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SIGNIFICANCE: Decreased expression of the retinal GJD2 genemessenger RNA (mRNA) and connexin 36 (Cx36)
protein in the guinea pig negative lens–inducedmyopia (LIM) model suggests their involvement in local retinal cir-
cuits regulating eye growth.

PURPOSE: Previous studies suggest that the GJD2 gene and Cx36 protein encoded by the GJD2 gene play impor-
tant roles in retinal signaling pathways and eye development. The aim of this study was to investigate the changes
in GJD2 mRNA and Cx36 protein expression in the guinea pig lens-induced myopia model.

METHODS: Four-week-old guinea pigs were randomly divided into two groups. Animals in the experimental group
were fitted withmonocular−10D lenses; and animals in the control group, withmonocular plano lenses. Biometric
measurements, including the spherical equivalent refractive error and axial length, were monitored. Animals were
killed after 0, 1, 2, and 3 weeks of treatment, and their retinas were isolated. Retinal GJD2mRNA and Cx36 pro-
tein expression levels were assessed by quantitative real-time polymerase chain reaction andWestern blot analysis,
respectively.

RESULTS: Spherical equivalent refractive error values indicated that negative lens–treated eyes became signifi-
cantlymoremyopic than plano lens–treated eyes (P= .001), consistent with their longer axial lengths comparedwith
those of control eyes. BothGJD2mRNA and Cx36protein expression levels were decreased in the retinas of negative
lens–treated eyes compared with levels in the retinas of plano lens–treated eyes, although there were differences in
the timing; GJD2 mRNA, levels were significantly decreased after 1 and 2 weeks of treatment (P = .01 and
P = .004, respectively), whereas Cx36 protein expression was significantly decreased after only 1 week (P = .01).

CONCLUSIONS: That both retinal GJD2mRNA and Cx36 protein expression levels were decreased after induction
of myopia with negative lenses points to retinal circuits involving Cx36 in myopia development in the guinea pig.
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Myopia describes the refractive error in which parallel light from
distant objects focuses in front of the retina, in the absence of ac-
commodation.1 This condition is a product of the axial length of an
eye being too long for its refractive power. In 2016, it was esti-
mated that the global prevalence of myopia would rise dramatically
to reach 49.8%, which equates to approximately 5 billion people.
Of these individuals, 9.8%, or nearly 1 billion people, are expected
to develop high myopia.2 The annual cost of managing myopia for
Singapore adults has been estimated to be $775 million.3 In the
United States, the estimated annual direct cost for refractive cor-
rection has been estimated to be at least $3.8 billion.4 Apart from
this substantive socioeconomic burden,5 complications such as
glaucoma, retinal detachment, and maculopathy6 associated with
high myopia may considerably compromise visual acuity and thus
the quality of life of those affected.7

Studies involving myopia animal models, including guinea pigs,
tree shrews, chickens, mice, and rhesus monkeys, have generated
important information on early eye growth patterns and refractive
development8–12 and have also contributed to our understanding
of the underlying biochemical signaling pathways linking the retina
to the sclera.13,14 These studies and other research have led to the
general consensus that most myopia is a product of environmental
influences combined with genetic factors.15 Several studies, in-
cluding population and independent genome-wide association
studies with large sample sizes, have identified significant associ-
ations between single-nucleotide polymorphisms on chromosome
15q14, which is proximal to the GJD2 gene, and refractive
errors.16–20 However, a functional role of GJD2 in myopia has not
yet been established.

The connexin 36 (Cx36) protein, which is encoded by the GJD2
gene, is a component of gap junctions that allows for direct com-
munication via small molecules, cytosolic ions, and electrical im-
pulses between neighboring cells.21 Cx36 has been described in
many animals, including humans, guinea pigs, mice, and rabbits,
being the main connexin protein and widely distributed across var-
ious organs and tissues.22,23 In the retina of the eye, immunologi-
cal studies have confirmed that Cx36 is expressed in both the inner
and outer plexiform layers, is present on cone pedicles and OFF
cone bipolar cells,24 and provides links between amacrine cells25

and between dendrites of α-type ganglion cells.26 Deletion of Cx36
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leads to decreases in coupling between neuronal cells in the retina
and alterations in retinal functions, including reductions in b-waves
and disruption of signal transmission in the visual pathway.27,28

