demonstrated
a broad capacity for their use in tissue repair of the eye and optic projection. In this study,
we sought to explore whether CMPs had the capacity to directly repair damaged collagen
in scleral and glial lamina tissues. To do this, we measured tissue stiffness using AFM and
visualized fragmented collagen using immunohistochemistry.

Our results here show that degradation of scleral and ONH tissue ex vivo by MMP-1
effectively decreased tissue stiffness as measured by AFM (Figures 1 and 2). This was
expected, since proteolytic cleavage of collagen type I fibrils by MMP-1 reduces stiffness
in vitro [49], and enzymatic treatment of porcine sclera and cornea reduces tissue stiffness
and collagen organization [37,50]. Our results also show that a reduction in glial lamina
and scleral tissue stiffness after MMP-1 addition coincides with increased binding of
fragmented collagen, as detected by increased fluorescence in such tissues due to the
presence of a collagen peptide (R-CHP) that binds specifically to fragmented collagen
(Figure 3). These results suggest that the reduction in stiffness observed after MMP-1 was
indeed due to collagen fragmentation in the tissue. Application of CMP-3 to tissue after
MMP-1 degradation partially restored scleral and glial lamina stiffness (Figures 1 and 2, and
Tables 1 and 2). Interestingly, the addition of vehicle (1x PBS) after MMP-1 led to a further
reduction in the Young’s modulus of the sclera, possibly due to intrinsic MMP activity
or a lack of quenching of the MMP-1 reaction by EDTA (Figure 1, Table 1). In the glial
lamina, however, the addition of vehicle led to a slight increase in tissue stiffness (Figure 2,
Table 2). The biological composition of scleral and glial lamina tissues is distinct, so it is not
unexpected that they may behave differently under experimental conditions. Nevertheless,
the addition of CMP-3 partially restored tissue stiffness in both the glial lamina and PPS,
and such stiffening was associated with a reduction in the level of fragmented collagen in
the tissue (Figure 3). CMP-3 has a high affinity for damaged collagen, intercalating into
collagen strand breaks, repairing the native triple helical structure, and reducing collagen
strand breaks or fragmentation directly [48]. Repairing collagen structure may also have
important implications for downstream immune signaling, which could in turn alter the
expression and activation of tissue-resident MMP enzymes to impact collagen stiffness and
levels of fragmentation [51-53].

Our demonstration that CMPs have the potential to stiffen collagen-rich ocular tissues
could have important implications for ocular diseases that are characterized in part by
collagen degradation and tissue remodeling. For instance, in myopia, increases in scleral
MMP activity accelerates scleral remodeling, leading to scleral thinning and progression of
the disease [54]. In animal models of myopia, preventing collagen damage with TIMP-2
reduced scleral collagen degradation and development of myopia [55]. Myopia is also
associated with decreased collagen-1 expression [56] and inhibition of collagen crosslinking
accelerated myopia development [57]. Furthermore, sub-tenon injections of genipin to
increase scleral crosslinking in a guinea pig model of myopia prevented myopia progres-
sion [58]. Similarly, glaucoma is associated with ONH tissue alterations that challenge the
health of the optic nerve [22]. Interestingly, the incidence of myopia increases the risk of
glaucoma independently of intraocular pressure (IOP) and other risk factors [59]. Collagen
is the predominant component of both scleral and ONH tissue. There is evidence that
scleral and lamina cribrosa stiffness increases with age and with glaucoma [49,60]. Scleral
crosslinking in mice using glutaraldehyde alters the pressure-strain relationship of tissue
at the ONH, leading to nerve degeneration [61]. However, it is argued that reduced strain
at the lamina cribrosa is potentially protective to the nerve [62,63]. Furthermore, elsewhere
in the CNS (cerebral cortex and spinal cord), ECM tissue softens after injury [51].
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In summary, our results suggest that CMP-3 has the capacity to increase the stiffness
of ONH tissue and reduce levels of collagen fragmentation after MMP-1 digestion. These
results hint at a possible therapeutic role for CMPs in myopia or glaucoma. An understand-
ing of the involvement of tissue stiffness in ocular diseases that lead to visual impairment,
including glaucoma and myopia, is required for developing new treatments that address
changes in the pliability of collagen. Since collagen damage in tissue may be evident early
in these diseases, repair of damaged collagen using mimetic peptides may be an effective
preventative therapeutic approach.

4. Materials and Methods
4.1. Animals

For all experiments, male Brown Norway rats (1 = 6; 3 rats for PPS measurements
and 3 rats for glial lamina measurements) aged 3 months were obtained from Charles
River Laboratories (Wilmington, MA, USA). This study was conducted in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Animal protocols were approved by the Institutional Animal Care and Use Committee
of the Vanderbilt University Medical Center. Rats were housed in a facility managed by
the Vanderbilt University Division of Animal Care, with ad libidum access to water and
standard rat chow and a 12 h light cycle (lights on at 6:30 a.m. and off at 6:30 p.m.).

