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To examine the mechanism of ocular axial elongation in myopia, guinea pigs (age: 2–3 weeks) which either
underwent unilateral or bilateral lens-induced myopization (group 1) or which were primarily myopic at base-
line (group 2) received unilateral intraocular injections of amphiregulin antibody (doses: 5, 10, or 15 μg) three
times in intervals of 9 days. A third group of emmetropic guinea pigs got intraocular unilateral injections of
amphiregulin (doses: 0.25, 0.50 or 1.00 ng, respectively). In each group, the contralateral eyes received intraoc-
ular injections of Ringer's solution. In intra-animal inter-eye comparison and intra-eye follow-up comparison in
groups 1 and 2, the study eyes as compared to the contralateral eyes showed a dose-dependent reduction in axial
elongation. In group 3, study eyes and control eyes did not differ significantly in axial elongation. Immunohisto-
chemistry revealed amphiregulin labelling at the retinal pigment epithelium in eyes with lens-induced
myopization and Ringer's solution injection, but not in eyeswith amphiregulin antibody injection. Intraocular in-
jections of amphiregulin-antibody led to a reduction of lens-induced axial myopic elongation and of the physio-
logical eye enlargement in young guinea pigs. In contrast, intraocularly injected amphiregulin in a dose of ≤1 ng
did not show a significant effect. Amphiregulin may be one of several essential molecular factors for axial
elongation.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The prevalence of high myopia among the young generation has
markedly increased within the last three decades (Morgan et al.,
2012; He et al., 2004; Congdon et al., 2008; Wu et al., 2013; Rudnicka
et al., 2017). Since highmyopia in adults is strongly associatedwithmy-
opic retinopathy and glaucomatous optic neuropathy, myopia has be-
come one of the leading causes of irreversible visual impairment and
blindness (Morgan et al., 2012; Xu et al., 2006, 2007; Chang et al.,
2013; Ohno-Matsui et al., 2015). Procedures to prevent development
or progression of myopia are needed. Although the influence of lifestyle
on the development of myopia in children and teenagers has been
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demonstrated, the basic mechanisms leading to axial myopia as an
overshooting in the process of emmetropization have not yet been
fully explained (Jones et al., 2007; Rose et al., 2008; He et al., 2015).

The process of emmetropization describes the adaptation of the
length of the ocular optical axis to the refractive power of the anterior
segment including cornea and lens. This process, occurring after the
end of the second year of life in humans, mainly involves the sagittal
axis of the eye while the horizontal diameter and the vertical diameter
elongate by a lower amount (Heine, 1899). Until recently, sclera or cho-
roid were thought to be the primary tissues leading to axial elongation
of the eye (Chen et al., 2013; Frost & Norton, 2012; He et al., 2014;
Guo et al., 2014; Li et al., 2015; McBrien et al., 2000; Nickla &
Wallman, 2010; Siegwart & Strang, 2007; Tao et al., 2013; Wang et al.,
2011; Zou et al., 2014). Recent investigations however gave hints that
Bruch's membrane might be the structure which primarily increased
in length and elongated the eye in the process of myopization (Wei et
al., 2013; Jonas et al., 2014; Shen et al., 2016; Jonas et al., 2016, 2017a,
2015a,b, 2017b). Reasons for these assumptions were 1) that the cho-
roid got thinner with increasing axial length (if the sclera was the pri-
mary elongating tissue, the distance between sclera and Bruch's
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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membrane (i.e. thickness of the choroidal space) would become larger)
(Wei et al., 2013); 2) that the optical axis ended at the photoreceptor
outer segments in close vicinity to the retinal pigment epithelium and
Bruch's membrane, and not at the sclera, which is separated from the
photoreceptor outer segments by the spongy choroid with a physiolog-
ically fluctuating thickness of about 250 μm; 3) that the volume of the
sclera was independent of axial length in individuals with an age of
more than two years, so that it was unlikely that an active tissue growth
of the sclera was primarily involved in axial elongation (Shen et al.,
2016); 4) that retinal thickness and retinal pigment epithelium density
in the macular region were independent of axial length (Jonas et al.,
2017a); 5) that the length of the macular Bruch's membrane in any di-
rection was independent of axial length (Jonas et al., 2015a); and 6)
that, subsequently, the axial elongation associated increase in the disc-
fovea distance was due to the development and enlargement of
parapapillary gamma zone (Jonas et al., 2015b). These findings led to
the hypothesis that axial elongation might occur by production of
Bruch's membrane in the retro-equatorial region leading to a decreased
retinal pigment epithelium cell density and retinal thinning in that re-
gion and a more tube-like than spherical enlargement of the globe,
without compromise in the density of the macular retinal pigment epi-
thelium and in macular retinal thickness (Jonas et al., 2017b).

Bruch's membrane is produced by the retinal pigment epithelium.
We here postulate that the molecule directing the retinal pigment epi-
thelium to produce more Bruch's membrane is amphiregulin.
Amphiregulin, also known as AREG, is a member of the epidermal
growth factor family and it is a ligand of the epidermal growth factor re-
ceptor (EGFR), a widely expressed transmembrane tyrosine kinase
(Shoyab et al., 1989; Berasain & Avila, 2014). Encoded by the AREG
gene, amphiregulin is synthesized as a membrane-anchored precursor
protein that can engage in juxtacrine signaling on adjacent cells. After
proteolytic processing by cell membrane proteases amphiregulin is se-
creted and becomes an autocrine or paracrine factor. The expression of
the amphiregulin gene and the release of amphiregulin are induced by
many different stimuli such as inflammatory lipids, cytokines, hor-
mones, growth factors and xenobiotics. If amphiregulin binds to the epi-
dermal growth factor receptor, major intracellular signaling cascades
are activated which govern cell survival, proliferation and motility
(Shoyab et al., 1989; Berasain & Avila, 2014). Amphiregulin has been
detected in many normal tissues including the retinal pigment epitheli-
um, among other tissues such as ovary, testis, placenta, and heart
(Shoyab et al., 1989; Berasain & Avila, 2014; Yan et al., 2007).
Amphiregulin also plays a role in the process of corneal epithelial
wound repair (Zieske et al., 2000).

One has to bear inmind, that the potential role of Bruch'smembrane
in the process of emmetropization and axial elongation is only at the
start of being explored and that studies by Norton, McBrien and others
strongly suggested that it is a stretching of the sclera, caused by changes
in the biomechanical properties of the scleral stroma without a change
in scleral mass and volume, that produces axial globe enlargement in
myopia (Chen et al., 2013; Frost & Norton, 2012; He et al., 2014; Guo
et al., 2014; Li et al., 2015; McBrien et al., 2000). If Bruch's membrane
may not be involved in the regulation of axial elongation, the assess-
ment of a potential role of amphiregulin in axial elongation may still
be interesting since amphiregulin-related pathways in ocular growth
regulation may also include the sclera (Shelton & Rada, 2009).

In a first attempt to test the hypothesis, we performed an experi-
mental study to assess the ability of amphiregulin to mediate ocular
growth. In the experiment, young guinea pigs underwent lens-induced
myopization and the study eyes received intraocular injections of
amphiregulin antibody in various doses. A second group of guinea pigs
which were primarily myopic with a refractive error of at least
−2 diopters at baseline of the study received intraocular injections of
amphiregulin antibody without lens-induced myopization. Finally, we
injected amphiregulin into the eyes of a third group of guinea pigs to as-
sess its effect on the physiological growth of the eyes.
2. Material and Methods

2.1. Experimental Design

2.1.1. Animals
The experimental study included guinea pigs with an age of 2–

3 weeks and a bodyweight of 100–150 g at baseline. The study was ap-
proved by the Ethics committee of the Eye Institute of the Shandong
University of Traditional Chinese Medicine.