It is plausible that such disruption of visual signaling could af-
fect eye development and so induce refractive errors.29,30 Other
studies have shown that dopamine, an important retinal neurotrans-
mitter that has been linked to refractive development and myopia,
plays an important role in Cx36 phosphorylation and dephosphory-
lation reactions. In addition, research has revealed that prolonged
dark adaptation can change the distribution, expression, and phos-
phorylation of Cx36, which interacts with dopamine as a regulator
in this process.31

A limited number of studies have reported that uncoupling of
gap junctions containing Cx35 (the chicken homolog of Cx36) pre-
vents myopia in chicks, possibly by modifying some actions of do-
pamine and/or nitric oxide.32 Given this observation and previous
genetic research, as cited previously, linking the GJD2 gene with
myopia, and the molecular biological data pointing to critical roles
Cx36 in both photoreceptors and neuronal signaling pathways of
the retina, the present study aimed to further investigate their roles
inmyopia using the guinea pig as amammalianmodel. Guinea pigs
have been extensively used in myopia research because they have
relatively large eyes and are easy to handle for ocular biometrical
measurements. Changes in both retinal GJD2 transcript and Cx36
protein levels during myopia development were evaluated.

METHODS

Animal Model

Four-week-old pigmented guinea pigs were provided by the Lab-
oratory Animal Center of Sichuan University in Chengdu, Sichuan
Province, China. The guinea pigs weighed between 180 and
220 g. The animals were raised in an air-conditioned room with
an ambient temperature of 20 to 25°C, a relative humidity of 45
to 65%, and a 12-hour on, 12-hour off, light-dark cycle. Cage illu-
mination was provided by fluorescent lamps, with three peak emis-
sions at 440, 550, and 620 nm, with the average illuminance
within the animal cages being approximately 300 to 400 lux. The
animals were provided free access to water and food supplemented
with vitamin C.

The experimental procedures and animal treatments were con-
ducted in accordance with the Regulations of Animal Experiment
Guidelines and adhered to the Association for Research in Vision
and Ophthalmology guidelines for the use of animals in ophthalmic
and vision research. The study protocol was approved by the Ani-
mal Care and Use Committee of Sichuan University.

Animals were divided randomly into two groups, an experimen-
tal group and a control group. In total, there were 24 animals in
each group. Each guinea pig in the experimental group wore
a −10 D lens in front of their right eye for 1, 2, or 3 weeks to induce
myopia while allowing for normal eyelid function (Appendix Fig.
A1, available at http://links.lww.com/OPX/A461). The choice of
lens power (−10D)was to ensure that hyperopic defocuswasmain-
tained throughout the longest, 3-week treatment period. The
−10.00 D lenses were made from PMMA (King Tak & Jia Run
Co., Beijing, China), with the following parameters: an overall di-
ameter of 17.00 mm, an optical zone diameter of 11.5 mm, a pos-
terior (inside) optical radius of 7.50 mm, and an outside optical
radius of 8.927 mm. Each guinea pig in the control group wore a
plano lens in front of their right eye instead of the negative lens.
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Routine lens checks were performed three times each day. When
scratches on the optic zone of a lens were detected, it was immedi-
ately replaced.33,34 The lenses were removed temporarily (for
<3 minutes) for daily cleaning under dim illumination to minimize
exposure of the animals to visual stimuli during this time. The other
non–lens-wearing eye of each guinea pig in both groups functioned
as a contralateral control eye.

Ocular and Biometric Measurements

During this process, the animals were carefully held without an-
esthesia. In both groups, biometric measurements, including
spherical equivalent refractive error, corneal radius of curvature,
and axial length measurements, were taken immediately before
the initiation of the lens treatment, as well as after 1, 2, and 3weeks
of treatment. Two research optometrists blinded to the treatments
of the animals completed all of the measurements independently.

Refractive errors were measured by retinoscopy. Before mea-
surement, each eye of each animal received up to four drops of
0.5% tropicamide/0.5% phenylephrine ophthalmic solution35–37

(Santen Pharmaceutical Co., Ltd., Osaka, Japan), spaced 5 minutes
apart, to achieve mydriasis and cycloplegia. The optometrists used a
streak retinoscope (66 Vision-Tech Co., Ltd., Suzhou, China) at a
67-cm working distance in a dark environment to perform the test.
The refractive errors of each animal were measured in triplicate.
Results are presented as the spherical equivalent (in diopters),
which represents the mean values of the horizontal and vertical
meridians, after correction for the working distance; that is, 1.50 D
was subtracted from the average of the raw data.

