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Background: Since the mechanisms underlying myopic axial elongation have
remained unclear, we examined the effect of neuregulin-1 (NRG-1), an epidermal
growth factor family member, on myopic axial elongation.

Methods: The guinea pigs aged two to three weeks were subjected to bilateral
negative lens-induced axial elongation and received weekly intravitreal injections
into their right eyes of NRG-1 antibody (doses: 5pg, n=8; 10ug, n=8, 20pug, n=9)
or of NRG-1 (doses: 0.05pg, n=8; 0.0lpg, n=9; 0.2ug, n=8), underwent only
bilateral negative lens-induced axial elongation (myopia control group, n=10), or
underwent no intervention (control group, n=10). The contralateral eyes received
corresponding intravitreal phosphate-buffered solution injections. One week after
the last injection, the guinea pigs were sacrificed, the eyeballs were removed, the
thicknesses of the retina and sclera were histologically examined, the expression
of NRG-1 and downstream signal transduction pathway members (ERK1/2 and
PIZK/AKT) and the mRNA expression of NRG-1 in the retina was assessed.

Results: The inter-eye difference in axial length at study end increased (p <0.001)
from the normal control group (-0.02 + 0.09 mm) and the myopia control group
(=0.014+0.09mm) to the low-dose NRG-1 antibody group (—=0.11+ 0.05mm),
medium-dose NRG-1 antibody group (—=0.17 + 0.07 mm), and high-dose NRG-1
antibody group (—0.28 + 0.06 mm). The relative expression of NRG-1, ERK1/2, and
PI3K/AKT in the retina decreased in a dose-dependent manner from the myopia
control group to the NRG-1 antibody groups and the normal control group.
The relative NRG-1 mRNA expression in the retina was higher (p <0.01) in the
myopic control group than in the NRG-1 antibody groups and normal control
group. Scleral and retinal thickness decreased from the normal control group
to the NRG-1 antibody groups to the myopic control group. After intraocular
injection of NRG-1 protein, there was a slight dose-dependent increase in the
difference in axial length between the right and left eye, however not statistically
significantly, from the normal control group (—0.02 + 0.09 mm) to the high-dose
NRG-1 protein group (0.03+ 0.03mm; p =0.12).

Conclusion: Intravitreal NRG-1 antibody application was dose-dependently and
time-dependently associated with a reduction in negative lens-induced axial
elongation in young guinea pigs.
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Introduction

With the marked increases in the prevalence of axial myopia,
pathologic myopia has become one of the most common causes of
irreversible vision impairment and blindness worldwide (1, 2).
The development and progression of myopia are characterized by
axial elongation. A better understanding of the physiology and
pathophysiology of axial elongation is thus warranted. In previous
studies, intraocular or topical application of various molecules has
been found to affect externally induced axial elongation of the
eyes in various animal species, including guinea pigs. These
molecules include dopamine and its agonists and antagonists
(3-9), citicoline (10), fibroblast growth factor (11, 12),
transforming growth factor beta (TGF-f) (13-17), hepatocyte
growth factor (18), insulin-like growth factor (19), atropine (20-
24), amphiregulin (25-28), and others (29, 30). Among these
molecules, low-concentration atropine (0.01%) has recently been
approved by the American Food and Drug Administration for the
prevention of myopia progression in children and adolescents
aged 3 to 17years (20-24). Previous studies have shown that
inhibiting the epidermal growth factor (EGF) receptor through
the intravitreal injection of EGF receptor antibodies notably
decreased the lengthening of the axis in guinea pigs (28). In recent
investigations, intraocular application of antibodies against
amphiregulin, EGE and EGF receptor in young guinea pigs with
lens-induced axial elongation resulted in a decrease of axial
elongation, while the intravitreal application of amphiregulin or
EGF itself led to an increase in axial elongation (26-28, 30).
Amphiregulin belongs to the EGF family.

Neuregulin-1 (NRG-1) as another EGF family member is a ligand
for multiple receptors in the EGF family and binds to erythroblastic
oncogene B (ErbB) 2, ErbB3, and ErbB4. It activates the ErbB signaling
pathway and its downstream signaling pathways, such as the rat
sarcoma virus/extracellular signal-regulated kinase (RAS/ERK) and
phosphatidylinositol-3 kinase/protein kinase B (PI3K/Akt) pathways
(31, 32). Since the effect of other EGF family members, such as EGF,
amphiregulin, betacellulin, epiregulin and epigen, on experimental
ocular elongation has already been examined, we hypothesized that
also NRG-1 may affect negative lens-induced axial elongation.
We therefore conducted this mechanistic study to better understand
the mechanism of myopic axial elongation, and we examined the
effect of intraocularly injected NRG-1 on axial elongation in young
guinea pigs.