The whole batch of animals was divided into several groups:
A-I - Animalswithout lens-inducedmyopization andwithout any in-

tervention (n = 8 animals).
B-II - Animals with bilateral lens-induced myopization and without

any intraocular intervention (n = 5).
C-III - Animals with bilateral lens-induced myopization and with in-

traocular injection of amphiregulin antibody in a dose of 5 μg into the
right eyes and intraocular injection of Ringer's solution into the left
eyes (n = 10).

C-IV - Animals with bilateral lens-inducedmyopization andwith in-
traocular injection of amphiregulin antibody in a dose of 10 μg into the
right eyes and intraocular injection of Ringer's solution into the left eyes
(n = 13).

C-V - Animals with bilateral lens-induced myopization and with in-
traocular injection of amphiregulin antibody in a dose of 15 μg into the
right eyes and intraocular injection of Ringer's solution into the left eyes
(n = 10).

D-VI - Animals with lens-induced myopization of the right eyes and
with intraocular injection of Ringer's solution into the right eyes (n =
5).

D-VII - Animals with lens-inducedmyopization of the right eyes and
with intraocular injection of amphiregulin antibody in a dose of 5 μg
into the right eyes (n = 5).

D-VIII - Animalswith lens-inducedmyopization of the right eyes and
with intraocular injection of amphiregulin antibody in a dose of 10 μg
into the right eyes (n = 5).

D-IX - Animals with lens-induced myopization of the right eyes and
with intraocular injection of amphiregulin antibody in a dose of 15 μg
into the right eyes (n = 5).

E-X - Animals which were primarily myopic at baseline with a re-
fractive error of at least −2 diopters, without additional lens-induced
myopization, and with unilateral intraocular injection of amphiregulin
antibody in a dose of 20 μg into the right eyes and injection of Ringer's
solution into the left eyes (n = 6).

F-XI - Animals without lens-induced myopization and with intraoc-
ular injection of amphiregulin in a dose of 0.25ng into the right eyes and
intraocular injection of Ringer's solution into the left eyes (n = 6).

F-XII - Animals without lens-inducedmyopization andwith intraoc-
ular injection of amphiregulin in a dose of 0.50ng into the right eyes and
intraocular injection of Ringer's solution into the left eyes (n = 6).

F-XIII - Animals without lens-induced myopization and with intra-
ocular injection of amphiregulin in a dose of 1.00 ng into the right
eyes and intraocular injection of Ringer's solution into the left eyes
(n = 6).

At baseline of the study and each follow-up examination, the ani-
mals underwent measurement of body weight and sonographic ocular
biometry (A/B-mode scan; oscillator frequency: 11 MHz; Quantel Co.,
Les Ulis, France) for measurement of the anterior chamber depth, lens
thickness, vitreous cavity length and total sagittal length.

For animals undergoing lens-induced myopization, goggles with a
refractive power of −10 diopters were glued onto the orbital rim of
both eyes in guinea pigs with bilateral myopization or on the right
eyes in guinea pigs with unilateral myopization. Two weeks later, the
goggles were removed, and ofloxacin containing antibiotic eye drops
(ChenXin, Chen Xin Pharmaceutical Co. Ltd., Jining, China)were applied
three times per day. The next day, biometry for both eyes was repeated
and the intravitreal injections were performed. These injections either
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contained amphiregulin antibody (in doses of 5 μg, 10 μg, or 15 μg, re-
spectively; volume: 5 μ) (Catalog Number: AF989; Accession #
P31955; R&D Systems, Bio-Techne Co., Minneapolis, Minnesota, USA)
or Ringer's solution (volume: 5 μ) (Otsuka, China Otsuka Pharmaceuti-
cal Co., Ltd., Tianjin, China). The antibody preparation to amphiregulin
was carried out in goats, by immunization with the mouse
amphiregulin-precursor sequence, Ser94 à Lys191. According to the
supplier's brochure, it neutralized the biological activity of
amphiregulin, with the amino acid sequences of mice and guinea pigs
amphiregulins being similar. In sandwich immunoassays, b1% cross-re-
activity with recombinant human Amphiregulin was observed. The in-
jections were performed using Hamilton micro needles (Hamilton®
Microliter™ syringe, removable needle 701 ASRN, volume 10 μL, needle
size 23s–26s ga (cone tip), needle L 43 mm; Sigma-Aldrich, St. Louis,
MO, USA) after the periorbital region and the ocular surface had been
disinfected by an iodine containing solution and after the periorbital re-
gion had been covered with a sterile drape. The injections were per-
formed between the corneal limbus and the equator of the eyes and
were aimed towards the posterior pole of the eyes. At the first day
after the injection, the same antibiotic eye drops were re-applied
three times per day, before the goggles were re-fixed. After an interval
of 9 days, the goggles were removed and antibiotic eyes drops were
again applied three times per day, before the next day, 9 days after the
last injection, biometry and the same injection were repeated. The fol-
lowing day, antibiotic eyes drops were again given three times, before
the goggles were re-applied for another period of 9 days. Applying
and removal or wearing of the goggles did not lead to an infection or
inflammation.

Another group of animals did not undergo lens-induced
myopization and received intraocular injections either of amphiregulin
antibody (dose of 20 μg) or of amphiregulin (Catalog Number: 989-AR,
R&D Systems, Bio-Techne Co., Minnesota, U.S.A.) into the right eyes and
intraocular injections of Ringer's solution into the left eyes. The
amphiregulin protein preparation had a purity of N97% and the effective
dose ED50 was 5–20 ng/mL as measured in a cell proliferation assay
using Balb/3T3 mouse embryonic fibroblast cells. The source was E.
coli-derived Ser94-Lys191, and the predicted molecular mass was
11.3 kDa. The applied doses of amphiregulin were 0.25 ng (concentra-
tion: 50 ng/mL; volume: 5 μL), 0.50 ng (concentration: 100 ng/mL; vol-
ume: 5 μL), and 1.00 ng (concentration: 200 ng/mL; volume: 5 μL),
respectively. The injections were started at 2 weeks after baseline and
were repeated three times in an interval of 7 days. The animals were
sacrificed 7 days after the fourth injection.

To explore the change of the thickness of sclera, a final biometrywas
carried out and the animals were sacrificed at 9 days after the last injec-
tion. The globes were harvested and three eyes of each group were pre-
pared for light microscopical examination with Periodic Acid-Schiff
(PAS) staining. For the light microscopical examination, the eyes were
fixed in a solution containing 20% formaldehyde, 28.5% alcohol and
20% acetic acid. The globes were dehydrated in 50%, 70%, 80% alcohol,
each for 1 h once, and 95% alcohol for 30 min twice, 100% alcohol for
20 min twice, xylene for 20 min twice, and then embedded in paraffin.
Slides of a thickness of 8 μm were obtained which were stained by
PAS according to the producer's manual (Solarbio Co., Beijing, China).
Briefly, sections were treated with 0.5% periodic acid solution for
6 min and rinsed with distilled water for 5 min. In a dark chamber, sec-
tions were treatedwith Schiff solution for 10–20min. After rinsingwith
distilled water, sections were counterstained with hematoxylin for 1–
2 min and then rinsed with acidic ethanol solution for 2–5 s. After rins-
ing with distilled water again, dehydrated in alcohol and rinsed in xy-
lene, and then solided with neutral balsam.