The corneal radius of curvature was measured using a portable
automatic keratometer (Suoer SW-100, Tianjin, China). Both the
horizontal and vertical corneal radii of curvature were measured
when four clear and steady red dots were simultaneously visible.
The mean of eight measurements was taken as the final result.

An ophthalmic ultrasonography instrument (11 MHz probe;
Aviso, Cournon-d'Auvergne, France), set to A-scan mode, was used
to measure the following ocular axial parameters38: anterior chamber
depth, lens thickness, and vitreous chamber depth, after first instilling
topical 0.4%oxybuprocaine hydrochloride eye drops (SantenPharma-
ceutical Co., Ltd.) to anesthetize the cornea. Axial lengths were de-
rived as the sum of these components. The ultrasound velocities for
the different ocular media were as follows: 1557.5 m/s for the aque-
ous humor, 1723.3 m/s for the lens, and 1540 m/s for the vitreous
body.38 When performing these measurements, the examiner
placed the tip of the probe directly on the surface of the cornea, ori-
entating the probe to ensure that the ultrasound beam passed ap-
proximately perpendicularly through each of the ocular surfaces.

Tissue Extraction

At each of the experimental time points, that is, 0, 1, 2, and
3 weeks, a subset of six guinea pigs from each of the two treatment
groups was killed, and retinal tissue was collected. In all cases, the
guinea pigs were killed immediately after the completion of bio-
metric measurements via an intraperitoneal injection of 10% chlo-
ral hydrate (200 mg/kg; Boster Biological Technology Co., Ltd.,
Wuhan, China). The treated eye of each animal was then rapidly
enucleated and placed on an inverted ice-cold culture dish for dis-
section. Briefly, a 3- to 5-mm incision was made on the lateral can-
thus, isolating the connective tissue. The optic nerve was then cut,
and the eyeball was isolated. The cornea was removed from the eye
by making a circumferential cut at the limbus under a dissecting
microscope. After gently removing the lens and vitreous body, to
0; Vol 97(12) 1081
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reveal the three layers making up the wall of the posterior eyecup,
the retina was then carefully separated from the underlying choroid.
The retinal pigment epitheliumwas left behind with the choroid. The
retinal samples were immediately frozen in liquid nitrogen until sub-
sequently analyzed. In total, six retinal samples (one per animal)
were collected at each time point from each group for quantitative
real-time polymerase chain reaction (n = 3) and Western blot
(n = 3) analyses.
Quantitative Real-time Polymerase Chain Reaction

Total RNA was isolated from retinal samples using TRIzol re-
agent (Invitrogen, Carlsbad, CA) according to the manufacturer's
instructions. After quantifying the RNA concentrations with a
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
DE), reverse transcription was performed to synthesize comple-
mentary DNA from 1 μg of total RNA using a GoldScript comple-
mentary DNA kit (Invitrogen) following the manufacturer's
instructions. The sequences of the quantitative real-time polymer-
ase chain reaction primers for GJD2 and β-actin are listed in Table
1. β-Actin served as an internal control. The specificity of the
primers was confirmed by melting curve analysis. Quantitative
real-time polymerase chain reaction was conducted on a qTOWER
2.2 machine (Ana lytik Jena, Jena, Germany). Polymerase chain
reaction amplification was conducted using 20 μL of SsoFast
EvaGreen Supermix (Bio-Rad Laboratories Inc., Hercules, CA).
Three independent polymerase chain reaction runs were under-
taken on each sample. All of the PCR assays were conducted with
an initial denaturation phase at 95°C for 35 seconds followed by
35 cycles of denaturation at 95°C for 5 seconds, annealing at
60°C for 35 seconds, and extension at 72°C for 40 seconds. Rela-
tive GJD2 expression was calculated by using the 2−ΔΔCt method:
ΔΔCt = (Ct, GJD2-Ct, β-actin)experimental group − (Ct, GJD2-Ct,
β-actin)control group.