Abbreviations: NRG-1, Neuregulin-1; TGF-g, Transforming growth factor beta;
EGF, Epidermal growth factor; ErbB, Erythroblastic oncogene B; RAS, Rat sarcoma
virus; ERK, Extracellular signal-regulated kinase; PI3K, Phosphatidylinositol-3
kinase; Akt, Protein kinase B; PBS, Phosphate-buffered solution; HE, Hematoxylin—

eosin; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Methods

The experimental investigation involved 80 juvenile male
guinea pigs, ranging from 2 to 3 weeks in age, and possessing a
body weight within the range of 100 to 150 grams at the baseline
of the study. The research conducted in this study was subject to
the approval of the Ethics Committee of the Beijing Tongren
Hospital, and it adhered to the principles outlined in the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. These guinea pigs were accommodated in an
environment where the temperature remained constant at 26°C,
and they received a regular supply of food and water. The light and
dark cycles followed a 12-h pattern, with automatic transitions
occurring at 8am and 8 pm, maintaining a luminous intensity
within the range of 450-500 Ix.

Groups of experimental animals
The guinea pigs were divided into 8 groups randomly:

1. The normal control group (n=10) without any intervention;

2. The myopia group (n=10) with binocular negative lens wear;

3. The low-dose NRG-1 antibody group (n =10), in which the
animals wore bilateral negative lenses and received, at weekly
intervals, three intravitreal injections of NRG-1 antibody
(volume 5uL; concentration: 1pg/pl) (Catalog Number:
AF-296-NA, R&D Systems, Minneapolis, MN, USA) at a dose
of 5ug into the right eyes and corresponding intravitreal
injections of phosphate-buffered solution (PBS) (volume 5pL)
into the left eyes;

4. The medium-dose NRG-1 antibody group (n =10), in which
the guinea pigs wore bilateral negative lenses and were given
three intravitreal injections of NRG-1 antibody (10 pug, 5pL;
concentration: 2 pg/pl) into their right eyes at weekly intervals.
The left eyes received intravitreal injections of PBS
(volume 5pL);

5. The high-dose NRG-1 antibody group (n =10), in which the
animals wore bilateral negative lenses and were given three
intravitreal injections of NRG-1 antibody (20pg, 5pL;
concentration: 4 pg/pl) into their right eyes at weekly intervals.
The left eyes received intravitreal injections of PBS
(volume 5pL);

6. The low-dose NRG-1 protein group (n =10), in which the
animals did not wear negative lenses but received three
intravitreal injections of NRG-1 protein (volume 5 puL) (Catalog
Number: 9875-NR, R&D Systems, Minneapolis, MN, USA) at
a dose of 0.05pg (concentration: 0.01 pg/pl) into their right
eyes at weekly intervals. The left eyes received intravitreal
injections of PBS (volume 5pL);

7. The medium-dose NRG-1 protein group (n = 10), in which the
guinea pigs did not wear negative lenses but received three
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intravitreal injections of NRG-1 protein (0.1pg, 5pL;
concentration: 0.02pg/pl) into the right eyes at weekly
intervals. The left eyes received intravitreal injections of PBS
(volume 5pL);

8. The high-dose NRG-1 protein group (n =10), in which the
animals did not wear negative lenses but received three
intravitreal injections of NRG-1 protein (0.2pg, 5pL;
concentration: 0.04 pg/pl) into the right eyes at weekly intervals
and the left eyes received intravitreal injections of PBS
(volume 5pL).

Animals that died or that had developed an injection-related
traumatic cataract or injection-related infectious endophthalmitis
during the study period were excluded. The investigation ultimately
included 70 guinea pigs (control group, n = 10; myopia group, n =10;
low-dose NRG-1 antibody group, n =8; medium-dose NRG-1
antibody group, n =8; high-dose NRG-1 antibody group, n =9;
low-dose NRG-1 protein group, # =8; medium-dose NRG-1 protein
group, n =9; high-dose NRG-1 protein group, n =8).

Negative lens-induced myopization,
intraocular injections, and ocular biometry

The animals underwent examinations both at the study’s baseline
and at weekly intervals. For these evaluations, the animals were
subjected to surface anesthesia, and ultrasound (A/B-mode scan;
oscillator frequency: 11 MHz; Quantel Co., Les Ulis, France) was used
to measure their ocular axial length, anterior chamber depth, lens
thickness, and vitreous cavity length. The sound velocities were
calibrated as 1,557.5m/s for the cornea and aqueous humor,
1,723.3 m/s for the lens, and 1,540 m/s for the vitreous cavity (33). For
subsequent statistical analysis, the mean value was calculated from a
total of 10 measurements.

After these examinations, intravitreal injections were carried
out in the NRG-1 antibody groups and NRG-1 protein groups.
We applied antibiotic eye drops containing ofloxacin (Santen Co.,
Osaka, Japan) before and after each injection. Under the influence
facilitated by 0.5%
hydrochloride eye drops (Alcon Co., Puurs, Belgium), intravitreal

of topical anesthesia proparacaine
injections were administered. The injections were carried out
using Hamilton microneedles (Hamilton-MicroliterTM syringe,
Sigma-Aldrich, St. Louis, MO, USA). The needle was inserted
2mm posterior to the upper limbus, with its tip oriented toward
the posterior pole. The injections were administered once per
week for three weeks. One day after each injection (i.e., on days 1,
8, and 15), the animals were re-examined. On day 22, which was
one week following the third and final injection, the animals
were euthanized.