4.2. Tissue Preparation

Rats were anesthetized with isoflurane before decapitation. Both eyeballs were rapidly
enucleated and placed in ice-cold 1x phosphate-buffered saline (PBS). Eyes were bisected
posterior to the equator, the anterior segment and lens were removed, and ONH tissue was
embedded in an Optimal Cutting Temperature medium (OCT, Fisher Healthcare, reference
# 4585) for cryo-sectioning. Sagittal eye sections through the ONH were cut at 20 pm
thickness and were mounted on Poly-D-Lysine (PDL; Cat no: A38904-01-ThermoFisher
Scientific, Frederick, MD, USA) coated glass coverslips. Samples were stored on dry ice
until same-day AFM imaging.

4.3. Atomic Force Microscopy

ONH tissue sections on coverslips were mounted onto the AFM equipment so that
the PPS and glial lamina were clearly in view (Figure 4). Tissue stiffness was acquired
using PeakForce Quantitative Nanomechanical Mapping (QNM) in Fluid AFM imaging
mode (Bruker, Santa Barbara, CA, USA). A SAA-SPH-5UM probe (Bruker, Santa Barbara,
CA, USA) with a 5 um end radius and a 0.25 N/m nominal spring constant was used to
indent the PPS tissue to measure PPS stiffness. A CP-PNPL-SiO-D probe (Bruker, Santa
Barbara, CA, USA) with a 5 um tip radius and 0.08 N/m spring constant was used to
measure glial lamina stiffness. Force-displacement curves were fit to the Hertz model
assuming a Poisson’s ratio of 0.5 using the Bruker curve fitting software to determine
the elastic modulus (Young’s modulus). Before data collection, the probe was calibrated
in liquid using the thermal tune method with the addition of 1x PBS [64]. In each tissue
location, force volume maps were acquired using a scan size of 10 pm, with 16 samples/line
for a total of 256 force—displacement curves, at a scan rate of 1 Hz. Up to 6 distinct PPS
locations approximately 300-500 pm away from the edge of the ONH were used for baseline
measurements in each sample, and up to 5 distinct locations per sample were taken as
baseline measurements in the glial lamina. After MMP-1 and CMP-3 or 1x PBS treatment,
the same locations were remeasured to determine changes in tissue stiffness.
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Figure 4. AFM microscope view. (A) Rat ONH cryosection with major tissue landmarks including
retina, glial lamina (GL), and peripapillary sclera (PPS) indicated. (B) ROIs outlined with dashed
boxes demonstrate where Young’s moduli measurements were taken. Scale bars as indicated.

4.4. Matrix Metalloproteinase Treatment

Recombinant human MMP-1 (Biolegend, catalog # 592902), was used to degrade tissue
collagen at a final concentration of 0.05 mg/mL (sclera) or 0.005 mg/mL (glial lamina) in
1x PBS. For PPS stiffness measurements, ONH tissue was treated with 15 uL MMP-1 (0.05
mg/mL) for 30 min at 37 °C. The sample was washed with 1x PBS before the reaction was
quenched with 75 pL of 0.1 M EDTA (Invitrogen, reference # 15575-038) in PBS for 15 min at
room temperature. For glial lamina stiffness measurements, 15 pL. MMP-1 (0.005 mg/mL)
was added for 20 min at 37 °C, washed with 1x PBS and quenched with 75 uL of 0.1 M
EDTA in PBS for 15 min at room temperature. Finally, samples were washed with 1x PBS
and AFM data was collected.

4.5. Collagen Mimetic Peptide or Vehicle Treatment

After measuring tissue stiffness post-MMP-1 treatment, 75 uL of CMP-3 at a final
concentration of 200 M or an equivalent volume of 1x PBS (vehicle) was added for 60 min at
37 °C. Samples were then washed with 1x PBS, and final AFM measurements were acquired.
CMP-3 is a 21-residue single-strand peptide consisting of a 7-repeat sequence of proline
(Pro) and glycine (Gly) as (Pro-Pro-Gly);. This structure is similar to CMPs known for their
high-affinity intercalation with damaged type I collagen in vitro and in vivo [46-48]. It
was supplied by Bachem, AG (Germany) and was produced using standard solid-phase
peptide synthesis (SPPS) chemistry, followed by purification through preparative liquid
chromatography on a reversed-phase column with acetonitrile (ACN) gradient elution and
UV detection at 230 nm. Collected fractions were analyzed via ultra-high-performance
liquid chromatography (UHPLC), pooled, and diluted with water to reduce their ACN
concentration. Further purification included salt exchange and microfiltration through a
0.45 um membrane filter, followed by lyophilization, resulting in a pre-clinical use product
with a purity range of 90.5-90.7%. A flow diagram showing tissue endpoints and treatments
is shown in Figure 5 for clarity.
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MMP-1 (PPS: 0.05 mg/mL, 15 pL, 30 minutes, 37 °C;

