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PURPOSE. To investigate the potential glaucomatous changes caused by scleral cross-
linking (CXL) in a guinea pig form-deprivation (FD) myopia model.

METHODS. Eighty 4-week-old tricolor guinea pigs were divided into four groups: FD only,
genipin CXL only, FD plus CXL, and control. Refractive error, axial length (AL), intraocular
pressure (IOP), and structural and vasculature optic disc changes in optical coherence
tomography (OCT) and OCT angiography (OCTA) were measured at baseline and day
21. CXL efficacy was evaluated by scleral rigidity Young’s modulus values. Histological
and molecular changes in the anterior chamber angle, retina, and sclera were assessed.

RESULTS. Baseline parameters were similar among groups (P > 0.05). The FD plus CXL
group at day 21 had the least increase of AL (0.14 ± 0.08 mm) and highest IOP elevation
(31.5 ± 3.6 mmHg) compared with the FD-only group (AL: 0.68 ± 0.17 mm; IOP: 22.2
± 2.6 mmHg) and the control group (AL: 0.24 ± 0.09 mm; IOP: 17.4 ± 1.8 mmHg) (all
P < 0.001). OCT and OCTA parameters of the optic disc in the FD plus CXL group at
day 21 showed glaucomatous changes and decreased blood flow signals. Sclera rigid-
ity increased in the CXL and FD plus CXL groups. Advanced glycation end products
deposited extensively in the retina, choroid, and sclera of FD plus CXL eyes.

CONCLUSIONS. CXL causes increased IOP and subsequent optic disc, anterior segment, and
scleral changes while inhibiting myopic progression and axial elongation in FD guinea
pig eyes. Therefore, applying CXL to control myopia raises safety concerns.

Keywords: deprivation myopia, intraocular pressure, optical coherence tomography,
glaucoma, scleral cross-linking, genipin

Myopia has emerged as a major public health issue in
east and southeast Asia, with a prevalence of 80% to

90% in young adults, which seems to be related to intensive
educational burden and limited outdoor activity.1 Myopia is
caused by excessive elongation of the eye depending on
genetically and/or visual experience-based scleral changes,
including reduced collagen synthesis, altered collagen fibers
and proteoglycans, and increased matrix metalloproteinase
activity. Myopic eyes have less sclera thickness and dimin-
ished elastic modulus; thus, they become more suscep-
tible to intraocular pressure.2,3 Interventions to control
myopia development and progression include increasing
time outdoors, use of low-dose atropine, and orthokeratol-
ogy. However, none of these interventions prevents contin-
ued expansion of the sclera in both children and adults
with pathological myopia. Scleral reinforcement or strength-
ening to restrict scleral expansion may inhibit ocular axial
elongation and myopic progression. This theory underlies
myopia–posterior scleral reinforcement surgery, which is the
only clinically available treatment for pathological myopia.4,5

However, the safety and the effectiveness of this surgery are
controversial.6

In recent years, scleral cross-linking (CXL) has been
performed to prevent ocular axial elongation in form-
deprivation (FD) myopic guinea pigs, a classical animal
model of myopia, and other animal models. CXL is simi-
lar to posterior sclera reinforcement surgery in principle.
The CXL method enhances scleral biomechanical strength,
inhibiting the growth of form-deprivation myopia (FDM).7–9

Both physical and chemical CXL methods strengthen scleral
biomechanical rigidity without obvious side-effects; there-
fore, it has been suggested that scleral CXL may be a promis-
ing method to control pathological myopia progression.
However, there is a concern that CXL may increase the risk
of glaucoma, as suggested by increased intraocular pressure
(IOP) and more susceptible retinal ganglion cells damage
to IOP fluctuation in mice eyes.10 Moreover, an increased
corneoscleral stiffness may significantly increase IOP spike
magnitudes at the same volumetric change.11 Most impor-
tantly, although few studies investigated the potential risks
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of scleral CXL in animal models, to our knowledge, none has
systemically studied the potential changes in FD plus scle-
ral CXL myopic eyes.12 As we already know, myopic eyes
are more vulnerable and susceptible to IOP. Therefore, to
gain insight into the safety of this treatment for myopia, it
is important to investigate if IOP fluctuation, morphological
optic disc changes, and pathophysiological anterior chamber
changes occur after scleral CXL in myopic eyes.

In this study, we investigated the changes of ocular axial
length (AL), refraction, IOP, and optical coherence tomogra-
phy (OCT) parameter of the optic disc in FDM guinea pigs
with and without sub-Tenon’s injection of the CXL agent
genipin. We also investigated the effect thereof on several
glaucoma-related biomarkers in the sclera, aqueous humor,
and anterior chamber angle at histological and molecular
levels.