After the baseline measurements, all guinea pigs except for
those in the control group and the NRG-1 protein groups were
fitted with binocular negative lenses (—10 D). The goggles were
securely attached to the rims of both eyes, as explained in great
detail recently (27, 28, 34). To guarantee that the guinea pigs could
still open their eyes and blink without any restrictions, utmost
caution was taken during the use of the goggles. The goggles
underwent daily inspections to confirm their cleanliness and
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proper positioning. In cases where they were found to be soiled or
misplaced, they were promptly removed and substituted with new
goggles. For each examination and each intravitreal injection, the
goggles were removed and reapplied afterward. The guinea pigs
in both the normal control group and myopia group were
examined and sacrificed at the corresponding time points as those
for the animals in the remaining groups.

Tissue collection

The guinea pigs were sacrificed in deep anesthesia by an
intraperitoneal injection of 1,000 mg/kg urethane as described in
detail previously, and the eyes were enucleated (35). For
histopathological examination, the eyes of three randomly
selected guinea pigs from each of the control group, the myopia
group, and the NRG-1 antibody groups, were collected. The
extracted eyeballs were submerged in 10mL of FAS Eyeball
Fixative Solution (Wuhan Servicebio Technology Co. Ltd., Wuhan,
China) and subsequently embedded in paraffin.

For the examination of the gene expression and for Western
blotting, we used the right eyes of three other guinea pigs from the
control group, the myopia group, and the NRG-1 antibody groups.
Under a microscope, the retina-choroid tissue was meticulously
dissected after carefully removing the cornea, lens, and vitreous.
Throughout this process, all procedures were conducted on ice,
and the collected samples were immediately stored in liquid
nitrogen prior to being transferred to a freezer set at —80°C.

Hematoxylin—eosin (HE) and terminal
deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining

HE and TUNEL staining were performed as described previously
(28). Apoptotic cells in the retinal tissue were identified through
TUNEL staining using the Cell Death Detection Kit from Kaiji
Biotechnology Co. Ltd., Jiangsu, China. Quantification was performed
on the TUNEL-positive cells in the retina by photographing three
sections from each eye. The average count from the three assessments
was documented. On the histological sections, we measured the
thicknesses of the retina and sclera at the posterior pole, at the equator,
and close to the ora serrata under a light microscope (Olympus Co.,
Tokyo, Japan).

Western blotting and real-time PCR

Western blotting and real-time PCR were performed in
accordance with methods consistent with previous investigations
(28). Western blotting was employed to quantify protein
expression levels. Retinal-choroid tissues that were frozen were
homogenized and lysed using a lysis buffer (RIPA, Amresco, Solon
City, OH, USA) that was cold. The lysis buffer was supplemented
with protease inhibitors (Roche, Basel, Switzerland) and
phosphatase inhibitors (Roche, Basel, Switzerland). Following a
conventional procedure, the tissue extracts were subsequently
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transferred onto nitrocellulose membranes after being separated
on 8% SDS-PAGE gels. To block the membranes, a solution of 5%
skim milk in TBST (Tris-HCI, NaCl, and Tween 20) was applied
for a period of two hours. Subsequently, they were sequentially
incubated with primary antibodies overnight and with secondary
antibodies for two hours on the subsequent day. The ECL kit
(Millipore, MA, USA) was used for signal detection, and TotalLab
Quant V11.5 (Newcastle upon Tyne, UK) was used to capture
images. Afterwards, ImageJ (NIH, Maryland, USA) was used to
quantify and analyze the target bands, with glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) acting as an internal control.
The primary antibodies were against NRG-1 (ImmunoWay
YT3054, 1:10,000), ERK1/2 (ImmunoWay YM3516, 1:20,000),
phospho (p)-ERK1/2 (CST, 4377, 1:10,000), PI3K (ImmunoWay
YN5491, 1:10,000), p-PI3K (ImmunoWay YP0224, 1:2,000), AKT
(CST, 9272, 1:20,000), p-AKT (ImmunoWay YP0590, 1:2,000),
and GAPDH (ImmunoWay YM3029, 1:20,000).