2.1.2. Quantitative Real-time PCR
Total RNA was extracted from tissues or cultured cells using Trizol

reagent (Invitrogen, 15596026, CA, USA), and 1–2 μg of RNA was used
for reverse transcription using a Reverse Transcript kit (Takara, 6210A,
Japan). Quantitative real-time PCR (qRT-PCR) analysis was performed
using the SYBR Green I Master kit (Roche, 4707516001, Switzerland).
Diluted cDNA was used in a 20 μL real-time PCR reaction in duplicate
for each gene. Cycle parameterswere 95 °C for 5min hot start and 45 cy-
cles of 95 °C for 5 s, 55 °C for 10 s and 72 °C for 20 s. Blank controls with
no cDNA templates were performed to rule out contamination. The
specificity of the PCR product was confirmed by melting curve analysis.
Primers for endogenous amphiregulin were: forward seq., 5′-
ACGGGGAGTGCAAATACCTG-3′, reverse seq., 5′-
TTCACCGAAAGGAGACCAGC-3′. Primers for endogenous EGFR were:
forward seq., 5′-CACAACTCATGCCCTTTGGC-3′, reverse seq., 5′-
TGACTCCGTAGCTCCAGACA-3′. Primers for endogenous Beta-actin
were: forward seq., 5′-ACCCCAAGGCCAACCGTGAGAAGATG-3′, reverse
seq., 5′-CTCGGCCGTGGTGGTGAAACTGTAGC-3′. The expression levels
of all genes were normalized to that of the house keeping gene beta-
actin. Relative gene expression levels were calculated by the formula
2−△Ct, where △Ct (Critical threshold) = Ct of genes of interest – Ct of
beta-actin. For analysis of retina tissues, fold changes of gene expression
levels in test groups relative to corresponding normal control groups
were calculated by 2−△Ct method as previously described (Guo et al.,
2014).

2.1.3. Light-microscopical Histomorphometry
The slides prepared for light-microscopical examination were digi-

tized and morphometrically analyzed using the planimetric program
Motic Med 6.0 (Xiamen Motic Software Engineering Co. Ltd., Xiamen,
China).

2.1.4. Immunohistochemistry
The eyes were embedded in cryo glue (SLEEMedical GmbH, Germa-

ny), stored at−80 °C and sectioned vertically at 6 μm.The sectionswere
blocked for 1 h in 5% bovine serum albumin (BSA) containing 0.5% Tri-
ton X-100 in PBS at room temperature, and then were incubated with
the primary antibodies: rabbit anti-amphiregulin antibody (bs-3847R,
Bioss, China), which diluted in the blocking solution overnight at 4 °C.
Then the secondary antibodies were used for immunofluorescence for
2 h: goat anti-rabbit IgG H&L 555 (1:400 dilution; ab150078, Abcam,
US). The nuclear staining was conducted with 40,6-diamidino-2-
phenylindole (DAPI, 1 lg/mL) counterstaining for 20 min. The sections
were observed using a LSM 780 laser confocal microscope (Zeiss, Ger-
many) with a 63 oil-immersion objective. In each image, laser light
levels and detector gain and offset were adjusted to avoid any saturated
levels.

2.2. Statistical Analysis

A commercially available statistical software package (SPSS forWin-
dows, version 22.0, IBM-SPSS, Chicago, IL) was used for the statistical
analysis. We first calculated the mean and standard deviations of the
main outcome parameters, i.e. the biometric parameters. The normal
distribution of the values of the parameters was examined using the
Kolmogorov-Smirnov-test. Applying student t-test for paired samples,
we then compared the measurements obtained in the study eyes with
the measurements made in the contralateral eyes. We used student-t-
test for unpaired samples when we compared the measurements ob-
tained in animals of different groups. All P-values were 2-sided and
were considered statistically significant when the values were b0.05.

3. Results

3.1. Changes in Axial Length

In animals without lens-induced myopization and without any in-
tervention, mean axial length increased from 7.95 ± 0.11 mm
(mean ± standard deviation) (treated (right) eyes) and from 7.92 ±
0.10 mm (untreated (left) eyes) at baseline to 8.66± 0.09mm (treated



Table 1
Sonographic biometric measurements (mean ± standard deviation).

Parameter n
Vitreous cavity
length (mm)

Anterior chamber
depth (mm)

Lens thickness
(mm)

Axial length
(mm)

Animals without lens-induced
myopization and without
any intervention

Right eyes Baseline 8 3.47 ± 0.08 1.16 ± 0.06 3.31 ± 0.06 7.95 ± 0.11
1st injection 8 3.56 ± 0.06 1.21 ± 0.06 3.51 ± 0.06 8.28 ± 0.09
2nd injection 8 3.59 ± 0.04 1.21 ± 0.10 3.65 ± 0.11 8.45 ± 0.06
3rd injection 8 3.60 ± 0.06 1.29 ± 0.07 3.69 ± 0.09 8.58 ± 0.09
Study end 8 3.66 ± 0.09 1.29 ± 0.08 3.72 ± 0.11 8.66 ± 0.09

Left eyes Baseline 8 3.44 ± 0.07 1.16 ± 0.09 3.32 ± 0.08 7.92 ± 0.10
1st injection 8 3.55 ± 0.06 1.19 ± 0.07 3.54 ± 0.09 8.27 ± 0.09
2nd injection 8 3.62 ± 0.07 1.21 ± 0.08 3.63 ± 0.09 8.46 ± 0.06
3rd injection 8 3.63 ± 0.06 1.25 ± 0.05 3.71 ± 0.09 8.59 ± 0.10
Study end 8 3.64 ± 0.10 1.23 ± 0.09 3.80 ± 0.14 8.67 ± 0.09

Animals wearing glasses on
both eyes without any other
intervention

Right eyes Baseline 5 3.50 ± 0.09 1.13 ± 0.05 3.31 ± 0.08 7.94 ± 0.13
1st injection 5 3.67 ± 0.09 1.21 ± 0.08 3.55 ± 0.09 8.43 ± 0.15
2nd injection 5 3.70 ± 0.08 1.19 ± 0.05 3.66 ± 0.18 8.55 ± 0.11
3rd injection 5 3.77 ± 0.08 1.18 ± 0.03 3.78 ± 0.14 8.73 ± 0.14
Study end 5 3.80 ± 0.09 1.22 ± 0.06 3.85 ± 0.13 8.86 ± 0.10

Left eyes Baseline 5 3.49 ± 0.08 1.11 ± 0.06 3.31 ± 0.22 7.90 ± 0.20
1st injection 5 3.61 ± 0.06 1.23 ± 0.05 3.55 ± 0.09 8.39 ± 0.12
2nd injection 5 3.68 ± 0.03 1.20 ± 0.10 3.68 ± 0.14 8.57 ± 0.16
3rd injection 5 3.74 ± 0.05 1.23 ± 0.03 3.74 ± 0.13 8.71 ± 0.14
Study end 5 3.76 ± 0.05 1.26 ± 0.07 3.86 ± 0.10 8.88 ± 0.08

Animals wearing glasses on
both eyes plus intraocular
injection of 5 μg of
amphiregulin antibody into
the right eyes and of Ringer's
solution into the left eyes

Right eyes Baseline 10 3.51 ± 0.09 1.09 ± 0.06 3.29 ± 0.10 7.89 ± 0.07
1st injection 10 3.66 ± 0.15 1.14 ± 0.04 3.52 ± 0.14 8.33 ± 0.13
2nd injection 10 3.74 ± 0.12 1.18 ± 0.04 3.56 ± 0.10 8.48 ± 0.05
3rd injection 10 3.74 ± 0.08 1.21 ± 0.04 3.67 ± 0.09 8.62 ± 0.07
Study end 10 3.75 ± 0.03 1.21 ± 0.02 3.78 ± 0.07 8.73 ± 0.05