MATERIALS AND METHODS

FD Myopia Animal Model

The right eyes of 80 4-week-old tricolor guinea pigs, weigh-
ing 200 to 240 g, were selected as the study eyes. Animals
with congenital cataract, corneal abnormalities, or other
ocular diseases that may affect vision were excluded at base-
line. All animal care and treatment in this study conformed to
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and all experimental protocols were
approved by the Animal Care and Use Committee of China
Medical University. Guinea pigs were randomly divided into
four groups according to the intervention: FD only (n = 20),
CXL only (n = 20), FD plus CXL (n = 20), and control (n =
20). An FDM model was established according to Wang et
al.7 (Fig. 1).

To achieve FD, latex balloons (OuJie CO., LTD, Suzhou,
China) were modified into facemasks that covered only the
right eye of each animal for 3 weeks, leaving the left eye,
nose, mouth, and ears exposed. The facemask was made
of soft, translucent elastic latex (6%–8% light transmission
as measured by the Humphrey Field Analyzer; Carl Zeiss
Meditec, Jena, Germany) with an average thickness of 0.02 ±
0.01 mm. The facemask did not stretch, compress, or restrict
blink movements of the form-deprivation eyes, and it could
be easily applied, negating the need for anesthesia for this
procedure. The eye mask was replaced with a new one daily
in a semi-dark room.

Genipin Scleral CXL Procedure

Sub-Tenon’s injection (29-gauge needle) of 0.10 mL of 0.50%
genipin (FUJIFILM Wako Pure Chemical Industries, Osaka,
Japan) in saline was administered at 3.0 mm behind the
limbus in both the inferonasal and superotemporal quad-

rants of the CXL-only eyes and FD plus CXL eyes (Fig. 1). A
small-incision squint hook was used to spread the genipin
solution to the back of the eyeball to ensure extensive CXL
of the sclera. All injections were administered under light
general anesthesia (intraperitoneal injection of 1% pento-
barbital sodium, 0.33 mL/100 g). The first injection was
administered at day 0 (4 weeks old) and was repeated twice
more at 7-day intervals. In the control group, a sub-Tenon’s
injection of 0.10 mL of saline was administered at 3.0 mm
behind the limbus in both the inferonasal and superotem-
poral quadrants of the right eye with the same strategy.
After the procedure, daily antibiotic eye drops (Levofloxacin;
Shenyang Sinqi Pharmaceutical Co., Ltd., Shenyang, China)
were applied for 3 days.

In Vivo Parameter Measurements

The following measurements were performed at baseline
and at specified intervals: Refractive error was measured
by streak retinoscope (YZ-24 Streak Retinoscope; Suzhou
Liuliu Vision Technology, Suzhou, China) at days 0 and
21. IOP was measured using a TonoLab tonometer (iCare,
Vantaa, Finland) according to the manufacturer’s recom-
mended procedures at days 0, 7, 14, and 21. Ocular AL was
measured by manual mode of A-mode ultrasound (Aviso;
Quantel Medical, Inc., France) at days 0 and 21. Guinea
pig IOP also exhibits diurnal variation, peaking in the early
morning (mean of 25.8 mmHg at ∼9 AM) and decreasing
throughout the day.13 Measurements were performed around
a fixed time each day (9:00 AM–12:00 PM) to avoid the
confounding effects of diurnal rhythms. IOP measurements
in FD eyes showed stable progression from high to low after
removal of the masks. Therefore, 5 seconds after removal
of the blindfold, awake guinea pigs were gently restrained
by hand while three sets of six tonometer readings were
recorded.

The optic disc was measured by spectral domain OCT
(Cirrus HD-OCT 5000; Carl Zeiss Meditec) and OCT angiog-
raphy (OCTA) (Fig. 1) under general anesthesia by inject-
ing 1% luciferin sodium intraperitoneally at days 0 and 21.
The analyzed parameters included morphological changes
of the optic disc, average cup-to-disc ratio (CDR), vertical
CDR, circumpapillary retinal nerve fiber layer (cpRNFL; μm),
disc area (mm2), rim area (mm2), and cup volume (mm3).
The changes of blood flow in optic disc were detected by
Phoenix MICRON fluorescein angiography (Phoenix-Micron,
Bend, OR, USA).

Functional Measurements and In Vitro
Experiments

At day 21, guinea pigs were assigned to undergo functional
examinations under general anesthesia using pentobarbital

FIGURE 1. Establishment of animal models and measurements. (A) A guinea pig undergoing form deprivation. (B) OCT examination based
on the animal bracket. (C) Equipment for stress–strain measurement of the scleral strip. (D) Genipin scleral CXL procedure.
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sodium (intraperitoneal [IP] injection, 35 mg/kg) or to be
euthanized with an overdose of pentobarbital sodium (IP
injection, 150 mg/kg) and enucleated for subsequent exper-
iments. Two micro liter aqueous humor from the right eyes
of the FD-only group, CXL-only group, and FD plus CXL
group (each group, n = 5) was collected. Soluble cluster
of differentiation antigen 44 (sCD44) levels in the aqueous
humor were determined by enzyme-linked immunosorbent
assay (ELISA) kits (NBP2-75154, Novus Biological, Littleton,
CO, USA) according to the manufacturer’s instructions.