The frozen retina-choroid tissues mentioned above were utilized to
analyze the relative expression of NRG-1 mRNA. TRIzol reagent
(Invitrogen, CA, USA) was used to extract RNA from the retina-choroid.
To determine the RNA’ purity, the UV-2450 spectrophotometer from
Shimadzu, Japan was utilized to measure the optical density (OD) value.
The Reverse Transcription System kit (TaKaRa, Japan) was used to
perform reverse transcription on two to three micrograms of RNA. SYBR
Green (TaKaRa, Japan) was used in a 20 pL reaction for quantitative real-
time PCR. The reaction included 1 pL of cDNA, 10 uL of SYBR Green
Mix, 7pL of ddH20, and 1L of each specific primer. The cycling
parameters were set as follows: 95°C for 155, 60°C for 205, and 72°C for
40s. The specificity of the PCR product was confirmed through melting
curve analysis (28). The primers for endogenous GAPDH were as
follows: forward, 5- GGGAAGCTCACAGGTATGGC-3’, and reverse,
5"-TGTCATCGTATTTGGCCGGT-3'. The primers for endogenous
NRG-1wereasfollows: forward,5-AAAGGGCAGGAAGAAGGAGC-3,
and reverse, 5-TGCCGCTGACTCTTGACTTT-3". The relative
expression of each gene in each intervention group as compared with the
control group was determined using the 2"*2“ method.

We measured the relative expression of NRG-1 and the
members of the downstream ERK1/2 and PI3K/AKT and NRG-1
mRNA expression in the retina to get additional information
about the involvement of NRG-1 in the process of axial elongation
and to explore which of the various downstream pathways after
the activation of the EGF receptor by NRG-1 taken.

Statistical analysis

Statistical analysis was performed using SPSS 27.0 software
(SPSS for Windows, version 27.0, IBM-SPSS, Chicago, IL, USA)
and GraphPad Prism 9.4.0 (GraphPad Software, San Diego, CA,
USA). We calculated the mean +standard deviation of the
outcome parameters and assessed the normality of the distribution
of the parameters using the Shapiro-Wilk test. We applied
Levene’s test to assess the homogeneity of variance and paired-
sample Student t tests to examine the statistical significance of the
difference between the left and right eyes of the same animals.
Independent-sample Student t tests were used to examine the
statistical significance of differences between groups of animals.
A pvalue of <0.05 was considered to indicate statistical significance.
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Results

Effect of negative lens-induced myopia on
the axial length of guinea pigs

At baseline, the biometric parameters of axial length, anterior
chamber depth, lens thickness, and vitreous cavity length did not
differ significantly (all p>0.05) between the right eyes and left eyes
within each group or between the groups (Table 1). Axial elongation
was significantly greater in the myopia group than in the control group
(Tables 1, 2; Figure 1). The difference in axial elongation between
groups increased with the length of follow-up. The difference in
right-eye axial length between the myopia group and the control
group was 0.14 £ 0.06 mm at one week of follow-up and increased to
0.31+0.09 mm at three weeks of follow-up (Tables 1, 2). The increase
in axial length was mostly due to an increase in the length of the
vitreous cavity (p <0.001) and was to a lesser extent due to an increase
in lens thickness (p=0.006); the anterior chamber depth (p=0.14) did
not differ significantly between the myopia group and the control
group (Table 1; Figures 1B-D).

Inhibition of negative lens-induced axial
elongation with an NRG-1 antibody

At the end of the treatment period, the right-eye axial length in
the NRG-1 antibody group was significantly lower than that in the
myopia group (myopia group: 8.61+0.09mm; low-dose NRG-1
antibody group: 8.51+0.07mm, p=0.01; medium-dose NRG-1
antibody group: 8.43+0.10 mm, p=0.001; high-dose NRG-1 antibody
group: 8.36+0.07mm, p<0.001) (Table 1). The difference in axial
length between the right eyes and left eyes increased with higher doses
of injected NRG-1 antibody and with a higher number of intraocular
injections (Table 1; Figures 2A,B). After three intravitreal injections,
the axial elongation in the right eyes compared with the left eyes was
significantly reduced in the NRG-1 antibody groups (low-dose NRG-1
antibody group: p=0.017; medium-dose NRG-1 group: p=0.025;
high-dose NRG-1 antibody group: p <0.001). Correspondingly, axial
elongation in the right eyes during the study period was greatest in the
myopia group (0.64+0.10mm), followed by the low-dose NRG-1
antibody group (0.49+0.08 mm) and the medium-dose NRG-1
antibody group (0.44+0.14mm); it was lowest in the high-dose
NRG-1 antibody group (0.37+0.07mm) (Table 2; Figure 2C). The
inter-eye difference in axial length at the study end increased
(p<0.001) from the normal group (—0.02+0.09 mm) and the myopia
control group (—0.01£0.09mm) to the low-dose NRG-1 antibody
group [—0.11+0.05mm; p=0.014 (in comparison to the myopia
group)], medium-dose NRG-1 antibody group [—0.17+0.07 mmy;
p=0.001 (in comparison to the myopia group)], and high-dose NRG-1
antibody group [—0.28 £0.06 mm; p<0.001 (in comparison to the
myopia group)]. There was no significant difference (all p>0.05) in the
axial length of the left eye among the groups (Table 1).