Left eyes Baseline 10 3.52 ± 0.11 1.11 ± 0.04 3.27 ± 0.09 7.89 ± 0.08
1st injection 10 3.62 ± 0.10 1.19 ± 0.04 3.57 ± 0.06 8.38 ± 0.06
2nd injection 10 3.71 ± 0.09 1.20 ± 0.03 3.57 ± 0.11 8.48 ± 0.11
3rd injection 10 3.69 ± 0.06 1.26 ± 0.06 3.72 ± 0.07 8.67 ± 0.06
Study end 10 3.74 ± 0.07 1.25 ± 0.03 3.84 ± 0.09 8.82 ± 0.04

Animals wearing glasses on
both eyes plus intraocular
injection of 10 μg of
amphiregulin antibody into
the right eyes and of Ringer's
solution into the left eyes

Right eyes Baseline 13 3.48 ± 0.06 1.15 ± 0.10 3.28 ± 0.14 7.91 ± 0.14
1st injection 13 3.62 ± 0.12 1.22 ± 0.07 3.52 ± 0.10 8.38 ± 0.08
2nd injection 13 3.68 ± 0.12 1.23 ± 0.05 3.59 ± 0.10 8.50 ± 0.08
3rd injection 13 3.71 ± 0.15 1.22 ± 0.06 3.72 ± 0.13 8.64 ± 0.10
Study end 13 3.69 ± 0.12 1.22 ± 0.08 3.80 ± 0.11 8.70 ± 0.12

Left eyes Baseline 13 3.49 ± 0.07 1.14 ± 0.09 3.22 ± 0.14 7.86 ± 0.14
1st injection 13 3.65 ± 0.07 1.21 ± 0.07 3.52 ± 0.11 8.39 ± 0.10
2nd injection 13 3.67 ± 0.10 1.21 ± 0.07 3.70 ± 0.13 8.57 ± 0.14
3rd injection 13 3.70 ± 0.10 1.26 ± 0.06 3.79 ± 0.09 8.76 ± 0.11
Study end 13 3.78 ± 0.14 1.27 ± 0.07 3.85 ± 0.09 8.89 ± 0.16

Animals wearing glasses on
both eyes plus intraocular
injection of 15 μg of
amphiregulin antibody into
the right eyes and of Ringer's
solution into the left eyes

Right eyes Baseline 10 3.47 ± 0.12 1.27 ± 0.06 3.22 ± 0.18 7.96 ± 0.23
1st injection 10 3.59 ± 0.12 1.27 ± 0.04 3.50 ± 0.07 8.36 ± 0.08
2nd injection 10 3.64 ± 0.10 1.30 ± 0.03 3.62 ± 0.07 8.55 ± 0.09
3rd injection 10 3.61 ± 0.12 1.27 ± 0.06 3.71 ± 0.09 8.59 ± 0.10
Study end 10 3.63 ± 0.13 1.28 ± 0.06 3.65 ± 0.12 8.56 ± 0.10

Left eyes Baseline 10 3.45 ± 0.10 1.26 ± 0.07 3.23 ± 0.17 7.93 ± 0.20
1st injection 10 3.58 ± 0.09 1.27 ± 0.04 3.49 ± 0.10 8.34 ± 0.09
2nd injection 10 3.62 ± 0.10 1.28 ± 0.02 3.64 ± 0.07 8.54 ± 0.09
3rd injection 10 3.77 ± 0.18 1.31 ± 0.03 3.70 ± 0.13 8.78 ± 0.10
Study end 10 3.88 ± 0.28 1.32 ± 0.03 3.74 ± 0.09 8.94 ± 0.24

Animals wearing glasses on
the right eyes plus
intraocular injection of
Ringer's solution into the
right eyes

Right eyes Baseline 5 3.42 ± 0.12 1.18 ± 0.07 3.37 ± 0.08 7.96 ± 0.14
1st injection 5 3.62 ± 0.14 1.32 ± 0.07 3.46 ± 0.24 8.40 ± 0.28
2nd injection 5 3.57 ± 0.06 1.27 ± 0.02 3.61 ± 0.09 8.45 ± 0.13
3rd injection 5 3.54 ± 0.10 1.24 ± 0.06 3.79 ± 0.18 8.58 ± 0.18
Study end 5 3.68 ± 0.13 1.24 ± 0.07 3.78 ± 0.14 8.70 ± 0.18

Left eyes Baseline 5 3.37 ± 0.08 1.16 ± 0.10 3.38 ± 0.08 7.91 ± 0.08
1st injection 5 3.51 ± 0.10 1.30 ± 0.05 3.47 ± 0.15 8.27 ± 0.17
2nd injection 5 3.53 ± 0.08 1.31 ± 0.03 3.52 ± 0.17 8.37 ± 0.17
3rd injection 5 3.58 ± 0.06 1.29 ± 0.07 3.62 ± 0.19 8.48 ± 0.15
Study end 5 3.57 ± 0.11 1.26 ± 0.07 3.75 ± 0.10 8.58 ± 0.09

Animals wearing glasses on
the right eyes plus
intraocular injection of 5 μg
of amphiregulin antibody
into right eyes

Right eyes Baseline 5 3.48 ± 0.11 1.24 ± 0.09 3.37 ± 0.19 8.09 ± 0.09
1st injection 5 3.72 ± 0.13 1.21 ± 0.06 3.68 ± 0.03 8.61 ± 0.16
2nd injection 5 3.73 ± 0.13 1.27 ± 0.06 3.68 ± 0.03 8.67 ± 0.11
3rd injection 5 3.66 ± 0.14 1.30 ± 0.08 3.76 ± 0.15 8.72 ± 0.09
Study end 5 3.70 ± 0.11 1.29 ± 0.02 3.86 ± 0.06 8.83 ± 0.12

Left eyes Baseline 5 3.48 ± 0.07 1.23 ± 0.10 3.37 ± 0.19 8.08 ± 0.12
1st injection 5 3.52 ± 0.06 1.23 ± 0.05 3.76 ± 0.12 8.51 ± 0.10
2nd injection 5 3.64 ± 0.12 1.28 ± 0.06 3.72 ± 0.07 8.64 ± 0.13
3rd injection 5 3.58 ± 0.21 1.26 ± 0.08 3.86 ± 0.15 8.70 ± 0.17
Study end 5 3.57 ± 0.12 1.24 ± 0.12 3.92 ± 0.21 8.73 ± 0.08

Animals wearing glasses on
the right eyes plus
intraocular injection of 10 μg

Right eyes Baseline 5 3.43 ± 0.11 1.24 ± 0.05 3.28 ± 0.10 7.96 ± 0.13
1st injection 5 3.57 ± 0.12 1.30 ± 0.05 3.53 ± 0.21 8.40 ± 0.22
2nd injection 5 3.57 ± 0.05 1.31 ± 0.04 3.55 ± 0.13 8.44 ± 0.11

(continued on next page)
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Table 1 (continued)

Parameter n
Vitreous cavity
length (mm)

Anterior chamber
depth (mm)

Lens thickness
(mm)

Axial length
(mm)

of amphiregulin antibody
into the right eyes

3rd injection 5 3.61 ± 0.06 1.15 ± 0.14 3.79 ± 0.08 8.56 ± 0.10
Study end 5 3.47 ± 0.12 1.23 ± 0.15 3.81 ± 0.30 8.51 ± 0.10

Left eyes Baseline 5 3.39 ± 0.10 1.22 ± 0.04 3.31 ± 0.16 7.92 ± 0.10
1st injection 5 3.48 ± 0.03 1.33 ± 0.03 3.45 ± 0.18 8.26 ± 0.19
2nd injection 5 3.55 ± 0.05 1.28 ± 0.02 3.51 ± 0.16 8.34 ± 0.15
3rd injection 5 3.55 ± 0.13 1.23 ± 0.05 3.64 ± 0.13 8.42 ± 0.13
Study end 5 3.55 ± 0.09 1.28 ± 0.05 3.75 ± 0.19 8.57 ± 0.14