For functional examination of aqueous humor outflow,
5 μm of the conjunctiva and lower fascia tissue were cut off
along the cornea to expose the bottom of the sclera and the
blood vessels on the scleral surface. One micro liter 0.4%
trypan blue solution was injected into the anterior chamber
by a 29-gauge needle. Outflow of trypan blue was observed
and recorded under microscope.

Measurement of Scleral Rigidity

Biomechanical measurements were performed based on 40
scleral specimens from the four groups (n = 10 per group).
After removing the external muscles, a scleral strip was
dissected at 2 to 7 mm behind the scleral margin from
the superonasal to superotemporal region. The retina and
choroid were removed using a saline sponge. The strips
(10 mm × 5 mm) were immersed into 0.9% saline solu-
tion for approximately 2 hours and were then placed on
a filter paper for 5 minutes. The thickness of the strips
was determined using a mechanical micrometer caliper. The
dehydrated strips were placed on a computer tension tester
and clamped to ensure that the measurements were taken in
the center. Before the formal experiment, a pre-experiment
was performed to evaluate the computerized tension tester
(Fig. 1). To perform the stress–strain test on the scleral
strips, each strip was subjected to five cycles of deformation-
load testing. Strain was increased linearly at a velocity of 1
mm/min until tissue rupture. The maximum force (N) and
tensile strength (MPa) at rupture were recorded, as well as
the deformation level and elongation level (mm) at the ulti-
mate strain. Young’s modulus E (MPa) was calculated for
the ultimate strain as the gradient of the stress–strain graph
(E = dσ /dε).

Histological Examinations

Five enucleated eyeballs from each group (FD only, CXL
only, and FD plus CXL) were fixed in 4% paraformaldehyde
immediately after euthanasia. After decalcification, paraf-
fin embedding, and sectioning, samples were stained with
hematoxylin and eosin (H&E). Another three enucleated
eyeballs from each group were fixed in 2% glutaraldehyde
for transmission electron microscopy. Thin sections (60–90
nm) were stained with lead citrate and uranyl acetate and
examined under a transmission electron microscope (JEM-
2100; JEOL Ltd., Tokyo, Japan). Electron micrographs of the
collagen fibrils at a magnification of 40,000× were taken
from the center bundle of sclera. Twelve 2 × 2-μm fields
were photographed from 12 electron micrographs of the
three samples in each group.

Immunofluorescence

The retinal, choroidal, and scleral tissues dissected from
the enucleated eyes were fixed and embedded with paraf-

fin. Sections were blocked with 5% bovine serum albu-
min in phosphate-buffered saline for 30 minutes at room
temperature. The samples were incubated with primary anti-
bodies to advanced glycation end products (AGEs), matrix
metalloproteinase-2 (MMP-2), and tissue inhibitor of matrix
metalloproteinase-2 (TIMP-2) overnight at 4°C and incu-
bated with secondary antibodies for 1 hour at room temper-
ature. Controls were included in each experiment with-
out using primary antibodies. Images were captured by an
inverted fluorescence microscope (Nikon Eclipse TE 2000-U
microscope; Nikon, Tokyo, Japan). Apoptosis was quantified
by terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) assay. For double staining, nestin
immunohistochemistry was conducted followed by green
fluorescent protein immunohistochemistry.

Western Blot and Reverse-Transcription
Quantitative Polymerase Chain Reaction

Proteins from scleral tissues taken 5 to 7 mm behind the
angular scleral margin were extracted and separated by
10% SDS-PAGE and then blotted onto polyvinylidenfluo-
ride (PVDF) membranes. After being blocked in 5% non-fat
milk, PVDF membranes were treated with specific primary
antibodies overnight at 4°C. Secondary antibodies were
subsequently used for incubation. An electrochemilumines-
cence kit (Thermo Fisher Scientific, Waltham, MA, USA)
was applied for visualization of the bands. Total RNA was
isolated by TRIzol (Thermo Fisher Scientific) from scleral
tissue at 5 to 7 mm behind the angular scleral margin. cDNA
was synthetized, and SYBR Green (Thermo Fisher Scientific)
was applied for quantitative polymerase chain reaction with
cDNA as templates and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as internal control. Primer sequences
were as follows:

MMP-2 forward: 5′-CAGGACATTGTCTTTGATGGCATCGC-3′

MMP-2 reverse: 5′-TGAAGAAGTAGCTATGACCACCGCC-3′

TIMP-2 forward: 5′-GAGCGAGAAGGAGGTGGATTCCGGG-3′

TIMP-2 reverse: 5′ATGTCAAGAAACTCCTGCTTCGGGGG-3′

Statistical Analyses

Data are presented as mean ± SD. Differences in refrac-
tion, IOP, AL, scleral rigidity, OCT-based optic disc param-
eters, and scleral biomechanical parameters at day 21 were
compared to those of the baseline using the paired-sample t-
test and were compared among the four groups using both t-
test and one-way ANOVA with Bonferroni correction. Differ-
ences in optic nerve head morphology on three-dimensional
(3D) OCT and optic disc blood flow in OCTA were described.
All statistical analyses were performed using SPSS Statis-
tics 18.0 (IBM, Chicago, IL, USA). Statistical significance was
defined as P < 0.05.

RESULTS

FD Myopia Animal Model

Baseline information of the four groups is shown in Table 1.
On average, the eyes of 4-week-old guinea pigs had an aver-
age AL of 7.39 ± 0.14 mm, average IOP of 17.13 ± 2.10
mmHg, and average refraction power of 2.42 ± 1.20 diopters
(D). There were no significant differences in refraction, IOP,
AL, and OCT parameters among the four groups at baseline
(all P > 0.05) (Table 1).
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TABLE 1. General Information and OCT Parameters at Baseline

Group
(n = 12 Each)

Refraction
(D)

IOP
(mmHg)

Axial
Length
(mm)

Average
CDR

Vertical
CDR

cpRNFL
(μm)

Rim Area
(mm2)

Disc Area
(mm2)

Cup
Volume
(mm3)

FD only 2.33 ± 1.25 17.4 ± 2.64 7.39 ± 0.12 0.33 ± 0.99 0.34 ± 0.09 58.6 ± 10.48 0.71 ± 0.09 0.73 ± 0.09 0.03 ± 0.01
CXL only 2.46 ± 0.96 16.8 ± 1.59 7.39 ± 0.10 0.33 ± 0.76 0.33 ± 0.07 58.8 ± 11.66 0.72 ± 0.12 0.74 ± 0.12 0.03 ± 0.01
FD plus CXL 2.78 ± 1.42 17.4 ± 1.98 7.39 ± 0.14 0.34 ± 0.12 0.34 ± 0.13 58.7 ± 7.91 0.71 ± 0.13 0.74 ± 0.14 0.03 ± 0.01
Control 2.50 ± 1.70 16.8 ± 2.25 7.40 ± 0.21 0.33 ± 0.08 0.33 ± 0.08 58.4 ± 12.28 0.70 ± 0.07 0.74 ± 0.09 0.03 ± 0.09
F, P F = 0.04

P = 0.99
F = 0.29
P = 0.83

F = 0.01
P = 0.10

F = 0.03
P = 0.99

F = 0.02
P = 1.00

F = 0.00
P = 1.00

F = 0.03
P = 1.00

F = 0.06
P = 0.98

F = 0.02
P = 1.00

All P > 0.05.

FIGURE 2. Comparison of refraction and axial lengths between baseline and day 21. (A) Parameters of refraction and axial length. (B) There
were different levels of myopic aggravation of refraction in FD-only eyes, FD plus CXL eyes, and control eyes at day 21. (C) Correspondingly,
different increases in axial length were demonstrated. *P < 0.05.

In Vivo Parameter Measurements

By day 21, AL increased significantly in all four groups (FD-
only group: 0.68 ± 0.17 mm; CXL-only group: 0.10 ± 0.05
mm; FD plus CXL group: 0.14 ± 0.08 mm; control group:
0.24 ± 0.09 mm) (all P < 0.001). The AL elongation in the
FD group was significantly greater than in the other three
groups (F = 76.84, P < 0.001). The two genipin CXL groups
had the shortest axial length at day 21 even when compared
with the control group (Fig. 2).

At day 21, there were different levels of myopic aggrava-
tion of refraction in the FD-only group (−4.67 ± 1.12 D), FD
plus CXL group (−0.71 ± 0.66 D), and control group (−1.58
± 0.47 D). However, no myopic aggravation was found in the
CXL-only group (0.08 ± 0.63 D) (Fig. 2), which means the
current sclera cross-linking strategy is effective in preventing
FDM. The FD-only group had the largest myopic refraction
power at day 21 (F = 90.53, P < 0.001). Refraction power
in the FD plus CXL group at day 21 showed no statistically
significant differences when compared with either the CXL-
only group (P = 0.113) or the control group (P = 0.173).