Western Blotting

Total protein samples were extracted from the retinas using
RIPA lysis and extraction buffer containing 1% Halt proteinase
inhibitor cocktail (Thermo Scientific, Waltham, MA) for
30 minutes on ice; the reaction products were then centrifuged
for 15 minutes at 13,000g at 4°C. The protein concentration was
measured using a bicinchoninic acid protein assay kit (Beyotime
Institute of Biotechnology, Shanghai, China) based on the manu-
facturer's instructions. All the samples weremixed with 5� loading
buffer (Beyotime Institute of Biotechnology) and boiled at 100°C
for 5 minutes. Subsequently, the protein samples were electropho-
resed on 12% sodium dodecyl sulfate–polyacrylamide gels (Bio-
Rad Laboratories Inc.) using 30 μg of protein from each retinal
sample; the stacking gel was run for 30 minutes at 80 V, and the
separating gel was run for 60 minutes at 120 V. The bands were
then transferred to polyvinylidene difluoride membranes (Millipore,
TABLE 1. Primers sequence of real-time polymerase chain reaction

Gene Product size (bp) Forw

GJD2 186 CAGAGC

β-Actin 87 TTCTAGG

bp = base pairs.
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Billerica, MA) at 250 mA for 90 minutes at 4°C. Next, the mem-
branes were blocked with 5% nonfat dry milk in 0.1% Tween-20
(TBST; 2 mmol/L Tris-HCl, 50 mmol/L NaCl, pH 7.5) for 2 hours
at room temperature and then incubated overnight at 4°C with two
primary antibodies simultaneously: a rabbit anti-Cx36 poly-
clonal antibody (1:1000; LC-C101642; Lifespan, Seattle, WA)
and a mouse monoclonal anti–β-actin antibody (1:2000; ab6276;
Abcam, Cambridge, United Kingdom), which served as the internal
reference. Themembranes were then washed three times with TBST
(15 minutes each time) before being incubated simultaneously with
the corresponding secondary antibodies, horseradish peroxidase–
conjugated goat antirabbit (1:2000; BA1054) and goat antimouse
(1:2000; BA1050) IgG (both from Boster Biological Technology),
for 1 hour at room temperature. The membranes were then again
washed three times (15 minutes each time) with TBST. An en-
hanced chemiluminescence detection system (EMD Millipore,
Billerica, MA) was used to capture the protein bands, which were
exposed onto negative film, developed, and fixed. The film was
scanned and subsequently analyzed using Quantity One Imaging
Software (version 1; Bio-Rad Laboratories, Inc.).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.0
(GraphPad Prism Software, Inc., San Diego, CA). The data for the
treated and contralateral eyes, as well as for the interocular differ-
ences (treated eye vs. contralateral eye), are reported as themean±
SEM. Statistical significance was defined as P < .05. After testing
for normality, the data for the lens-treated eyes (including the ocu-
lar biometric parameters, GJD2 messenger RNA levels, and Cx36
protein expression levels) of the experimental and control groups
were compared using independent t tests. All P values were from
two-sided tests. Comparisons of the results collected at different
time points for each group were performed by one-way ANOVA
followed by Bonferroni correction.
RESULTS

Ocular Parameters of the Guinea Pigs

Beforemyopia induction (0 weeks), no significant differences in
spherical equivalent refractive error, axial length, or corneal radius
of curvature were observed between the groups, nor did these mea-
surements differ between the eyes of any individual guinea pig
(P > .05, paired t test). The results for both the right eyes and left
eyes in each group are summarized in Table 2. The changes in
spherical equivalent refractive error, axial length, and corneal ra-
dius of curvature over time are also shown as interocular differ-
ences in Fig. 1. The −10 D lenses were successful in inducing
myopia, such that by the end of the 3-week treatment period the
experimental group showed significantly greater myopic shift,
ard primer (5′–3′) Reverse primer (5′–3′)

CAGATTGTTTAGAAG GGGACACTGAAGCCATAGAG

CGGACTGTTACTAC CAATCTCATCTCGTTTTCTG
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TABLE 2. Results of ocular biometric parameters, including SER, AL, ACD, LT, and VCD (mean ± SEM), in guinea pigs monocularly fitted with negative
lenses (in the experimental group) or plano lenses (in the control group) for 0 to 3 weeks