Animals wearing glasses on
the right eyes plus
intraocular injection of 15 μg
of amphiregulin antibody
into the right eyes

Right eyes Baseline 5 3.43 ± 0.07 1.23 ± 0.06 3.32 ± 0.13 7.98 ± 0.07
1st injection 5 3.62 ± 0.11 1.28 ± 0.06 3.56 ± 0.12 8.46 ± 0.22
2nd injection 5 3.66 ± 0.09 1.30 ± 0.06 3.61 ± 0.11 8.57 ± 0.16
3rd injection 5 3.67 ± 0.13 1.27 ± 0.05 3.67 ± 0.11 8.61 ± 0.12
Study end 5 3.38 ± 0.35 1.23 ± 0.13 3.88 ± 0.23 8.49 ± 0.22

Left eyes Baseline 5 3.42 ± 0.06 1.21 ± 0.04 3.39 ± 0.13 8.02 ± 0.06
1st injection 5 3.50 ± 0.13 1.26 ± 0.09 3.56 ± 0.11 8.32 ± 0.14
2nd injection 5 3.54 ± 0.09 1.29 ± 0.09 3.59 ± 0.13 8.42 ± 0.09
3rd injection 5 3.61 ± 0.08 1.32 ± 0.11 3.60 ± 0.20 8.54 ± 0.03
Study end 5 3.62 ± 0.05 1.32 ± 0.03 3.70 ± 0.12 8.63 ± 0.08

Primarily myopic animals (at
baseline) without additional
lens-induced myopization,
with intraocular injection of
amphiregulin antibody (20
μg) into the right eyes and
injection of Ringer's solution
into the left eye

Right eyes Baseline 6 3.66 ± 0.13 1.11 ± 0.05 3.33 ± 0.08 8.09 ± 0.09
1st injection 6 3.72 ± 0.14 1.13 ± 0.06 3.46 ± 0.04 8.30 ± 0.14
2nd injection 6 3.72 ± 0.19 1.15 ± 0.04 3.59 ± 0.07 8.46 ± 0.18
3rd injection 6 3.69 ± 0.16 1.13 ± 0.08 3.70 ± 0.15 8.51 ± 0.20
4th injection 6 3.79 ± 0.16 1.23 ± 0.06 3.82 ± 0.10 8.84 ± 0.20

Left eyes Baseline 6 3.59 ± 0.15 1.16 ± 0.06 3.32 ± 0.08 8.06 ± 0.13
1st injection 6 3.66 ± 0.10 1.17 ± 0.05 3.51 ± 0.08 8.34 ± 0.14
2nd injection 6 3.70 ± 0.14 1.20 ± 0.07 3.63 ± 0.04 8.52 ± 0.14
3rd injection 6 3.69 ± 0.14 1.20 ± 0.06 3.74 ± 0.05 8.63 ± 0.15
4th injection 6 3.77 ± 0.11 1.24 ± 0.06 3.88 ± 0.13 8.89 ± 0.10

Animals without lens-induced
myopization, with
intraocular injection of
amphiregulin (0.25 ng) into
the right eyes and
intraocular injection of
Ringer's solution into the left
eyes

Right eyes Baseline 6 3.58 ± 0.09 1.14 ± 0.04 3.24 ± 0.12 7.96 ± 0.11
1st injection 6 3.54 ± 0.14 1.19 ± 0.09 3.47 ± 0.08 8.20 ± 0.08
2nd injection 6 3.59 ± 0.11 1.24 ± 0.10 3.52 ± 0.16 8.35 ± 0.14
3rd injection 6 3.62 ± 0.04 1.23 ± 0.06 3.62 ± 0.09 8.48 ± 0.08
4th injection 6 3.64 ± 0.08 1.21 ± 0.03 3.80 ± 0.11 8.65 ± 0.13

Left eyes Baseline 6 3.47 ± 0.08 1.17 ± 0.03 3.28 ± 0.12 7.93 ± 0–09
1st injection 6 3.55 ± 0.11 1.21 ± 0.07 3.41 ± 0.12 8.17 ± 0.08
2nd injection 6 3.60 ± 0.11 1.18 ± 0.04 3.60 ± 0.06 8.37 ± 0.08
3rd injection 6 3.62 ± 0.11 1.18 ± 0.05 3.71 ± 0.14 8.50 ± 0.12
4th injection 6 3.72 ± 0.10 1.20 ± 0.06 3.77 ± 0.12 8.69 ± 0.13

Animals without lens-induced
myopization, with
intraocular injection of
amphiregulin (0.50 ng) into
the right eyes and
intraocular injection of
Ringer's solution into the left
eyes

Right eyes Baseline 6 3.49 ± 0.14 1.18 ± 0.08 3.31 ± 0.06 7.98 ± 0.12
1st injection 6 3.64 ± 0.12 1.20 ± 0.05 3.46 ± 0.06 8.30 ± 0.12
2nd injection 6 3.64 ± 0.10 1.19 ± 0.03 3.54 ± 0.08 8.36 ± 0.12
3rd injection 6 3.61 ± 0.09 1.14 ± 0.04 3.67 ± 0.06 8.42 ± 0.09
4th injection 6 3.71 ± 0.07 1.25 ± 0.05 3.71 ± 0.08 8.67 ± 0.09

Left eyes Baseline 6 3.54 ± 0.16 1.19 ± 0.08 3.27 ± 0.12 8.00 ± 0.17
1st injection 6 3.66 ± 0.08 1.22 ± 0.11 3.40 ± 0.14 8.27 ± 0.08
2nd injection 6 3.69 ± 0.04 1.20 ± 0.03 3.55 ± 0.05 8.44 ± 0.07
3rd injection 6 3.66 ± 0.04 1.13 ± 0.02 3.72 ± 0.02 8.50 ± 0.06
4th injection 6 3.73 ± 0.04 1.18 ± 0.02 3.75 ± 0.07 8.66 ± 0.09

Animals without lens-induced
myopization, with
intraocular injection of
amphiregulin (1 ng) into the
right eyes and intraocular
injection of Ringer's solution
into the left eyes

Right eyes Baseline 6 3.49 ± 0.07 1.15 ± 0.02 3.33 ± 0.06 7.97 ± 0.09
1st injection 6 3.63 ± 0.14 1.17 ± 0.07 3.48 ± 0.09 8.27 ± 0.13
2nd injection 6 3.64 ± 0.14 1.24 ± 0.04 3.59 ± 0.05 8.46 ± 0.13
3rd injection 6 3.69 ± 0.08 1.20 ± 0.01 3.65 ± 0.07 8.54 ± 0.08
4th injection 6 3.74 ± 0.05 1.25 ± 0.07 3.80 ± 0.05 8.79 ± 0.05

Left eyes Baseline 6 3.47 ± 0.06 1.17 ± 0.06 3.30 ± 0.06 7.94 ± 0.09
1st injection 6 3.60 ± 0.09 1.15 ± 0.09 3.47 ± 0.18 8.22 ± 0.12
2nd injection 6 3.61 ± 0.10 1.23 ± 0.14 3.50 ± 0.17 8.33 ± 0.15
3rd injection 6 3.67 ± 0.05 1.22 ± 0.04 3.60 ± 0.08 8.49 ± 0.11
4th injection 6 3.75 ± 0.10 1.23 ± 0.03 3.75 ± 0.10 8.73 ± 0.15
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eyes) and 8.67 ± 0.09 mm (untreated eyes) at the end of follow-up,
without significant differences between treated eyes and untreated
eyes, neither in the baseline measurements (P = 0.17) nor in the mea-
surements obtained at the end of follow-up (P = 0.49) (Table 1). The
mean increase in axial length was 0.72 ± 0.12 mm (treated eyes) and
0.76 ± 0.13 mm (untreated eyes) with no significant difference (P =
0.13) between treated eyes and untreated eyes.