1x PBS 1x PBS 1x PBS
wash wash wash

[cmP-3 (200 um, 75 pL, 60 minutes, 37 °C)
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glial lamina: 0.005 mg/mL, 15 pL, 20 minutes, 37 °C) &
” [PBS (1X. 75 L, 60 minutes, 37 °C) >
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>
AFM measurement of AFM measurement of AFM measurement of
PPS/glial lamina in 1x PPS and glial lamina in PPS and glial lamina in
PBS baseline x PBS 1x PBS

IHC on tissue samples
post-AFM
Figure 5. Schematic outlining the study experimental design. Tissue stiffness measurements are
acquired at baseline, after 20 or 30 min of matrix metalloprotease-1 (MMP-1) treatment and 15 min of
quenching with EDTA, and after 60 min of collagen mimetic peptide-3 (CMP-3) or vehicle (1x PBS)
treatment.

4.6. Immunohistochemistry

After AFM measurements, tissues were fixed in 4% paraformaldehyde (PFA) solution
for 5 min and washed with 1x PBS at room temperature. Auto-fluorescence was quenched
by adding 0.1% sodium borohydride/1x PBS for 30 min at room temperature. Tissue
was washed 2X for 10 min per wash in 1x PBS solution. Tissue was then blocked in a
solution containing 5% normal donkey serum (NDS; 017-000-121, Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) and 0.1% Triton X-100/1x PBS for 1 h at room
temperature. After blocking, the tissue was placed in primary antibody solution (3%
NDS/0.1% Triton X-100 in 1x PBS) with 20 um collagen-hybridizing peptide (R-CHP, Cy3
Conjugate; 3Helix, Salt Lake City, UT, USA) and 1:100 anti-mouse collagen-1 (Ab6308,
Abcam, Waltham, MA, USA). Samples were covered with paraffin overnight at 4 °C
protected from light. The next day, the tissue was washed 3X for 10 min per wash in 1x
PBS. Tissue was then placed in a secondary antibody solution (1% NDS/0.1% Triton X-100
in 1x PBS) containing 1:400 Donkey anti-mouse Alexa Fluor-488 (715-546-150, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 2 h at room temperature,
protected from light. Tissue was then washed 3X in 1x PBS for 10 min per wash and
mounted in DAPI Fluoromount-G (0100-20, SouthernBiotech, Birmingham, AL, USA) for
confocal imaging.

4.7. Optic Nerve Head Tissue Imaging

Fluorescent optic nerve head tissue images were taken using an Olympus FV-1000
inverted confocal microscope and a 20X or 40X objective.

4.8. Statistical Analysis

All data are presented as mean + 95% C.I. unless otherwise stated. Graphs were
generated, and statistical analyses were conducted using GraphPad Prism version 9.0
(GraphPad Software, San Diego, CA, USA). Normality was assessed using the Shapiro—
Wilk test of normality. If the data demonstrated a normal distribution, we conducted
parametric statistical analyses, such as a t-test and analysis of variance (ANOVA). In cases
wherein the data did not follow a normal distribution, we employed non-parametric tests,
i.e., the Mann-Whitney test and the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test, as specified in the figure legends. Statistical significance was defined as a
p-value of 0.05 or less.
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LK.W. and D.J.C.; writing—original draft preparation, G.O.B.G. and L. K.W.; writing—review and
editing, L.K.W. and D.].C.; supervision, L.K.W. and D.].C.; project administration, D.J.C.; funding



Int. . Mol. Sci. 2023, 24, 17031 10 of 12

acquisition, R.O.B., B.J.D.B., E.S.,, LK.W. and D.J.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research and the APC were funded internally by Stuart Therapeutics, Inc. and from
a VINSE pilot grant awarded to L.K.W. from the Vanderbilt Institute of Nanoscale Science and
Engineering.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of the Vanderbilt University Medical Center (protocol number
M1900126-01; approved 21 November 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: The authors would like to acknowledge Purnima Ghose for her assistance with
cryo-sectioning of rat tissue.

Conflicts of Interest: Authors Robert O. Baratta, Brian ]. Del Buono, and Eric Schlumpf are employed
by the company Stuart Therapeutics, Inc. and participated in the research of the manuscript including
methodology, resources, writing, review, and editing. David J. Calkins is a consultant for Stuart
Therapeutics. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Meek, K M. The Cornea and Sclera. In Collagen: Structure and Mechanics; Fratzl, P., Ed.; Springer: Boston, MA, USA, 2008;
pp- 359-396.