Group Treatment Time point No. eyes SER (D) CRC (mm) AL (mm) ACD (mm) LT (mm) VCD (mm)

EXP −10 D lens 0 wk 24 3.64 ± 0.83 3.48 ± 0.11 7.83 ± 0.13 1.18 ± 0.03 3.21 ± 0.03 3.49 ± 0.09

1 wk 18 1.47 ± 0.67* 3.52 ± 0.16 8.10 ± 0.21† 1.19 ± 0.04 3.22 ± 0.05 3.81 ± 0.10†

2 wk 12 −0.58 ± 0.46* 3.49 ± 0.14 8.32 ± 0.11† 1.21 ± 0.03 3.25 ± 0.04 3.87 ± 0.10†

3 wk 6 −1.54 ± 0.60* 3.45 ± 0.16 8.47 ± 0.16† 1.22 ± 0.05 3.27 ± 0.05 3.93 ± 0.12†

Changes (3 − 0 wk) NA −5.18 ± 0.24 −0.03 ± 0.08 0.64 ± 0.05 0.04 ± 0.03 0.06 ± 0.04 0.44 ± 0.03

CON Plano lens 0 wk 24 3.59 ± 1.06 3.49 ± 0.10 7.86 ± 0.14 1.16 ± 0.04 3.19 ± 0.03 3.51 ± 0.11

1 wk 18 3.54 ± 0.88 3.54 ± 0.13 7.89 ± 0.15 1.17 ± 0.02 3.21 ± 0.03 3.52 ± 0.13

2 wk 12 3.34 ± 0.82 3.52 ± 0.11 7.92 ± 0.12 1.17 ± 0.04 3.22 ± 0.06 3.53 ± 0.12

3 wk 6 3.20 ± 0.97 3.45 ± 0.12 8.01 ± 0.24 1.19 ± 0.05 3.27 ± 0.06 3.53 ± 0.15

Changes (3 − 0 wk) NA −0.39 ± 0.21 −0.04 ± 0.08 0.15 ± 0.04 0.03 ± 0.02 0.08 ± 0.04 0.02 ± 0.03

EXP No lens 0 wk 24 3.68 ± 0.97 3.49 ± 0.10 7.85 ± 0.12 1.19 ± 0.04 3.21 ± 0.03 3.46 ± 0.06

1 wk 18 3.50 ± 0.94 3.53 ± 0.09 7.90 ± 0.11 1.22 ± 0.05 3.24 ± 0.02 3.44 ± 0.06

2 wk 12 3.37 ± 0.85 3.48 ± 0.10 7.95 ± 0.12 1.25 ± 0.03 3.26 ± 0.03 3.44 ± 0.09

3 wk 6 3.33 ± 0.96 3.50 ± 0.05 7.97 ± 0.10 1.27 ± 0.03 3.27 ± 0.05 3.43 ± 0.10

Changes (3 − 0 wk) NA −0.35 ± 0.13 0.02 ± 0.06 0.12 ± 0.02 0.08 ± 0.03 0.06 ± 0.04 −0.03 ± 0.07

CON No lens 0 wk 24 3.47 ± 1.18 3.53 ± 0.28 7.81 ± 0.13 1.21 ± 0.04 3.17 ± 0.03 3.43 ± 0.07

1 wk 18 3.43 ± 1.13 3.52 ± 0.10 7.94 ± 0.12 1.23 ± 0.04 3.22 ± 0.04 3.49 ± 0.09

2 wk 12 3.27 ± 1.17 3.53 ± 0.07 7.88 ± 0.15 1.19 ± 0.04 3.24 ± 0.05 3.45 ± 0.08

3 wk 6 3.25 ± 1.27 3.47 ± 0.07 7.99 ± 0.13 1.25 ± 0.05 3.26 ± 0.04 3.48 ± 0.10

Changes (3 − 0 wk) NA −0.22 ± 0.18 −0.06 ± 0.17 0.17 ± 0.03 0.04 ± 0.02 0.09 ± 0.05 0.05 ± 0.04

*P < .01 and †P < .05 in CON right eyes compared with LIM right eyes. ACD = anterior chamber depth; AL = axial length; CON = control; CRC = corneal
radius of curvature; LIM = lens-induced myopia; LT = lens thickness; NA = not applicable; SER = spherical equivalent refractive error; VCD = vitreous
chamber depth.
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vitreous chamber depth, and thus axial length than did the control
group, which wore plano lenses over the same period.