In animals with bilateral lens-induced myopization without any
other intervention, the mean increase in axial length was 0.92 ±
0.06 mm (treated eyes) and 0.98 ± 0.13 mm (untreated eyes) with no
significant difference (P = 0.36) between treated eyes and untreated
eyes. The increase in axial length from baseline to the end of follow-
up was significantly larger in the group with lens-induced myopization
than in the group with physiological growth of the eyes (treated eyes:
P = 0.002; untreated eyes: P = 0.02).
In animals with bilateral lens-induced myopization and intraocular
injection of amphiregulin antibody in doses of 5 μg, 10 μg and 15 μg
into the right (treated) eyes and intraocular injection of Ringer's solu-
tion into the left (untreated) eyes, the increase in axial length was sig-
nificantly lower in the treated eyes than in the untreated eyes
(0.84 ± 0.08 mm versus 0.94 ± 0.08 mm; P = 0.03; 0.79 ± 0.13 mm
versus 1.03 ± 0.20 mm; P b 0.001; and 0.59 ± 0.22 mm versus
1.01±0.33mm; P=0.002, respectively). Themeandifference between
treated eyes and untreated eyes in axial elongation at the end of the
study was −0.09 ± 0.12 mm (amphiregulin antibody dose 5 μg),
−0.24 ± 0.18 mm (dose: 10 μg) and −0.41 ± 0.30 mm (dose: 15 μg)
(Fig. 1), and it increased significantly (P b 0.001) with higher dose of
amphiregulin antibody (Fig. 2).

In animals with unilateral lens-induced myopization of the treated
eyes, intraocular injection of Ringer's solution or of amphiregulin



Fig. 1. Changes of interocular difference in axial length (right eyes minus left eyes) after
repeated intravitreal injections of amphiregulin antibody (15 μg) into right eyes and
intraocular injection of Ringer's solution into left eyes in guinea pigs with bilateral lens-
induced myopization at baseline, at 2 weeks after baseline (first injection), 9 days later
at the second injection, 9 days later at the third injection, and 9 days later at study end.

Fig. 3. Changes of interocular difference in axial length (right eyes minus left eyes) in
guinea pigs with primary myopia at baseline, without lens-induced myopization and
with unilateral repeated intravitreal injections of amphiregulin antibody in a dose of
20 μg into right eyes and intraocular injection of Ringer's solution into left eyes, at
baseline, at 2 weeks after baseline (first injection), 9 days later at the second injection,
and 9 days later at the third injection.
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antibody in doses of 5 μg, 10 μg or 15 μg into the treated eyes, and with
intraocular injection of Ringer's solution into the untreated eyes, the
inter-eye difference (treated eye minus untreated eye) in axial elonga-
tion during the study period decreased significantly (P=0.01) with in-
creasing dose of amphiregulin antibody, starting from 0.12 ± 0.14 mm
for the animals with intraocular Ringer's solution injection (into the
treated eyes) to 0.11 ± 0.05 mm (amphiregulin antibody dose 5 μg),
−0.06 ± 0.12 mm (amphiregulin antibody dose 10 μg), and
−0.15 ± 0.25 mm (amphiregulin antibody dose 15 μg).

In animals being primarily myopic at baseline of the study, without
lens-induced myopization and with unilateral intraocular injection of
amphiregulin antibody in a dose of 20 μg into the treated eyes and injec-
tion of Ringer's solution into the untreated eyes, axial elongation was
significantly (P = 0.03) smaller in the treated eyes as compared with
untreated eyes (0.41 ± 0.23 mm versus 0.57 ± 0.16 mm) (Fig. 3).

In animals without lens-induced myopization and with intraocular
injections of amphiregulin in doses of 0.25 ng, 0.50 ng and 1.00 ng,
Fig. 2. Changes of interocular difference in axial length (right eyes minus left eyes) in
guinea pigs with bilateral lens-induced myopization without any further intervention
(Myopia) and in guinea pigs with bilateral lens-induced myopization and repeated
intravitreal injections of amphiregulin antibody in doses of 5 μg (M_5ARAB), 10 μg
(M_10ARAB) and 15 μg (M_15ARAB), respectively, into the right eyes and intraocular
injection of Ringer's solution into left eyes.
respectively, into the treated eyes and intraocular injections of Ringer's
solution into the untreated eyes, inter-eye differences in axial elonga-
tion did not differ significantly (P = 0.11, P = 0.62, P = 0.56,
respectively).

3.2. Light-microscopical Histomorphometry

Histomorphometry revealed that the thickness of sclera, as mea-
sured at the posterior pole and at the midpoint between the equator
and the posterior pole, was significant thinner in the eyes with lens-in-
duced myopia without intravitreal amphiregulin antibody injection
than in the eyes without intervention (P b 0.05, P b 0.05, respectively)
(Fig. 4). Also, in the eyeswith lens-inducedmyopia andwith intravitreal
amphiregulin antibody injection (5, 10, 15 μg) as compared to the eyes
with lens-inducedmyopiawithout injection, the thickness of sclera was
significantly thicker, as measured at the midpoint between the equator
and the posterior pole (P b 0.05, P b 0.05, P b 0.01, respectively) and as
measured at the posterior pole (P b 0.05, P b 0.01, P b 0.01, respectively).
The lightmicroscopical examination of histological slides of the eyes in-
cluded into the study did not show any accumulation of inflammatory
cells or any sign of edema in any part or tissue of the eyes, neither in
the eyes with amphiregulin antibody injections or in the eyes with
amphiregulin injection or in the eyes with intraocular injection of
Ringer's solution.

3.3. Expression of Amphiregulin

Immunohistochemistry revealed staining for amphiregulin mostly
in the level of the retinal pigment epithelium and ciliary pigment epi-
thelium in the eyes with lens-induced myopization without, and with,
intraocular injection of Ringer's solution, while in the eyes with lens-in-
ducedmyopization andwith intraocular injection of amphiregulin anti-
body, staining of amphiregulin could not, or only in traces, be detected
(Fig. 5).

3.4. Expression of Endogenous Amphiregulin and EGFR in the Retina Tissues

The mRNA expression of endogenous amphiregulin was significant-
ly the highest in the eyes with lens-induced myopization without, and
with, intraocular injection of Ringer's solution, followed by eyeswithout



Fig. 4. Thickness of sclera, choroid, retina as a whole, outer nuclear retinal layer and inner nuclear retinal layer in young guinea pigs without intervention (“Normal”), with lens-induced
myopization (“Myopia”), with lens-inducedmyopization and intraocular injection of Ringer's solution (“Myopia_buffer”), andwith lens-inducedmyopization combined with intraocular
injections of amphiregulin antibody in doses of 5 μg (“Myopia_5ARAB”), 10 μg (“Myopia_10ARAB”), and 15 μg (“Myopia_15ARAB”), respectively, in the pars plana region (A), at the ora
serrata (B), at the equator (C), in the region of midpoint between equator and posterior pole (D), and at the posterior pole (E).
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any intervention, and finally eyes with lens-induced myopization with
intraocular injection amphiregulin antibody. The mRNA expression of
endogenous amphiregulin decreased with increasing dose of
amphiregulin antibody applied (Fig. 6). The expression of endogenous
EGFR was the highest in the eyes with lens-induced myopization with-
out any intraocular injection, while the other groups did not differ
markedly (Fig. 6).