IOP was measured at baseline and at days 7, 14, and 21
(Fig. 3). Compared with baseline, IOP at day 21 in the FD-

only group (22.2 ± 2.6 mmHg), CXL-only group (23.7 ±
2.5 mmHg), and FD plus CXL group (31.5 ± 3.6 mmHg)
increased significantly (all P < 0.001). However, IOP in the
control group was stable from the baseline (17.7 ± 1.8
mmHg) to day 21 (17.4 ± 1.8 mmHg).

Eyes in the FD plus CXL group at day 21 had the biggest
average CDR (0.65 ± 0.06), cpRNFL (67.8 ± 7.3 μm), and cup
volume (0.08 ± 0.015 mm2) and the lowest rim area (0.54 ±
0.1 mm2) compared with those of the baseline (CDR: 0.34 ±
0.12; cpRNFL: 58.7 ± 7.9 μm; cup volume: 0.03 ± 0.01 mm2;
rim area: 0.71 ± 0.13 mm2) and the other three groups at
day 21 (all P < 0.001) (Table 2). Optic disc depression was
observed in 3D-OCT in the FD plus CXL group. Addition-
ally, the optic disc flow signal in both OCTA and fluorescein
sodium angiography decreased visibly at day 21 compared
with baseline in the FD plus CXL group (Fig. 4).

Functional Measurements and In Vitro
Experiments

ELISA results showed that sCD44 levels in the aqueous
humor were significantly higher in the FD-only group
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FIGURE 3. (A) IOP changes of each group and two-way ANOVA results for IOP. (B) The changes in IOP among the four groups over 21-day
follow-up. IOP in FD-only eyes, CXL-only eyes, and FD plus CXL eyes increased significantly compared with the baseline (P < 0.05).

TABLE 2. OCT Parameters of Optic Disc at Day 21

Group
(n = 12 Each) Average CDR Vertical CDR cpRNFL (μm)

Rim Area
(mm2)

Disc Area
(mm2)

Cup Volume
(mm3)

FD only 0.35 ± 0.11* 0.36 ± 0.11 58.8 ± 14.2 0.71 ± 0.11 0.76 ± 0.08 0.03 ± 0.012*

CXL only 0.36 ± 0.13 0.38 ± 0.13 65.3 ± 12.5* 0.65 ± 0.12 0.75 ± 0.12 0.04 ± 0.010*

FD plus CXL 0.65 ± 0.06*† 0.63 ± 0.06*† 67.8 ± 7.3* 0.54 ± 0.10*† 0.82 ± 0.16* 0.08 ± 0.015*†

Control 0.34 ± 0.06 0.34 ± 0.08 58.9 ± 10.5 0.71 ± 0.08 0.76 ± 0.10 0.031 ± 0.009
F, P F = 29.52 F = 21.45 F = 1.92 F = 7.89 F = 0.96 F = 37.95

P < 0.001 P < 0.001 P = 0.14 P < 0.001 P = 0.42 P < 0.001

* Parameters were significantly increased at day 21 compared with those of the baseline.
† Parameters were significantly larger than those in the other three groups at day 21 (P < 0.001).

and FD plus CXL group than in the control group. The
increment in FD plus CXL group was significantly higher
(P < 0.05) (Fig. 5). Slight corneal edema and elevated
IOP were observed by microscopy after 0.2 μL of 0.4%
trypan blue solution was injected into the anterior cham-
ber. Five minutes after injection, blue staining of veins
at limbus was observed in the normal control group,

and a delayed staining at 7 minutes after injection was
observed in the FD plus CXL group. The filling dura-
tion of trypan blue in the super scleral vein in the FD
plus CXL group was shorter than in the control group
(Fig. 6). However, no atresia or stenosis was observed in
the vorticity vein in the eyes of the FD plus CXL group
(Fig. 6).
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FIGURE 4. The angiographic and morphologic characteristics of the
optic disc in FD plus CXL eyes. Compared with baseline, depression
of the optic disc in FD plus CXL eyes at day 21 was observed in
3D-OCT, as well as reduced blood flow signal in both OCTA and
fluorescein sodium angiography.

FIGURE 5. After 3-week intervention, the sCD44 levels in the aque-
ous humor of FD-only eyes and FD plus CXL eyes were significantly
higher than for the control eyes. The increments were more obvious
in FD plus CXL eyes than in FD-only eyes (P < 0.05).

Measurement of Scleral Rigidity

Compared with the other three groups, the FD group had the
lowest Young’s modulus, highest deformation at the maxi-
mum force point, and the maximum elongation rate at day 21
(all P < 0.05). In contrast, there was a statistically significant
increment in the biomechanical parameters of the CXL eyes

in the CXL-only group and FD plus CXL group compared
with the FD and control groups (all P < 0.001) (Table 3).