Refractive Errors

After 1 week, the treated eyes in the experimental group were
myopic, but the contralateral eyes of the same group and the eyes
of the control group were not. At the end of 3 weeks of induction, the
spherical equivalent refractive errors of the negative lens–treated
eyes (−1.54 ± 0.60 D) were significantly different (P = .001) from
those of the contralateral eyes (+3.33 ± 0.96 D) and from the eyes
of the control group fitted with plano lenses (+3.20 ± 0.97 D). The
mean interocular differences in refraction show a significant myopic
shift in the experimental group, which increased over time, that
is, −2.03 ± 0.85, −3.95 ± 0.78, and −4.87 ± 0.66 D at 1, 2,
and 3 weeks, respectively (all, P < .01; Fig. 1A).

Vitreous Chamber Depth, Axial Length, and Corneal Radius
of Curvature

There were no significant differences in axial length (Table 2)
between the right eyes and the left eyes of the control group, even
at the end of the 3-week treatment period (8.01 ± 0.24 and
7.99 ± 0.13mm). Thus, as expected, interocular differences in ax-
ial length of the control group showed no significant change over
time (0.05 ± 0.04, 0.03 ± 0.06, and 0.02 ± 0.13 mm at 1, 2,
and 3 weeks, respectively; Fig. 1B). In contrast, the negative
www.optvissci.com Optom Vis Sci 202
lens–treated eyes showed excessive axial elongations compared
with the fellow (contralateral) eyes by the end of the 3-week treat-
ment period (8.47 ± 0.16 vs. 7.97 ± 0.10mm, P = .005). This ef-
fect of the −10 D lens on axial elongation is also evident in the
interocular axial length differences, which progressively increased
over this period in the experimental group (0.19 ± 0.04,
0.38±0.04, and0.50±0.05mmat 1, 2, and3weeks, respectively)
and were significantly different from that in the control group (all,
P < .01).

The−10D lens–induced axial length elongation wasmainly due
to the elongation of the vitreous chamber. The interocular vitreous
chamber depth differences in the experimental group were signifi-
cantly larger than the differences in the control group at 1, 2, and 3
weeks (0.37 ± 0.11, 0.43 ± 0.12, and 0.50 ± 0.10 vs.
0.03 ± 0.06, 0.08 ± 0.09, and 0.06 ± 0.10 mm, respectively).
There were no significant intraocular differences in corneal radius
of curvature between the experimental and control groups.

Retinal GJD2Transcript LevelsWere Lower in the Experimental
Group Than in the Control Group

As expected, before the initiation of the lens treatments, there
was no significant difference in GJD2 transcript levels between
the two groups (Fig. 2). However, the relative retinal messenger
RNA expression of GJD2 decreased in negative lens–wearing eyes
after initiation of this treatment. Specifically, significantly lower
retinal levels of GJD2 were recorded for the negative lens–treated
0; Vol 97(12) 1083



FIGURE 1. Interocular differences (mean ± SEM) in refractive error (in
diopters; A), axial length (in millimeters; B), and corneal curvature
(in millimeters; C) in guinea pigs fitted with monocular negative
lenses (in the experimental group) or plano lenses (in the control
group) for 0 to 3 weeks. CON = control; LIM = lens-induced myopia.
*P < .05 and **P < .01 in the experimental group compared with
the control group at each time point. There were 24, 18, 12, and 6
eyes that were measured at 0, 1, 2, and 3 weeks, respectively.
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eyes after both 1 and 2 weeks of treatment compared with levels in
the retinas of the plano lens–treated eyes (P = .01 and P = .004,
respectively). The corresponding fold changes, that is, normalized
to the housekeeping gene, after 0, 1, 2, and 3 weeks of treat-
ment were 1.03, 0.27, 0.18, and 0.76, respectively, in the ex-
perimental group and 1.01, 1.01, 1.01, and 1.01, respectively,
in the control group.
Retinal Cx36 Protein Expression Levels Were Lower in the
Experimental Group Than in the Control Group