4. Discussion

Our data are consistent with a role for amphiregulin in promoting
myopia development in form-deprived guinea pig eyes, although
amphiregulin itself did not promote myopization in eyes that were
not form-deprived. The findings showed that in young guinea pigs
with lens-induced myopization, the repeated intraocular application
of amphiregulin antibody was associated with a dose dependent reduc-
tion in axial elongation (Figs. 1, 2). In a similar manner, animals with
unilateral lens-induced myopization showed a significant dose depen-
dent reduction in axial elongation after repeated intraocular injections
of amphiregulin antibody. In eyes primarily myopic at baseline of the
study andwithout additional lens-inducedmyopization, intraocular ap-
plication of amphiregulin antibody in a dose of 20 μg was associated
with a reduction of the physiological axial growth of the eyes. The intra-
ocular application of amphiregulin in doses of 0.25 ng, 0.50 ng, and
1.00 ng, resp., was not correlated with a significant change in axial
length in the study eyes as compared to the contralateral control eyes.
One may infer that the inactivation of amphiregulin by the repeated in-
traocular application of its antibody resulted in a dose dependent reduc-
tion of lens-induced axial elongation, and to a minor degree, to a
significant and dose dependent reduction in the physiological sagittal
growth of the eyes. The intraocular injection of amphiregulin itself in a
dose of up to 1 ng did not result in a significantly more pronounced
axial elongation.

The results of our study cannot directly be compared with findings
obtained in other investigations since our study was the first one to
use intraocularly applied amphiregulin (or any othermember of the ep-
ithelial growth factor family) to examine its influence on the physiolog-
ical eye growth and on an externally induced additional myopization. In
previous studies, other molecules had been used to study associations
with axial elongation. In a study by Mao and colleagues, guinea pigs of
an age of 4 weeks underwent form-deprived axial elongation and
myopization (Mao et al., 2010). Repeated intraperitoneal injections of
levodopa inhibited the axial elongation and significantly (P b 0.001) re-
duced themyopic shift from−3.62±0.98 diopters to−1.50±0.38 di-
opters. In eyes whichwere not occluded and did not undergo externally
induced myopization, the application of levodopa did not influence
axial length and refraction of the eyes. It remained unclear by which
mechanism intraocularly applied levodopa led to a reduction in exter-
nally inducedmyopization. The study byMao and our investigation dif-
fered in the substance examined (levodopa versus amphiregulin) and in
the effect of the intraocularly injected substance on the natural growth
of the globes. While in Mao's study, eyes without externally induced
myopization did not show an effect by levodopa, our investigation dem-
onstrated a reduction in the physiological growth of the eyes if a dose of
20 μg of amphiregulin antibody was applied (Fig. 3). In an investigation
by Gao and associates, the right eyes of seven-days-old rabbits were su-
tured to induce a deprivation associated myopization (Gao et al., 2006).
In animals in which the deprived eyes received four intravitreal injec-
tions of 20 μg of dopamine every 5 days, the myopic shift (−0.06 ±
0.37 diopters versus −2.70 ± 0.87 diopters) and the axial elongation
(0.3 ± 0.2 mm versus 0.9 ± 0.3 mm) were significantly reduced at
the end of the follow-up of 8 weeks. While Gao's study and our investi-
gation both showed an effect of the substance injected, the amount of
change in axial elongation cannot be compared between both studies
since the studies included different species. In a study by Yan and co-
workers, the effects of daily intraperitoneal injections versus a continu-
ous subcutaneous infusion of apomorphine as a nonspecific dopamine
agonist on axial elongation and refraction were examined in normal
postnatal mice and mice with form-deprivation myopia (Yan et al.,
2015). The procedures took place during postnatal days 28 to 56. The
authors observed that in mice without externally induced form-depri-
vationmyopia the application of apomorphine did not affect the normal
postnatal development of axial length and refraction. In the mice with
form-derivedmyopia however, the daily injection attenuated the ocular
elongation in the study eyes as compared to the contralateral control
eyes. The continuous subcutaneous infusion of apomorphine did not
significantly affect axial length. The differences between Yan's study
and our investigation are the difference in the substances used, the
type of application, and that in our study the application of the sub-
stance decreased the axial elongation also in the animals without



Fig. 5. Immunohistochemical staining of amphiregulin (red) in the level of the retinal pigment epithelium and ciliary pigment epithelium in young guinea pigs without intervention
(“Normal”), with lens-induced myopization (“Myopia”), with lens-induced myopization and intraocular injection of Ringer's solution (“Myopia_buffer”), and with lens-induced
myopization combined with intraocular injections of amphiregulin antibody in doses of 5 μg (“Myopia_5 μg AR Antibody”), 10 μg (“Myopia_10 μg AR Antibody”), and 15 μg
(“Myopia_15 μg AR Antibody”), respectively, in the pars plana region (a), at the ora serrata (b), at the equator (c), in the region between equator and posterior pole (d), and at the
posterior pole (e) (Confocal microscope (Zeiss, LSM780, Germany)). White arrows point at amphiregulin in the retina.
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Fig. 6. Effect of amphiregulin antibody on the mRNA expression of endogenous amphiregulin and epithelial growth factor receptor (EGFR) in young guinea pigs without intervention
(“Normal”), with lens-induced myopization (“Myopia”), with lens-induced myopization and intraocular injection of Ringer's solution (“M_buffer”), and with lens-induced myopization
combined with intraocular injections of amphiregulin antibody in doses of 5 μg (“M_5ARAB”), 10 μg (“M_10ARAB”), and 15 μg (“M_15ARAB”), respectively; (A) Effect of amphiregulin
antibody on the mRNA expression of endogenous amphiregulin (n = 4 per group). (B) Effect of amphiregulin antibody on the mRNA expression of endogenous EGFR (n = 4 per
group). The values are represented as mean ± SE.
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externally induced myopization. Lan et al. found that retinal dopamine
release was severely reduced during the development of deprivation-
associatedmyopia (Lan et al., 2016). The authors also found that illumi-
nance of 15,000 lx partially rescued the drop in retinal dopamine re-
lease. This finding was in agreement with the notion that dopamine is
involved in the light-induced inhibition of myopia. In a study by Mao
and colleagues on deprivation-inducedmyopia in guinea pigs, the intra-
peritoneal injection of citicoline reduced the amount of myopia from
−3.25 ± 0.77 diopters to −0.62 ± 0.47 diopters; (P b 0.001) and par-
tially raised retinal dopamine levels in the form-deprived eyes (Mao
et al., 2016). In contrast to some of the studies mentioned, Wu and col-
leagues measured whether and how retinal dopamine levels were
changed in a C57BL/6 mouse model of experimental myopia (Wu et
al., 2015). Interestingly, no significant changes in retinal dopamine,
DOPAC (3,4-dihydroxyphenylacetic acid as primarymetabolite of dopa-
mine), DAT (dopamine transporter), and vitreal DOPAC levels were de-
tected in deprived eyes, either in the daytime or at night. Furthermore,
neither the number of dopaminergic amacrine cells, the area size occu-
pied by the processes of these cells nor tyrosine hydroxylase expression
in the retina was changed in the eyes with externally induced
myopization.