The differences in axial length between the groups were due to
changes in the vitreous cavity length (Table 1). The increase in the
vitreous cavity length (the last measurement minus the baseline
measurement) during the study period was significantly greater in the
myopia group than in the control group (p=0.001). The increases in
vitreous cavity length were significantly smaller in the NRG-1
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TABLE 1 Biometric measurements in each group (mean + standard deviation).

LT (mm) VL (mm)

Control group 10 Right eyes Baseline 1.11 £0.02 3.47 +0.08 3.41+0.09 7.98 +0.04

Study end 1.21 £0.04 3.53 £0.05 3.56 £0.07 8.30 £ 0.05

Left eyes Baseline 1.11 £0.03 3.5+0.09 3.37+0.09 7.98 +0.05

Study end 1.2+0.06 3.55+0.08 3.58 £0.09 8.32£0.10

Myopia group 10 Right eyes Baseline 1.09 £ 0.02 3.48 £ 0.06 3.40 +0.05 7.97 +0.06

Study end 1.24 +0.04 3.62 +£0.08 3.76 £ 0.07 8.61 +0.09

Left eyes Baseline 1.09 +0.04 3.48 +£0.07 3.41£0.08 7.99 £ 0.05

Study end 1.23£0.05 3.65+0.09 3.75+0.09 8.62 +0.08

Low-dose NRG-1 8 Right eyes Baseline 1.09 +0.03 3.47 +0.05 3.45+0.07 8.02 +0.04

antibody group Study end 1.23+0.01 3.61+0.1 3.68 +0.08 8.51 +0.07

Left eyes Baseline 1.06 £ 0.04 3.47 £0.09 3.47+£0.08 8.00 +0.06

Study end 1.22+0.01 3.63+£0.1 3.75+0.08 8.61 +0.09

Medium dose 8 Right eyes Baseline 1.08 £ 0.04 3.48 +0.09 3.44 +0.09 7.99 +0.06

NRG-1 antibody Study end 125 +0.03 3.62+0.07 3.57+0.08 8.43+0.10
group .

Left eyes Baseline 1.07 £ 0.05 3.51 £0.06 3.43£0.06 8.00 £ 0.05

Study end 1.22+£0.03 3.65+0.09 3.73£0.09 8.60 + 0.06

High-dose NRG-1 9 Right eyes Baseline 1.07 +£0.04 3.53+0.08 3.39+0.07 7.99 +0.06

antibody group Study end 122001 3.62+0.04 3.52+0.05 8.36 +0.07

Left eyes Baseline 1.07 +0.05 3.5+0.07 3.43 £0.04 8.00 +0.09

Study end 1.23 +0.04 3.65+0.1 3.77 £0.08 8.64 +0.08

Low-dose NRG-1 8 Right eyes Baseline 1.08 £ 0.04 3.52+£0.06 3.36 £ 0.07 7.96 £ 0.06

ght ey

protein group Study end 1.22 £0.02 3.58 +0.06 3.59+0.11 8.39 +0.06

Left eyes Baseline 1.1+0.03 3.48 £0.11 3.36 £ 0.09 7.97 £0.05

Study end 1.21+0.03 3.59 +£0.08 3.59 £0.08 8.38 £0.05

Medium dose 9 Right eyes Baseline 1.11 £0.02 3.49 £ 0.06 3.39+0.07 7.99 +0.05

NRG-1 protein Study end 1.19 +0.01 3.56 +0.07 3.62+0.1 8.36 + 0.06
group )

Left eyes Baseline 1.11 £ 0.03 3.48+0.1 3.38 +£0.09 7.97 +0.04

Study end 1.2+0.02 3.55+0.09 3.61+£0.11 8.35+0.04

High-dose NRG-1 8 Right eyes Baseline 1.11 £0.02 3.49 +0.05 3.39+0.08 7.98 +0.06

protein group Study end 1.21+0.03 3.57 £0.09 3.60 + 0.04 8.37 +0.06

Left eyes Baseline 1.11 +£0.03 3.47+0.1 3.39 £0.09 7.97 £0.06

Study end 1.22+0.03 3.53+0.1 3.60 £ 0.08 8.34 £ 0.06

AC, anterior chamber; LT, lens thickness; VL, vitreous length; AL, axial length.

antibody groups than in the myopia group, and these attenuation
effects were dose-dependent (Table 1; Figure 2E). The differences in
vitreous cavity length between the right eyes and left eyes were
significantly and dose-dependently elevated in the NRG-1 antibody
groups compared with the myopia group (low-dose NRG-1 antibody
group: p=0.08; medium-dose NRG-1 antibody group: p =0.002; high-
dose NRG-1 antibody group: p=0<0.001) (Table 1; Figure 2F). The
differences in the anterior chamber depth and lens thickness between
the right eyes and left eyes did not differ significantly between the
NRG-1 antibody groups and the myopia group (all p>0.05).