2. Holden, B.A; Fricke, T.R.; Wilson, D.A.; Jong, M.; Naidoo, K.S.; Sankaridurg, P.; Wong, T.Y.; Naduvilath, T.J.; Resnikoff, S. Global
Prevalence of Myopia and High Myopia and Temporal Trends from 2000 through 2050. Ophthalmology 2016, 123, 1036-1042.
[CrossRef] [PubMed]

3.  Guggenheim, J.A.; McBrien, N.A. Form-deprivation myopia induces activation of scleral matrix metalloproteinase-2 in tree shrew.
Investig. Ophthalmol. Vis. Sci. 1996, 37, 1380-1395.

4. Morgan, L.G; French, A.N.; Ashby, R.S.; Guo, X.; Ding, X.; He, M.; Rose, K.A. The epidemics of myopia: Aetiology and prevention.
Prog. Retin. Eye Res. 2018, 62, 134-149. [CrossRef]

5. Morgan, I.G.; Ohno-Matsui, K.; Saw, S.-M. Myopia. Lancet 2012, 379, 1739-1748. [CrossRef] [PubMed]

6.  Wong, T.Y,; Ferreira, A.; Hughes, R.; Carter, G.; Mitchell, P. Epidemiology and Disease Burden of Pathologic Myopia and Myopic
Choroidal Neovascularization: An Evidence-Based Systematic Review. Am. ]. Ophthalmol. 2014, 157, 9-25.e12. [CrossRef]
[PubMed]

7. McBrien, N.A,; Cornell, L.M.; Gentle, A. Structural and Ultrastructural Changes to the Sclera in a Mammalian Model of High
Myopia. Investig. Ophthalmol. Vis. Sci. 2001, 42, 2179-2187.

8. Shen, L.; You, Q.S.; Xu, X.; Gao, E; Zhang, Z.; Li, B.; Jonas, ].B. Scleral Thickness in Chinese Eyes. Investig. Ophthalmol. Vis. Sci.
2015, 56, 2720-2727. [CrossRef] [PubMed]

9.  Norton, T.T,; Rada, J].A. Reduced extracellular matrix in mammalian sclera with induced myopia. Vis. Res. 1995, 35, 1271-128]1.
[CrossRef]

10. Tham, Y.-C,; Li, X.; Wong, T.Y.; Quigley, H.A.; Aung, T.; Cheng, C.-Y. Global Prevalence of Glaucoma and Projections of Glaucoma
Burden through 2040: A Systematic Review and Meta-Analysis. Ophthalmology 2014, 121, 2081-2090. [CrossRef]

11. Steinmetz, ].D.; Bourne, R.R.A ; Briant, P.S.; Flaxman, S.R.; Taylor, HR.B.; Jonas, ].B.; Abdoli, A.A.; Abrha, W.A.; Abualhasan,
A.; Abu-Gharbieh, E.G.; et al. Causes of blindness and vision impairment in 2020 and trends over 30 years, and prevalence of
avoidable blindness in relation to VISION 2020: The Right to Sight: An analysis for the Global Burden of Disease Study. Lancet
Glob. Health 2021, 9, e144—e160. [CrossRef]

12.  Johnson, E.C.; Morrison, ].C.; Farrell, S.; Deppmeier, L.; Moore, C.G.; McGinty, M.R. The Effect of Chronically Elevated Intraocular
Pressure on the Rat Optic Nerve Head Extracellular Matrix. Exp. Eye Res. 1996, 62, 663-674. [CrossRef]

13. Calkins, D.J. Adaptive responses to neurodegenerative stress in glaucoma. Prog. Retin. Eye Res. 2021, 84, 100953. [CrossRef]
[PubMed]

14. Quigley, H.A.; Dorman-Pease, M.E.; Brown, A.E. Quantitative study of collagen and elastin of the optic nerve head and sclera in
human and experimental monkey glaucoma. Curr. Eye Res. 1991, 10, 877-888. [CrossRef] [PubMed]

15. Pijanka, ].K.; Coudrillier, B.; Ziegler, K.; Sorensen, T.; Meek, K.M.; Nguyen, T.D.; Quigley, H.A.; Boote, C. Quantitative Mapping

of Collagen Fiber Orientation in Non-glaucoma and Glaucoma Posterior Human Sclerae. Investig. Ophthalmol. Vis. Sci. 2012, 53,
5258-5270. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ophtha.2016.01.006
https://www.ncbi.nlm.nih.gov/pubmed/26875007
https://doi.org/10.1016/j.preteyeres.2017.09.004
https://doi.org/10.1016/S0140-6736(12)60272-4
https://www.ncbi.nlm.nih.gov/pubmed/22559900
https://doi.org/10.1016/j.ajo.2013.08.010
https://www.ncbi.nlm.nih.gov/pubmed/24099276
https://doi.org/10.1167/iovs.14-15631
https://www.ncbi.nlm.nih.gov/pubmed/25783605
https://doi.org/10.1016/0042-6989(94)00243-F
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1006/exer.1996.0077
https://doi.org/10.1016/j.preteyeres.2021.100953
https://www.ncbi.nlm.nih.gov/pubmed/33640464
https://doi.org/10.3109/02713689109013884
https://www.ncbi.nlm.nih.gov/pubmed/1790718
https://doi.org/10.1167/iovs.12-9705
https://www.ncbi.nlm.nih.gov/pubmed/22786908