Retinal Cx36 protein expression was also decreased in the ex-
perimental group compared with the control group, as demon-
strated by Western blotting (Fig. 3), although this treatment
effect was shorter-lived than the change in GJD2 gene expression.
Thus, although there was no significant difference in retinal Cx36
protein expression between the experimental and control groups
at week 0, levels in the experimental group decreased after the ini-
tiation of the negative lens treatment, with a significant reduction in
expression being observed after 1 week in the experimental group
compared with the control group (P = .01). Values returned to-
ward the baseline value with longer treatments, and differences
between the two groups were also not significant at these later
time points. The relative protein levels normalized to β-actin in
the experimental group after 0, 1, 2, and 3 weeks of treatment
were 1.35, 0.64, 1.14, and 0.90, respectively, whereas the
comparable values for the control group were 1.39, 1.36, 1.20,
and 1.05, respectively.

Note that the changes inGJD2 genemessengerRNAandCx36pro-
tein expression seemed to be asynchronous, with treatment-induced
changes in that latter being relatively short-lived compared with
FIGURE 2. Messenger RNA (mRNA) expression of GJD2 in retina tis-
sues from guinea pigs fitted with monocular negative lenses (in the ex-
perimental group) or plano lenses (in the control group) for 0 to
3 weeks. β-Actin served as the housekeeping gene. CON = control;
LIM = lens-inducedmyopia. *P < .05 and **P < .01 in the experimen-
tal group compared with the control group. Three tissue samples from
each group were tested at each time point.
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FIGURE 3. Relative Cx36 protein levels in retina tissues from guinea
pigs fitted with monocular negative lenses (in the experimental group)
or plano lenses (in the control group) for 0 to 3 weeks. β-Actin was
used as a reference. CON = control; Cx36 = connexin 36; LIM =
lens-induced myopia. *P < .05 in the experimental group compared
with the control group. Three tissue samples from each group were
tested at each time point.
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the former gene expression changes. Possible factors contributing
to this discrepancy are discussed in the following section.
DISCUSSION

Various studies spanning a range of animalmodels and experimen-
tal techniques have led to a general consensus that emmetropization,
the process by which eye growth is adjusted to fine-tune the eye's re-
fractive error, is largely regulated locally, that is, with the eye. For ex-
ample, in chick studies,39 cutting the optic nerve to eliminate
communication between the retina and the brain does not prevent
eyes from excessively elongating when exposed to form deprivation
or hyperopic defocus stimuli, although subtle differences between
the response patterns of animals with intact versus sectioned nerves
www.optvissci.com Optom Vis Sci 202
have been described in both cases. When form deprivation or defocus
stimuli are imposed on only a sector of their retina,40–42 these eyes
show local shape changes corresponding to the affected retina, offer-
ing further evidence for local regulation, initiated in the retina. Thus,
exploration of the role of the retinal GJD2 gene in myopia represents
a potentially important step toward elucidating mechanisms underly-
ing the development of myopia.

Similar to findings from other studies that used negative lenses
to induced experimental myopia in guinea pigs (Appendix Table
A1, available at http://links.lww.com/OPX/A462), this study also
revealed accelerated eye elongation and myopic shifts in the
guinea pigs treated with −10 D lenses.39–42 Interestingly, the rate
of axial length elongation in lens-induced myopia eyes seemed to
slow down slightly over time, with changes in refractive error de-
creasing in parallel. Thus, compared with mean changes over the
first week in the lens-induced myopia group of 0.19 mm and
−2.03 D, the equivalent weekly changes in interocular differences
in axial length and refractive error for the 2- and 3-week treatment
groups are 0.19 and 0.17 mm for axial length and −1.98 and
−1.63 D, respectively. It should be noted that the initial age of
guinea pigs in the current study was 4 weeks, which is older than
that of the animals in previous related studies, whereas the treat-
ment duration was 3 weeks, which is shorter than that of other
studies.37,43–51 These differences may account, at least in part,
for the failure of the guinea pigs in the experimental group to fully
compensate to the imposed hyperopic defocus at the end of the
study, which was also an intended outcome. There has been one
other study reporting on changes in relative GJD2 messenger
RNA expression and Cx36 protein in the retina of guinea pigs, in
this case involving form deprivation myopia.52 Given the accumu-
lating evidence that the mechanisms underlying form deprivation
myopia and lens-inducedmyopiamay be different,14 our study pro-
vided further opportunity to examine the latter question. In relation
to differences between form deprivation myopia and lens-induced
myopia, these two types of myopia seem to be differently affected
by altered environmental light conditions.53–56 For example, al-
though high ambient light levels exert a protective effect against
form deprivation myopia in chickens and monkeys,53,55 they do
not prevent compensation to imposed hyperopic defocus, that is,
lens-induced myopia.54,56 These two types of myopia seem to be
also differentially affected by some pharmacological treatments.57