For the NRG-1 protein groups, the inter-eye difference in axial
length (right eye minus left eye) increased, although not significantly,
from the normal control group (inter-eye difference: —0.02+0.09 mm)
to the low-dose NRG-1 protein group (0.00+0.04mm; p=0.49),
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medium-dose NRG-1 protein group (0.01+0.05 mm; p=0.35), and
high-dose NRG-1 protein group (0.03+£0.03mm; p=0.12)
(comparisons conducted with the normal control group) (Table 1;
Figure 2D). The differences in axial length between the right eyes and
the left eyes did not differ significantly within the NRG-1 protein
groups (Tables 1, 2).

Retinal and scleral thickness and NRG-1
antibodies

Histomorphometry revealed that the scleral thickness in the

control group was greatest at the posterior pole (98.4+2.2pm),
followed by the equator (58.6 + 1.2 pm), while it was the lowest at the
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TABLE 2 Mean increase in axial length during the study period in each group (mean + standard deviation) (mm).

Group Right eyes Left eyes P value
Control group (No myopization, no injections) 0.32+0.07 0.34+£0.13 0.59
Myopia group (Myopization, no injections) 0.64 +0.10 0.64 +0.09 0.91
Low-dose NRG-1 antibody group (Myopization, injections of NRG-1 antibody (5 ug)) 0.49 +0.08 0.62 +0.10 0.017
Medium dose NRG-1 antibody group (Myopization, injections of NRG-1 antibody (10 pg)) 0.44+0.14 0.59 +0.10 0.025
High-dose NRG-1 antibody group (Myopization, injections of NRG-1 antibody (20 ug)) 0.37 +£0.07 0.65 +0.13 <0.001
Low-dose NRG-1 protein group (Injections of NRG-1 (0.05 pig), no myopization) 0.43 £ 0.05 0.42 +0.08 0.79
Medium dose NRG-1 protein group (Injections of NRG-1 (0.01 pg), no myopization) 0.38 £0.07 0.38 +0.05 0.91
High-dose NRG-1 protein group (Injections of NRG-1 (0.2 pg), no myopization) 0.39 £0.10 0.37 £0.10 0.78
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FIGURE 1
Negative lens-induced axial elongation in guinea pigs. (A) Axial length of the right eyes in the control group without any intervention and in the myopia
group with binocular negative lens-induced myopization. (B) Anterior chamber depth of the right eyes in the control group without any intervention
and in the myopia group with binocular negative lens-induced axial elongation at the study end. (C) Lens thickness of the right eyes in the control
group without any intervention and in the myopia group with binocular negative lens-induced axial elongation at the study end. (D) Vitreous cavity
length of the right eyes in the control group without any intervention and in the myopia group with binocular negative lens-induced axial elongation at
the study end (*p < 0.05, **p <0.01, ****p < 0.001).

ora serrata (25.1+0.8 pm). The retina was the thickest at the posterior
pole (112.0+3.0pm) and did not differ significantly between the
equator (60.9+1.8um) and the ora serrata (60.1+1.9pum). The
thickness of the sclera and retina at the posterior pole, at the equator,
and close to the ora serrata were significantly lower in the myopia
group than in the control group (all p<0.05) (Figure 3). In both, the
myopia group and the various doses of NRG-1 antibody groups, the
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scleral thickness exhibited the same pattern, with the thickest sclera at
the posterior pole, followed by the equator, and the thinnest at the ora
serrata, showing significant differences in scleral thickness among
these different locations. As for the retina, in all groups, the posterior
pole exhibited the thickest retina, while there were no significant
differences in retinal thickness between the equator and the ora serrata
(Figure 3).
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Inter-eye difference (right eye minus left eye) in axial length. (A) Inter-eye difference in axial length at study end in guinea pigs of the myopia group
(binocular lens-induced myopization) and guinea pigs of the groups with intravitreal injections of NRG-1 antibody at various doses. (B) Inter-eye
difference in axial length in guinea pigs of the various dose NRG-1 antibody groups during the study period. (C) Axial elongation in the right eyes at
study end of guinea pigs of the myopia group (binocular lens-induced myopization) and guinea pigs of the groups with intravitreal injections of NRG-1
antibody at various doses. (D) Inter-eye difference in axial length at study end in guinea pigs of the control group and guinea pigs of the groups with
intravitreal injections of NRG-1 protein at various doses. (E) Elongation of the vitreous cavity in the right eyes of guinea pigs at the end of the follow-up.
(F) Inter-eye difference in vitreous length in guinea pigs at the end of follow-up.
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FIGURE 3
Thicknesses of the sclera and retina at the posterior pole, at the equator, and near the ora serrata in guinea pigs in each group (um) (*p < 0.05,
**p < 0.01).