The observation made in our study that the intraocular blockade of
amphiregulin as amember of the epithelial growth factor familywas as-
sociated with a reduction of axial elongation fits with the notion that
Bruch's membrane, in addition to the sclera, may play a role in the pro-
cess of emmetropization and myopization (Jonas et al., 2017b). The re-
sults of our study indirectly agree with the findings obtained in a recent
genetic study in which three loci including AREGwere significantly as-
sociated with education in Asian populations (Fan et al., 2016). Higher
level of education is associated with the higher degree of axial myopia,
supporting the notion of gene-environment interactions contributing
to of myopia (Morgan et al., 2012; Jones et al., 2007). As also pointed
out above, other studies, performed mainly in chicken, showed that
substances other than amphiregulinmay also be involved in the process
of axial elongation. These studies may help to understand why signal-
blockers such as dopamine antagonists or amphiregulin antibody, can
influence the process of axial elongation. To cite an example, McCarthy
and colleagues reported that intraocularly applied dopamine agonists
restored a protective effect of light against form-deprivation induced
myopia in chick, while this effect could be blocked by intraocularly
injected dopamine antagonists (McCarthy et al., 2007). The findings ob-
tained in our study may also be discussed parallel to the observations
made in previous investigations on the potential association between
transforming growth factor (TGF) and experimental myopia (Rohrer &
Stell, 1994; Seko et al., 1995; Jobling et al., 2009). Rohrer and Stell re-
ported that basic fibroblast growth factor (FGF) reduced the amount
of form-derivedmyopia in a dose-dependentmanner, with a 50% effec-
tive dose of 1.67 ng for intravitreal application (Rohrer & Stell, 1994). A
similar effect could be obtained by acidic FBF, however with a potency
approximately 160 times less than that of basic FGF. Interestingly, intra-
ocular application of TGF-beta 1 did not result in induction of myopia in
non-occluded eyes or an increase in myopia in occluded eyes. It was,
however, a potent inhibitor of the basic FGF effect on reduction of myo-
pia, if TGF was administered together with basic FGF in the
subconjunctival space. The authors concluded that basic FGF andTGF in-
fluenced eye growth in a stop and go manner. Seko and colleagues
found that the concentration of basic FGF were significantly lower in
the sclera in the posterior region of eyes with form-derivation induced
myopia than in control eyes, while the concentration in the retina-reti-
nal pigment epithelium-choroid complex did not differ (Seko et al.,
1995). In contrast, the concentration of TGF-beta 2 was significantly
higher in the myopic eyes in both the retina-retinal pigment epitheli-
um-choroid complex and in the sclera (Jobling et al., 2009).

The observation that the eyes with intraocular injections of
amphiregulin antibody successfully suppressed the mRNA and protein
expression of amphiregulin in the retina of guinea pigs, showed that
the change of refractive error and axial length of experimental animals
was significantly associated with the expression of amphireguin. It ad-
dressed a new question-why would an injection of exogenous
amphiregulin antibody affect the mRNA expression of endogenous
amphiregulin, though. A potential hypothesis is that the production of
amphiregulin is a positive feedback process, and when amphiregulin
interacted with EGFR or other receptors, it would active some interme-
diate products to induce the production of amphiregulin; andwhen the
function of amphiregulin was blocked by the antibody, this positive
feedback effect disappeared, and therefore the mRNA expression of en-
dogenous amphiregulin reduced. In addition, endogenous EGFR mRNA
expression was not found to be affected by the injection of exogenous
amphiregulin antibody, while it might be affected by the injection of
Ringer's solution or the behavior of injection itself, though. Also, the ob-
servation that the eyes with intraocular injections, in particular those
which underwent intravitreal injection of amphiregulin antibody or of
amphiregulin, did not show signs of inflammation may be of impor-
tance in that the observed changes were not due to secondary inflam-
mation. These findings may also be of interest if at a later stage,
amphiregulin antibody may be potentially be used for the prevention
of progression of axial myopia.

Limitations of our study may be mentioned. First, as for any experi-
mental study, caution has to be applied when data measured and con-
clusions drawn are transferred on humans. Second, the question is
unresolved, whether the actions of amphiregulin observed in this
study were specific to amphiregulin, since the preparation of the anti-
body to amphiregulin occurred in goats by immunization with the
mouse amphiregulin-precursor sequence (i.e. Ser94 à Lys191). The
manufacture stated however that amphiregulin antibody neutralized
the biological activity of amphiregulin and that the amino acid se-
quences ofmouse amphiregulin and guinea pig amphiregulinwere sim-
ilar. Future studies using guinea pigs may apply an amphiregulin
antibody produced in guinea pigs. To strengthen the conclusion that
the observed results were due to amphiregulin itself, future studies
may therefore be performed applying an injection of non-immune
goat IgG, at the same doses as those of anti-amphiregulin IgG, into
eyes with lens-induced myopia to control for nonspecific effects of in-
travitreal goat IgG. Other studies may examine a potential
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preabsorption of the antibodywith the amphiregulin peptide at concen-
trations in the 10−3–10−6 M range to determine whether this may
abolish the immunolabeling of the amphiregulin-like material in ciliary
epithelium, retina and RPE. It may control for the specificity of the anti-
body binding to endogenous amphiregulin. Third, when assessing the
tissue dimensions in the histological sections, one has to take into ac-
count that dehydration, formaline treatment and paraffin embedding
might have altered the volume of the cells and extracellular matrix dur-
ing the preparation of the histologic sections. Frozen-sectioning or em-
bedding in an aqueousmediumwould have given tissuemeasurements
closer to the real, in vivo, measurements. Fourth, the blockade of
amphiregulin by its antibody resulted in a significant decrease in further
axial elongation. The intraocular application of amphiregulin, however,
did not result in an increased axial elongation or myopization. The rea-
son for the discrepancymay be that for the induction of axial elongation
more than one factor may be necessary while the blockade of one of
them, i.e., amphiregulin, was sufficient to reduce the process of axial
elongation, or that a higher dose of amphiregulin or a higher frequency
of its applications or a longer follow-up might have bene necessary to
detect an axial length elongating effect of amphiregulin applied intraoc-
ularly. One may also discuss that a blockade of amphiregulin by the an-
tibody affected only one amphiregulin-specific pathway, whereas
amphiregulin itself could have affectedmultiple pathways (e.g., by pen-
etrating through barriers that excluded the antibody). These aspects
may be addressed in future studies. It could open up the possibility of
a medical prevention of hyperopia. Fifth, instead of the use of Ringer's
solution for intraocular application in the eyes of the control groups,
onemight have used an irrelevant antibody.We chose Ringer's solution
since it was assumed that Ringer's solution had least likely an effect on
the intraocular structures, while any, even irrelevant, protein might
have changed the intraocular homeostasis. Correspondingly, the immu-
nohistochemistry revealed that labelling for amphiregulin in the control
groups with intraocular injection of Ringer's solution did not markedly
differ from the labelling for amphiregulin in the groups without any in-
traocular injection (Fig. 4). It may suggest that the intraocular injection
with Ringer's solution as procedure as such did not have a major influ-
ence on the findings obtained in the study. The strengths of the study
are its noveltywith investigating the role of amphiregulin in anenviron-
mental animal model of myopia, the application of biometry before and
after experimental manipulations allowing the assessment of axial
length changes over time, and the inclusion of a range of experimental
groups including groups without intraocular injections, groups with in-
traocular injection of Ringer's solution, and groups with intraocular in-
jection of amphiregulin antibody and with intraocular injection of
amphiregulin. Sixth, at start of the study the guinea pigs had an age of
2–3 weeks and the investigation was conducted over a period about
three times longer than the age of the guinea pigs at study baseline. Al-
though onegroupof animals did not undergo lens-inducedmyopization
or any other intervention and served as untouched control group, there
was the possibility that the natural process of emmetropization physio-
logically undergoing in guinea pigs of that agemight havemingledwith
the process of lens-induced myopization additionally influenced by the
intraocular application of amphiregulin antibody or amphiregulin.

In conclusion, the intraocular and repeated application of
amphiregulin-antibody was associated with a dose-related reduction
of lens-induced axial elongation of eyes, while intraocularly injected
amphiregulin did not show a significant effect on axial elongation.
Amphiregulin may be an essential, but not the solely necessary, cyto-
kine for externally induced myopic axial elongation in young guinea
pigs. Blockade of amphiregulin may have potential for the prevention
of axial myopia.
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