Histological Examinations

Under light microscopy, the anterior chamber angles of eyes
in the FD group and FD plus CXL group were open, and
no obvious adhesion of the trabecular meshwork and extra-
cellular matrix was observed. In the FD-only eyes, the sclera
thinned significantly, and fewer vessels were observed in the
choroidal layers. In contrast, thicker choroid was observed
in the FD plus CXL eyes, and there was no apparent vessel
density deduction in the choroid (Fig. 7). The scleral colla-
gen fibers in FD-only eyes were scattered and irregularly
distributed in electron micrographs. The scleral collagen
fibers in CXL-only, FD plus CXL, and control eyes were more
regularly distributed and denser than those in FD-only eyes
(Fig. 8).

Expression of MMP-2, TIMP-2, and AGEs

At day 21, paraffin sections showed that AGEs were
deposited extensively in the retina, choroid, and sclera of
the FD plus CXL eyes and were less obviously deposited in
the sclera of the FD-only eyes (Fig. 9). There was almost
no AGE deposition in control eyes. Western blots showed
that MMP-2 and TIMP-2 expression in the scleral tissues was
increased in the FD-only group and FD plus CXL group, as
compared with the control group. MMP-2 expression was
increased more markedly than TIMP-2 expression in FD-only
eyes, and TIMP-2 was increased more markedly than MMP-
2 in FD plus CXL eyes. The same trends were confirmed
by the reverse-transcription PCR and immunofluorescence
(Fig. 10).

DISCUSSION

In this study, axial myopia was induced after FD in guinea
pig eyes. A significant increase in IOP after CXL was
observed in the FD myopic eyes. Sub-Tenon’s injection using
0.50% genipin solution effectively increased scleral hard-
ness and inhibited the development of FDM in the guinea
pigs, consistent with previous reports.7–9,14–16 However, we
showed that experimental alteration of scleral rigidity in FD
guinea pig eyes can increase IOP and cause glaucomatous
changes in the optic disc and sclera at a histological and
molecular level, which has not been reported previously.

FIGURE 6. Five minutes after injection, blue staining of veins at limbus was observed in the control eyes, and a delayed staining at 7 minutes
after injection was observed in FD plus CXL eyes. The filling times of 0.4% trypan blue in super scleral veins in FD plus CXL eyes were
shorter than in the normal control eyes.
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TABLE 3. Thickness and Biomechanical Properties of Sclera in Each Group at Day 21

Groups
(n = 10 Each)

Maximum
Force (N)

Ultimate Stress
(MPa)

Maximum
Elongation
Rate (%)

Young’s
Modulus (MPa)

Scleral Area
(mm2)

Scleral
Thickness (μm)

Scale Distance
(mm)

FD only 1.40 ± 0.10* 5.97 ± 0.35* 20.03 ± 2.33* 30.15 ± 3.75* 0.23 ± 0.00 57 ± 1 5
CXL only 2.46 ± 0.38* 9.95 ± 0.98* 14.85 ± 1.69 67.87 ± 10.94* 0.23 ± 0.00 57 ± 1 5
FD+CXL 2.27 ± 0.16* 9.70 ± 0.55* 14.98 ± 1.18 65.17 ± 6.83* 0.23 ± 0.00 56 ± 2 5
Control 1.77 ± 0.27 7.58 ± 0.81 17.06 ± 1.91 44.71 ± 4.93 0.23 ± 0.00 56 ± 2 5
F, P F = 37.50 F = 69.36 F = 11.67 F = 62.26 F = 0.09 F = 1.26 —

P < 0.001 P < 0.001 P < 0.001 P < 0.001 P = 0.967 P = 0.303

Sclera in the CXL and FD plus CXL groups had similar maximum force values (P = 0.096), which were significantly higher than those
of FD-only eyes and control eyes. All P < 0.001.

* Parameters were statistically different compared to the control group (P < 0.001).

FIGURE 7. Under a light microscope, there was no obvious narrowing of the chamber angle in FD-only eyes and FD plus CXL eyes at day
21. H&E staining showed attenuated blood vessels in the choroid and thinned sclera in the FD eyes versus normal blood vessels and thicker
sclera in the FD plus CXL eyes.

Our data showed that IOP increased either by FD alone
or CXL alone in guinea pig eyes in a time-dependent manner.
Combining FD and CXL caused significant further IOP eleva-
tion than for FD alone or CXL alone. At day 21, the optic discs
of the FD plus CXL guinea pig eyes showed morphologi-
cal changes similar to those of human glaucomatous optic
discs on OCT, as demonstrated by increased mean and verti-
cal CDR, narrowing of the optic disc margin, and signifi-
cantly increased cup volume. In 3D-OCT graphics, charac-
teristic glaucomatous changes were shown in the FD plus
CXL eyes, including reduced or disappeared ring uplift in
the lithosphere, increased cup volume, and deepened optic
disc depression. These manifestations are similar to the clin-
ical reports of glaucoma in human eyes.17–19

Although many studies have demonstrated the efficacy of
scleral CXL in blocking FDM in animal models, to our knowl-
edge none has systemically studied the potential changes
that may be similar to or consistent with glaucoma. Most of
these studies did not measure IOP, nor did they measure
optic disc or histological changes after scleral CXL. OCT

facilitates imaging and studying of the optic disc in animal
models.20–22 Few studies have employed 3D imaging of the
optic disc or OCTA technology to study the details of vessels
around optic discs in animal models. Our study showed that
the optic disc blood flow was significantly reduced in optic
disc angiography performed by Phoenix OCTA in the FD
plus CXL eyes at day 21.