Comparing the NRG-1 antibody groups with the myopia group,
both the sclera and retina were thicker at the posterior pole (p <0.001
and p =0.10, respectively), and the sclera was also significantly thicker
at the equator (p =0.006), in the low-dose NRG-1 antibody group than
in the myopia group. When comparing the medium and high-dose
NRG-1 antibody groups with the myopia group, the retina and sclera,
measured at the posterior pole, equator and ora serrata, were
significantly thicker in the medium and high-dose NRG-1 antibody
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groups than in the myopia group (Figure 3). Scleral and retinal
thickness increased significantly in a dose dependent manner from
the myopia group to the NRG-1 antibody groups (Figure 3).
Examination of the TUNEL-stained slides revealed no significant
differences in the counts of TUNEL-positive cells at the inner nuclear
layer and outer nuclear layers between the eyes that received
intravitreal NRG-1 antibody injections and the myopia-only eyes.
Similarly, there was no significant differences in the counts of
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FIGURE 4

(A) TUNEL staining in guinea pigs with lens-induced myopia but without any intravitreal applications. (B) TUNEL staining in guinea pigs with lens-
induced myopia combined with intravitreal applications of 20 pg of NRG-1 antibody. (C) TUNEL staining in guinea pigs without lens-induced myopia or
any intravitreal applications. (D) TUNEL staining in guinea pigs with intravitreal applications of 0.2 pg of NRG-1 protein but without lens-induced

myopia

TUNEL-positive cells between the normal control group and the
NRG-1 protein groups (Figure 4).

Inhibition of protein and gene expression
in the NRG-1 antibody groups

The relative expression of NRG-1 and the members of the
downstream ERK1/2 and PI3K/AKT signal transduction pathways in
the retina-choroid tissue was examined by Western blotting. The
relative expression levels of p-ERK1/2, p-PI3K, and p-AKT were
higher (all p<0.05) in the myopia group than in the control group. In
the NRG-1 antibody groups, the relative expression of p-ERK1/2,
p-PI3K, and p-AKT was reduced in a dose-dependent manner
(Figure 5).

Real-time PCR was used to examine NRG-1 mRNA expression in
the retina. The mRNA expression of NRG-1 in control retinas was
standardized to 1 to calculate the relative expression of NRG-1 mRNA
in the retinas of the other groups. The relative retinal NRG-1 mRNA
expression was significantly higher in the myopia group than in the
control group (p<0.01). In the NRG-1 antibody groups, the relative
expression of NRG-1 mRNA was significantly lower than that in the
myopia group (p<0.01). The expression of NRG-1 mRNA gradually
decreased with increasing doses of intraocularly injected NRG-1
antibody (Figure 6).

Discussion

The longitudinal intra-eye comparison and inter-eye comparison
of the current study revealed that bilateral negative lens-induced axial
elongation in young guinea pigs was significantly lower in the eyes
intravitreally injected with NRG-1 antibody than in the contralateral
eyes intravitreally injected with PBS injections. In addition, the axial
elongation was lower in the eyes of young guinea pigs intravitreally
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injected with NRG-1 antibody than in the eyes of young guinea pigs
with negative lens-induced axial elongation but without intraocular
injections. These effects were dose-dependent and time-dependent.
The differences in axial length between the NRG-1 antibody groups
and the myopia group were due to changes in the vitreous cavity
length, while the between-side differences in the anterior chamber
depth and the lens thickness did not differ significantly (all p>0.05)
between the NRG-1 antibody groups and the myopia group. In guinea
pigs with unilateral intravitreal injections of NRG-1 protein, the
differences between the right eyes and the left eyes increased slightly,
but not statistically significantly (p=0.49, p=0.35, p=0.12,
respectively) (Figure 2D). The differences in axial length between the
groups were paralleled by differences in scleral and retinal thickness
(Figure 3). Activation of downstream signaling pathways of ErbB,
such as ERK1/2 and PI3K/AKT, in the retina-choroid tissue of guinea
pigs was linked to the occurrence of negative lens-induced axial
elongation. In contrast, intraocular injections of NRG-1 antibody were
correlated with significant and dose-dependent reductions in ERK1/2
and PI3K/AKT activation as well as attenuated axial elongation. The
relative NRG-1 mRNA expression in the retina was higher in the
myopia group than in the control group. After intravitreal injection of
NRG-1 antibody, the relative expression of NRG-1 mRNA was
reduced in a dose-dependent manner.

The observations made in our study agree with and extend
findings obtained in previous investigations. Research conducted by
Jiang and his team, as well as Dong and his colleagues, has shown that
intravitreal injections of antibodies against amphiregulin (another
member of the EGF family), EGF, and EGF receptor are associated
with dose-related and time-dependent decreases in negative lens-
induced axial elongation in young guinea pigs and that intravitreally
applied amphiregulin or EGF itself leads to an increase in axial
elongation (26-28). Our study extends these observations to NRG-1,
another member of the EGF family.