Int. . Mol. Sci. 2023, 24, 17031 11 0f12

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Pijanka, ]J.K.; Kimball, E.C.; Pease, M.E.; Abass, A.; Sorensen, T.; Nguyen, T.D.; Quigley, H.A.; Boote, C. Changes in Scleral
Collagen Organization in Murine Chronic Experimental Glaucoma. Investig. Ophthalmol. Vis. Sci. 2014, 55, 6554—6564. [CrossRef]
[PubMed]

Cone-Kimball, E.; Nguyen, C.; Oglesby, E.N.; Pease, M.E.; Steinhart, M.R.; Quigley, H.A. Scleral structural alterations associated
with chronic experimental intraocular pressure elevation in mice. Mol. Vis. 2013, 19, 2023-2039. [PubMed]

Nguyen, C.; Cone, FE.; Nguyen, T.D.; Coudrillier, B.; Pease, M.E.; Steinhart, M.R.; Oglesby, E.N,; Jefferys, J.L.; Quigley, H.A.
Studies of Scleral Biomechanical Behavior Related to Susceptibility for Retinal Ganglion Cell Loss in Experimental Mouse
Glaucoma. Investig. Ophthalmol. Vis. Sci. 2013, 54, 1767-1780. [CrossRef] [PubMed]

Girard, M.J.A,; Suh, J.-K.E; Bottlang, M.; Burgoyne, C.F.,; Downs, J.C. Biomechanical Changes in the Sclera of Monkey Eyes
Exposed to Chronic IOP Elevations. Investig. Ophthalmol. Vis. Sci. 2011, 52, 5656-5669. [CrossRef]

Jonas, R.A.; Holbach, L. Peripapillary border tissue of the choroid and peripapillary scleral flange in human eyes. Acta Ophthalmol.
2020, 98, e43—e49. [CrossRef]

Jonas, ].B.; Jonas, R.A.; Bikbov, M.M.; Wang, Y.X.; Panda-Jonas, S. Myopia: Histology, clinical features, and potential implications
for the etiology of axial elongation. Prog. Retin. Eye Res. 2022, 96, 101156. [CrossRef]

Burgoyne, C.F,; Crawford Downs, J.; Bellezza, A.].; Francis Suh, ] K.; Hart, R.T. The optic nerve head as a biomechanical structure:
A new paradigm for understanding the role of IOP-related stress and strain in the pathophysiology of glaucomatous optic nerve
head damage. Prog. Retin. Eye Res. 2005, 24, 39-73. [CrossRef]

Sun, D.; Lye-Barthel, M.; Masland, R.H.; Jakobs, T.C. The morphology and spatial arrangement of astrocytes in the optic nerve
head of the mouse. J. Comp. Neurol. 2009, 516, 1-19. [CrossRef] [PubMed]

Kim, M.H,; Lim, S.-H. Matrix Metalloproteinases and Glaucoma. Biomolecules 2022, 12, 1368. [CrossRef] [PubMed]

Keeley, EW.; Morin, J.D.; Vesely, S. Characterization of collagen from normal human sclera. Exp. Eye Res. 1984, 39, 533-542.
[CrossRef] [PubMed]

Hernandez, M.R; Luo, X.X; Igoe, F.; Neufeld, A.H. Extracellular Matrix of the Human Lamina Cribrosa. Am. J. Ophthalmol. 1987,
104, 567-576. [CrossRef]

Sorokin, L. The impact of the extracellular matrix on inflammation. Nat. Rev. Immunol. 2010, 10, 712-723. [CrossRef]

May, C.A. The optic nerve head region of the aged rat: An immunohistochemical investigation. Curr. Eye Res. 2003, 26, 347-354.
[CrossRef]

Last, J.A.; Russell, P.; Nealey, PF; Murphy, C.J. The Applications of Atomic Force Microscopy to Vision Science. Investig.
Ophthalmol. Vis. Sci. 2010, 51, 6083-6094. [CrossRef]

Dufréne, Y.F; Ando, T.; Garcia, R.; Alsteens, D.; Martinez-Martin, D.; Engel, A.; Gerber, C.; Miiller, D.J. Imaging modes of atomic
force microscopy for application in molecular and cell biology. Nat. Nanotechnol. 2017, 12, 295-307. [CrossRef]