In this study, the mechanism underlying glaucoma-
tous changes in the optic disc of FD plus CXL eyes was
considered to be mainly related to the increased scle-
ral thickness induced by CXL. Scleral stiffness is related
not only to myopia development but also to high IOP
and glaucoma.23–26 IOP may be one of the factors that
promote passive dilation in myopic eyes,1 which has been
confirmed in animal experiments of FDM.27 IOP elevation
can lead to nonlinear deformation of the sclera. Scleral
expansion can relieve the impact of the pressure on the
lamina.27–33 Creep deformation occurs as the IOP contin-
ues to increase.34–37 The mechanical behavior of the sclera
significantly affects the stress and deformation of the lamina,
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FIGURE 8. Electron micrographs of the guinea pig sclera. (A) Scattered and irregularly distributed scleral collagen fibrils in the FD myopic
eyes at day 21 (original magnification, 40,000×). (B) Dense scleral collagen in CXL-only eyes. (C) Scleral collagen in FD plus CXL eyes.
(D) Scleral collagen fibrils in control eyes. (E) Scleral collagen fibril density. (F) Scleral collagen fibril diameter. *P < 0.05; ** P < 0.01.

FIGURE 9. Advanced glycation end products were deposited in the retina, choroid, and sclera of FD plus CXL eyes and in the sclera of
FD-only eyes. The difference was significant compared with the control group (P < 0.05).

which is probably a key mechanical driving factor of glau-
comatous damage to the axons of the retinal ganglion
cells.38,39,40 Some studies have demonstrated that scleral
stiffening, as observed in human glaucoma eyes, is not
a beneficial adaption but is a detrimental contributor to
optic nerve head injury.26,36 CXL causes increased scle-
ral stiffness and reduced deformation ability, as well as
eye elongation. Kimball et al.10 reported that scleral CXL
could increase susceptibility to retinal ganglion cell (RGC)

damage in mice. They injected glyceraldehyde subconjunc-
tivally in mice without FD, then induced a glaucoma model
by injecting beads into the anterior chamber. Although the
study suggested that glyceraldehyde-treated mouse eyes had
greater RGC axon loss due to the elevated IOP induced
by the bead injection, glyceraldehyde exposure alone did
not affect the RGC number, or retinal structure or func-
tion. Hannon et al.12 performed one-time injection of 150 μL
of 15-mM genipin in non-myopic Brown Norway rat eyes.
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FIGURE 10. The expression levels of MMP-2 and TIMP-2 in both the sclera and trabecular meshwork increased in FD and FD plus CXL eyes.
In FD eyes, MMP-2 expression increased markedly compared with TIMP-2 expression. After scleral CXL, the increment of TIMP-2 expression
was more obvious than that of MMP-2.

There was no impact on IOP or retinal function, nor was
there a sustained impact on visual function, although there
was a non-statistically significant axonal loss (9.4% ± 23.8%)
in genipin-injected eyes compared to fellow control eyes.
However, these studies did not clarify whether scleral stiff-
ening could cause glaucoma or glaucomatous changes in
compromised myopic eyes, which are more susceptible to
IOP compared to none myopic eyes. Our study demon-
strated that in FD guinea pig eyes, although the increased
scleral stiffness by CXL can prevent or reduce myopic
changes, it could also cause glaucomatous changes in the
optic disc. Features of glaucomatous changes appeared at
3 weeks after FD plus CXL treatment in guinea pig eyes,
which were further demonstrated by the increased expres-
sion of glaucoma-related markers at a molecular biologi-
cal level. In our study, although no significant apoptosis of
RGCs was observed in the FD plus CXL eyes, AGEs, which
are a typical neurodegenerative marker,41–43 were deposited
extensively in the retina, choroid, and sclera at 3 weeks after
the FD plus CXL treatment. Our data also showed that there
was some AGE deposition in the sclera of FD myopic eyes,
consistent with the mild increase in IOP in the FD eyes.
Our study also showed that sCD44, MMP-2, and TIMP-2,
which are reported to be upregulated in human glaucoma-
tous eyes,44–47 were increased in the aqueous humor or the
scleral tissues, at different levels, in eyes of the FD group