NRG-1 is a cell adhesion molecule encoded in humans by the
NRGI gene (36, 37). NRG-1 is one of four proteins in the neuregulin
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FIGURE 5

The relative expression levels of NRG-1 and downstream proteins in the retinas of young guinea pigs were assessed across different experimental
conditions: those without any intervention (“Control’), those with bilateral lens-induced myopia ("Myopia“), and those with bilateral lens-induced
myopia receiving repeated intraocular applications of NRG-1 antibody at doses of 5 ug ("Low"), 10 ug ("Medium”), and 20 ug ("High") into the right eye,
while intravitreal applications of PBS were administered into the left eye. The provided p values indicate the statistical significance of differences when
compared to the group of guinea pigs with bilateral lens-induced myopia ("“Myopia”) (*p < 0.05, **p <0.01, ****p < 0.001).
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FIGURE 6
Relative expression of NRG-1 mRNA in the retinas of guinea pigs in different groups. *p <0.05 compared to the control group, #p <0.05 compared to
the myopia group.

family that acts on the EGF family of receptors. It is produced in  unclear. The relatively small number of animals included into the
numerous isoforms by alternative splicing. The various functions of ~ study may have reduced the statistical power to show a statistically
NRG-1 include influences on the normal development of the nervous  significant effect for the NRG-1 protein. In contrast, the intravitreal
system and the heart (38). Inside the eye, NRG-1 is expressed mainly  application of amphiregulin, another EGF family member, has been
in the retinal ganglion cell layer and inner nuclear layer and can  found to lead to a significant increase in axial elongation in young
promote nerve regeneration (39, 40). Associations of NRG-1 with  guinea pigs in a previous study (27).
ocular axial elongation and axial myopia have not yet been described. Our study has several limitations that warrant discussion.
In our study, the reduction in axial elongation associated with the  Firstly, while our experimental study has established an association
intraocularly applied NRG-1 antibody was due primarily to  between NRG-1 signaling and axial elongation, the specifics of the
lengthening of the vitreous cavity (Figure 1). This agrees with the =~ downstream pathway remain unclear. Given that the complex
findings in other studies in which axial elongation affected mostly the ~ regulatory network of myopic axial elongation includes the retina,
length of the vitreous cavity (3-16). The changes in the thickness of  choroid and sclera, future investigations are warranted to examine
the sclera and retina in eyes with a change in axial length observedin ~ the downstream pathway of NRG-1. Second, we did not perform
this study are in agreement with the outcomes of prior clinical and  refractometry and keratometry, so our investigation was based on
experimental research (26-28). alterations and differences in axial length. Comparing the
Previous studies have shown that NRG-1 binds to multiple  biometric readings to refractometric measurements could have
receptors of the EGF family and activates the ErbB signaling pathway  yielded more pertinent findings for our investigation goal, as the
and its downstream PI3K/AKT, MAPK, and other signaling pathways  axial length and axial elongation biometric parameters are the
(31, 32, 41). Correspondingly, in our study, the relative expression of ~ most significant factors associated with complications related to
the downstream signaling pathway members p-ERK1/2, p-PI3K,and =~ myopia. Thirdly, it’s important to note that the sample sizes in our
p-AKT was higher in the myopia group than in the control group,  study were relatively small, which may have limited the statistical
while it was decreased in a dose-dependent manner in the NRG-1 ~ power. However, this limitation could also potentially contribute
antibody groups (Figure 5). These findings further suggest that NRG-1  to reinforcing the conclusion that intravitreally administered
was associated with axial elongation in our study and that the NRG-1 ~ NRG-1 antibodies effectively mitigate axial elongation in young
induced activation of the EGF receptor led to an activation of both ~ guinea pigs with bilateral negative lens-induced axial elongation.
primary downstream signaling pathways of the EGF receptor, i.e.,the ~ Fourth, it's worth acknowledging that histomorphometric
PI3K/Akt/PTEN/mTOR pathway and the RAS/RAF/MEK/ measurements of retinal and scleral thickness could have been
ERK pathway. affected by various factors, such as alterations in blood vessel
After the intraocular injection of the NRG-1 protein, axial  saturation prior to and after enucleation, swelling of tissues
elongation increased in a dose dependent manner slightly, but not  following enucleation, shrinkage of tissues due to fixation, and the
statistically significantly, from the normal control group to the high-  presence of other artifacts related to the preparation of histological
dose NRG-1 protein group. The reason for the stronger blocking effect  slides. Fifth, it’s important to consider that the type of goggles used
on axial elongation by the NRG-1 antibody as compared to the axial ~ for myopic axial elongation might have had an impact on the
elongation increasing effect by the NRG-1 protein have remained  process of axial elongation. The —10-diopter goggles employed in
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our study could yield different effects compared to —4.0-diopter
goggles or diffuser lenses, potentially introducing variability in
the results.

In conclusion, intraocular application of neuregulin-1 antibodies
was associated with dose-dependent reductions in axial elongation in
the eyes of young guinea pigs with negative lens-induced myopization.
These reductions were paralleled by protein expression, gene
expression, and morphometric changes. In contrast, intraocular
injection of NRG-1 protein increased axial elongation.
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