Sun, M.; Zafrullah, N.; Devaux, F.; Hemmavanh, C.; Adams, S.; Ziebarth, N.M.; Koch, M.; Birk, D.E.; Espana, E.M. Collagen XII Is
a Regulator of Corneal Stroma Structure and Function. Investig. Ophthalmol. Vis. Sci. 2020, 61, 61. [CrossRef]

Last, J.A.; Thomasy, S.M.; Croasdale, C.R.; Russell, P.; Murphy, C.J. Compliance profile of the human cornea as measured by
atomic force microscopy. Micron 2012, 43, 1293-1298. [CrossRef] [PubMed]

John, T.; Patel, A.; Vasavada, A.; Singh, M.; Nath, V.; Cheng, A.M.; Sheha, H. Effect of Trypan Blue on Descemet Membrane
Elasticity. Cornea 2016, 35, 1401-1403. [CrossRef]

Huang, J.; Camras, L.J.; Yuan, F. Mechanical analysis of rat trabecular meshwork. Soft Matter 2015, 11, 2857-2865. [CrossRef]
Batchelor, WM.; Heilman, B.M.; Arrieta-Quintero, E.; Ruggeri, M.; Parel, ].M.; Manns, F.; Cabrera-Ghayouri, S.; Dibas, M.;
Ziebarth, N.M. Measuring the effects of postmortem time and age on mouse lens elasticity using atomic force microscopy. Exp.
Eye Res. 2021, 212, 108768. [CrossRef]

Ziebarth, N.M.; Wojcikiewicz, E.P.; Manns, F.; Moy, V.T; Parel, ] M. Atomic force microscopy measurements of lens elasticity in
monkey eyes. Mol. Vis. 2007, 13, 504-510.

Zhuola, Z.; Barrett, S.; Kharaz, Y.A.; Akhtar, R. Nanostructural and mechanical changes in the sclera following proteoglycan
depletion. Model. Artif. Intell. Ophthalmol. 2018, 2, 14-17. [CrossRef]

Grant, C.A.; Thomson, N.H.; Savage, M.D.; Woon, H.W.; Greig, D. Surface characterisation and biomechanical analysis of the
sclera by atomic force microscopy. J. Mech. Behav. Biomed. Mater. 2011, 4, 535-540. [CrossRef] [PubMed]

Wareham, L.K.; Kuchtey, J.; Wu, H.-J; Krystofiak, E.; Wu, Y.; Reinhart-King, C.A.; Kuchtey, R.W. Lysyl oxidase-like 1 deficiency
alters ultrastructural and biomechanical properties of the peripapillary sclera in mice. Matrix Biol. Plus 2022, 16, 100120. [CrossRef]
Liu, L,; Liu, Y,; Li, T,; Li, L.; Qian, X,; Liu, Z. A feasible method for independently evaluating the mechanical properties of glial LC
and RGC axons by combining atomic force microscopy measurement with image segmentation. . Mech. Behav. Biomed. Mater.
2022, 126, 105041. [CrossRef]

Braunsmann, C.; Hammer, C.M.; Rheinlaender, J.; Kruse, FE.; Schiffer, T.E.; Schlotzer-Schrehardt, U. Evaluation of lamina
cribrosa and peripapillary sclera stiffness in pseudoexfoliation and normal eyes by atomic force microscopy. Investig. Ophthalmol.
Vis. Sci. 2012, 53, 2960-2967. [CrossRef]

McGrady, N.R.; Pasini, S.; Baratta, R.O.; Del Buono, B.J.; Schlumpf, E.; Calkins, D.]. Restoring the Extracellular Matrix: A
Neuroprotective Role for Collagen Mimetic Peptides in Experimental Glaucoma. Front. Pharmacol. 2021, 12, 764709. [CrossRef]
[PubMed]