and FD plus CXL group. sCD44 is elevated in the aqueous
humor of primary open-angle glaucoma (POAG) versus non-
POAG eyes,48–50 and its concentration correlates with the
extent of visual field loss in POAG.51 In our study, sCD44
increased significantly in the eyes of both the FD group and
the FD plus CXL group. However, the increment of sCD44
in FD plus CXL eyes was significantly greater than that
in FD eyes, which was consistent with the different incre-
ments of IOP in these two groups. MMPs and TIMPs are
involved in POAG pathogenesis by impairing extracellular
matrix turnover in the trabecular meshwork. Interestingly,
the FD eyes showed a higher MMP-2/TIMP-2 ratio than did
the FD plus CXL eyes, indicating that CXL can cause further
TIMP-2 upregulation in FD eyes. This finding is similar to
the imbalanced increase among MMPs and TIMPs, with a
shift toward raised TIMP levels, found in human glaucoma-
tous aqueous humor samples.46–47,52,53 These manifestations
supported the hypothesis that, although IOP was elevated in
both the FD and the FD plus CXL eyes, increased scleral stiff-
ness in myopic eyes may cause further damage and subse-
quent molecular biological changes leading toward glauco-
matous pathology.

Although the exact mechanism remains unknown, the
outflow reduction in the anterior chamber, tested by trypan
blue staining, and the imbalanced MMP-2/TIMP-2 ratio
indicated that extracellular matrix composition might be
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involved in the pathology. Deduction of scleral expansion
ability, which may lead to higher pressure absorption by
the lamina cribrosa and cause damage to the optic nerve
head, may not be the only explanation for glaucomatous
changes in the FD plus CXL eyes. The deposition of AGEs
in the retina, choroid, and sclera; increased expression of
sCD44 in the aqueous humor; and increased expression
of MMP-2 and TIMP-2 in the scleral tissue suggest that
CXL can cause extensive changes in FD myopic guinea
pig eyes.

The present study demonstrated that CXL may cause
IOP increase and subsequent changes in optic disc, ante-
rior segment, and sclera, along with inhibiting myopic
progression and axial elongation in FD guinea pigs. Caution
should be exercised when extrapolating these conclusions to
humans because there are anatomical differences between
guinea pigs and human beings. Although rodent models
have been developed for many ocular diseases, including
myopia and glaucoma,54,55 some rodents do not have a
non-collagenous lamina cribrosa.56 The guinea pig has a
lamina cribrosa, but its structure is not well studied. The
guinea pig retina is essentially avascular. Moreover, human
sclera, comparatively, is more cross-linked than rodents.10 It
is unknown if additional stiffening of the sclera, induced by
CXL, can cause clinically relevant glaucomatous changes in
human myopic eyes. Although CXL has not been clinically
used on human myopic eyes to slow axial elongation and
myopic progression, posterior scleral reinforcement (PSR)
has been applied in clinics ever since 1930. Xue et al.57

reported modified PSR by using genipin cross-linked donor
sclera on 40 young patients with high myopia. They found
that six patients had 5 mm Hg or higher IOP than the fellow
eye within the first week after surgery but all values were
below 25 mm Hg. The average IOP for the surgery group
was 17.4 ± 3.8 mm Hg, and it was 15.9 ± 2.8 mm Hg for
the fellow eyes. IOP returned to normal without medica-
tion before discharge from the hospital (1 week in hospi-
tal). Another study evaluated the efficacy and safety of a
novel PSR device for myopia suppression in 12 rabbit eyes
and reported slightly transient IOP elevation at postopera-
tive 1 week and 1 month.58 These changes may not be clin-
ically relevant in the short-term follow-up periods but do
highlight the changes in IOP in scleral reinforcement treat-
ment strategies. Moreover, PSR may not affect the recipient’s
lamina cribrosa directly, as scleral cross-linking does.

There are other limitations in this study. General anes-
thesia is required during the multiple genipin injections and
OCT examination, so we used 4-week-old guinea pigs for
the experiment because of the high mortality of anesthesia
in 3-week-old guinea pigs, which are commonly used in the
other studies.7–9 Additionally, due to the lack of large-scale
studies of guinea pig optic discs by OCT, the standard OCT
parameters of normal guinea pig optic discs are not avail-
able. Moreover, comprehensive studies should be performed
to observe the histological and molecular changes in the
anterior and posterior segments of the CXL plus FD eyes.
Further studies are warranted to investigate the long-term
efficacy and safety issue of scleral CXL in myopic eyes.

In conclusion, this is the first report, to the best of our
knowledge, regarding CXL effects on optic disc parameters
in a guinea pig myopia model with FD. CXL causes increased
IOP and subsequent optic disc, anterior segment, and scleral
changes while inhibiting myopic progression and axis elon-
gation in FD guinea pig eyes. Therefore, applying CXL to
control myopia raises safety concerns.
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