https://doi.org/10.1167/iovs.14-15047
https://www.ncbi.nlm.nih.gov/pubmed/25228540
https://www.ncbi.nlm.nih.gov/pubmed/24146537
https://doi.org/10.1167/iovs.12-10952
https://www.ncbi.nlm.nih.gov/pubmed/23404116
https://doi.org/10.1167/iovs.10-6927
https://doi.org/10.1111/aos.14206
https://doi.org/10.1016/j.preteyeres.2022.101156
https://doi.org/10.1016/j.preteyeres.2004.06.001
https://doi.org/10.1002/cne.22058
https://www.ncbi.nlm.nih.gov/pubmed/19562764
https://doi.org/10.3390/biom12101368
https://www.ncbi.nlm.nih.gov/pubmed/36291577
https://doi.org/10.1016/0014-4835(84)90053-8
https://www.ncbi.nlm.nih.gov/pubmed/6519194
https://doi.org/10.1016/0002-9394(87)90165-6
https://doi.org/10.1038/nri2852
https://doi.org/10.1076/ceyr.26.5.347.15438
https://doi.org/10.1167/iovs.10-5470
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1167/iovs.61.5.61
https://doi.org/10.1016/j.micron.2012.02.014
https://www.ncbi.nlm.nih.gov/pubmed/22421334
https://doi.org/10.1097/ICO.0000000000000986
https://doi.org/10.1039/C4SM01949K
https://doi.org/10.1016/j.exer.2021.108768
https://doi.org/10.35119/maio.v2i2.65
https://doi.org/10.1016/j.jmbbm.2010.12.011
https://www.ncbi.nlm.nih.gov/pubmed/21396602
https://doi.org/10.1016/j.mbplus.2022.100120
https://doi.org/10.1016/j.jmbbm.2021.105041
https://doi.org/10.1167/iovs.11-8409
https://doi.org/10.3389/fphar.2021.764709
https://www.ncbi.nlm.nih.gov/pubmed/34795592

Int. . Mol. Sci. 2023, 24, 17031 12 0f 12

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Baratta, R.O.; Del Buono, B.J.; Schlumpf, E.; Ceresa, B.P; Calkins, D.J. Collagen Mimetic Peptides Promote Corneal Epithelial Cell
Regeneration. Front. Pharmacol. 2021, 12, 705623. [CrossRef] [PubMed]

Wareham, L.K.; Holden, ].M.; Bossardet, O.L.; Baratta, R.O.; Del Buono, B.J.; Schlumpf, E.; Calkins, D.J. Collagen mimetic peptide
repair of the corneal nerve bed in a mouse model of dry eye disease. Front. Neurosci. 2023, 17, 1148950. [CrossRef]

Kadler, K.E.; Baldock, C.; Bella, J.; Boot-Handford, R.P. Collagens at a glance. J. Cell Sci. 2007, 120, 1955-1958. [CrossRef] [PubMed]
Chattopadhyay, S.; Raines, R.T. Collagen-based biomaterials for wound healing. Biopolymers 2014, 101, 821-833. [CrossRef]
Chattopadhyay, S.; Guthrie, K.M.; Teixeira, L.; Murphy, C.J.; Dubielzig, R.R.; McAnulty, J.E.; Raines, R.T. Anchoring a cytoactive
factor in a wound bed promotes healing. |. Tissue Eng. Regen. Med. 2016, 10, 1012-1020. [CrossRef]

Chattopadhyay, S.; Murphy, C.]J.; McAnulty, ].E,; Raines, R.T. Peptides that anneal to natural collagen in vitro and ex vivo. Org.
Biomol. Chem. 2012, 10, 5892. [CrossRef]

Panwar, P; Butler, G.S.; Jamroz, A.; Azizi, P.; Overall, C.M.; Bromme, D. Aging-associated modifications of collagen affect its
degradation by matrix metalloproteinases. Matrix Biol. 2018, 65, 30—44. [CrossRef]

Kazaili, A.; Abdul-Amir Al-Hindy, H.; Madine, J.; Akhtar, R. Nano-Scale Stiffness and Collagen Fibril Deterioration: Probing the
Cornea Following Enzymatic Degradation Using Peakforce-QNM AFM. Sensors 2021, 21, 1629. [CrossRef]

Moeendarbary, E.; Weber, L.P; Sheridan, G.K.; Koser, D.E.; Soleman, S.; Haenzi, B.; Bradbury, E.J.; Fawcett, J.; Franze, K. The soft
mechanical signature of glial scars in the central nervous system. Nat. Commun. 2017, 8, 14787. [CrossRef]

Tang, V.W. Collagen, stiffness, and adhesion: The evolutionary basis of vertebrate mechanobiology. Mol. Biol. Cell 2020, 31,
1823-1834. [CrossRef]

Hu, Y;; Huang, G; Tian, J.; Qiu, J.; Jia, Y.; Feng, D.; Wei, Z.; Li, S.; Xu, E. Matrix stiffness changes affect astrocyte phenotype in an
in vitro injury model. NPG Asia Mater. 2021, 13, 35. [CrossRef]

Grytz, R. Scleral remodeling in myopia. In Biomechanics of the Eye; Kugler Publications: Amsterdam, The Netherlands, 2018;
p- 383.

Liu, H.H.; Kenning, M.S,; Jobling, A.I; McBrien, N.A.; Gentle, A. Reduced Scleral TIMP-2 Expression Is Associated with Myopia
Development: TIMP-2 Supplementation Stabilizes Scleral Biomarkers of Myopia and Limits Myopia Development. Investig.
Ophthalmol. Vis. Sci. 2017, 58, 1971-1981. [CrossRef] [PubMed]

Gentle, A.; Liu, Y;; Martin, J.E.; Conti, G.L.; McBrien, N.A. Collagen gene expression and the altered accumulation of scleral
collagen during the development of high myopia. J. Biol. Chem. 2003, 278, 16587-16594. [CrossRef] [PubMed]

McBrien, N.A.; Norton, T.T. Prevention of collagen crosslinking increases form-deprivation myopia in tree shrew. Exp. Eye Res.
1994, 59, 475-486. [CrossRef] [PubMed]

Wang, M.; Corpuz, C.C.C. Effects of scleral cross-linking using genipin on the process of form-deprivation myopia in the guinea
pig: A randomized controlled experimental study. BMC Ophthalmol. 2015, 15, 89. [CrossRef] [PubMed]

Mitchell, P.; Hourihan, F.; Sandbach, J.; Jin Wang, J. The relationship between glaucoma and myopia: The blue mountains eye
study. Ophthalmology 1999, 106, 2010-2015. [CrossRef] [PubMed]

Powell, S.; Irnaten, M.; O’Brien, C. Glaucoma—’A Stiff Eye in a Stiff Body’. Curr. Eye Res. 2023, 48, 152-160. [CrossRef]
Kimball, E.C.; Nguyen, C.; Steinhart, M.R.; Nguyen, T.D.; Pease, M.E.; Oglesby, E.N.; Oveson, B.C.; Quigley, H.A. Experimental
scleral cross-linking increases glaucoma damage in a mouse model. Exp. Eye Res. 2014, 128, 129-140. [CrossRef]

Coudrillier, B.; Campbell, I.C.; Read, A.T.; Geraldes, D.M.; Vo, N.T.; Feola, A.; Mulvihill, J.; Albon, J.; Abel, R.L.; Ethier, C.R.
Effects of Peripapillary Scleral Stiffening on the Deformation of the Lamina Cribrosa. Investig. Ophthalmol. Vis. Sci. 2016, 57,
2666-2677. [CrossRef]

Thornton, I.L.; Dupps, W.J.; Sinha Roy, A.; Krueger, R.R. Biomechanical effects of intraocular pressure elevation on optic
nerve/lamina cribrosa before and after peripapillary scleral collagen cross-linking. Investig. Ophthalmol. Vis. Sci. 2009, 50,
1227-1233. [CrossRef] [PubMed]

Hutter, ].L.; Bechhoefer, ]. Calibration of atomic-force microscope tips. Rev. Sci. Instrum. 1993, 64, 1868-1873. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fphar.2021.705623
https://www.ncbi.nlm.nih.gov/pubmed/34483909
https://doi.org/10.3389/fnins.2023.1148950
https://doi.org/10.1242/jcs.03453
https://www.ncbi.nlm.nih.gov/pubmed/17550969
https://doi.org/10.1002/bip.22486
https://doi.org/10.1002/term.1886
https://doi.org/10.1039/c2ob25190f
https://doi.org/10.1016/j.matbio.2017.06.004
https://doi.org/10.3390/s21051629
https://doi.org/10.1038/ncomms14787
https://doi.org/10.1091/mbc.E19-12-0709
https://doi.org/10.1038/s41427-021-00304-0
https://doi.org/10.1167/iovs.16-21181
https://www.ncbi.nlm.nih.gov/pubmed/28384717
https://doi.org/10.1074/jbc.M300970200
https://www.ncbi.nlm.nih.gov/pubmed/12606541
https://doi.org/10.1006/exer.1994.1133
https://www.ncbi.nlm.nih.gov/pubmed/7859823
https://doi.org/10.1186/s12886-015-0086-z
https://www.ncbi.nlm.nih.gov/pubmed/26220299
https://doi.org/10.1016/S0161-6420(99)90416-5
https://www.ncbi.nlm.nih.gov/pubmed/10519600
https://doi.org/10.1080/02713683.2022.2039204
https://doi.org/10.1016/j.exer.2014.08.016
https://doi.org/10.1167/iovs.15-18193
https://doi.org/10.1167/iovs.08-1960
https://www.ncbi.nlm.nih.gov/pubmed/18952911
https://doi.org/10.1063/1.1143970

	Introduction 
	Results 
	Collagen Mimetic Peptide Restores Stiffness of the PPS after MMP-1 
	Collagen Mimetic Peptide Restores Stiffness of the Glial Lamina after MMP-1 
	Collagen Mimetic Peptide Mitigates Collagen Fragmentation 

	Discussion 
	Materials and Methods 
	Animals 
	Tissue Preparation 
	Atomic Force Microscopy 
	Matrix Metalloproteinase Treatment 
	Collagen Mimetic Peptide or Vehicle Treatment 
	Immunohistochemistry 
	Optic Nerve Head Tissue Imaging 
	Statistical Analysis 

	References