Perhaps ofmost relevance to the study reported here, there seem to
be differences in time-integrated responses to these two types of
myopia-inducing stimuli, at least for some experimental animal
models.58 In relation to the changes in retinal GJD2 messenger
RNA and Cx36 protein expression levels in guinea pigs with form
deprivation myopia, both were found to be reduced after the
3-week treatment.52 That the changes in relative GJD2 gene mes-
senger RNA expression in the −10 D lens-treated group were also
greatest early in the treatment period, for example, 0.27 and
0.18 for weeks 1 and 2 compared with 0.76 for week 3, may point
to differences in the signals responsible for the initiation of myopic
growth responses as opposed to the maintenance of these re-
sponses. However, it is also possible that the latter reductions
may reflect structural changes in the retina, secondary to induced
changes in vitreous chamber dimensions, given that eyes experi-
enced hyperopic defocus throughout the 3-week experimental pe-
riod, albeit reduced in amount by the end of this period.

Apart from targeting lens-induced myopia rather than form dep-
rivation myopia, the current study also documented changes in ret-
inal GJD2 gene and Cx36 protein expression on a finer timescale.
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In contrast to the finding for form deprivation myopia, GJD2 mes-
senger RNA expression was not significantly altered after 3 weeks
of treatment, although significant relative decreases were observed
after shorter treatment durations (of 1 and 2 weeks), and Cx36 pro-
tein expressionwas also significantly decreased after 1week of treat-
ment. Taken together, the results of this and the previous study
suggest that the GJD2 gene is involved in both form deprivation my-
opia and lens-induced myopia, but the subtle differences in expres-
sion patterns open the possibility that some parts of the retinal signal
pathway may not be shared.

In studies aimed at elucidating the retinal mechanisms underly-
ing lens-induced myopia, both dopamine regulation and ON-OFF
retinal circuits have been investigated.57 As Zhou et al.57 noted
in their review article focusing on the relationship between the dopa-
mine and myopia, most studies have found retinal dopamine levels
to be decreased during the development of myopia, even when differ-
ent myopia animal models were involved. Furthermore, increased ret-
inal dopamine synthesis and release under bright light conditions57

offer a plausible explanation for results from other studies showing
that high ambient environmental light has protective effects on exper-
imentally induced (animal) myopia.53 One specific study in mice also
linked bright light exposure, sufficient to suppress form deprivation
myopia, with increased dopamine receptor D1 activity in the bipolar
cells of the ON pathway.59 Of relevance to the current study, dopa-
mine regulates the phosphorylation of Cx36. Cx36-containing gap
junctions also play an essential role in electrical circuits within
the retinal rod system.60 During the day when light levels are high,
the dopamine D2 family receptors are activated, and adenylate cy-
clase activity is inhibited, decreasing Cx36 phosphorylation, which
is mediated by cyclic adenosine monophosphate–dependent pro-
tein kinase A. The net effect of these changes is a decrease in
gap junction conduction, with opposite changes occurring at night.

In the ON pathway in the retina, rod bipolar cells relay signals
from rods to AII amacrine cells; these signals also travel via Cx36
gap junctions to reach ON cone bipolar cells and finally ON gan-
glion cells.61 In the OFF pathway, AII amacrine cells are connected
with OFF cone bipolar cells via glycinergic inhibitory synapses.
Rods are also directly coupled to cones via Cx36 gap junctions.62
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Given the wide distribution of Cx36 gap junctions in the retina,
the net effect of the observed transient decrease in retinal Cx36
protein expression on retinal signaling warrants further investigation.
For example, it is interesting to speculate that Cx36may be a down-
stream component of a retinal dopamine signaling pathway regu-
lating myopia. Thus, decreases in retinal dopamine, as linked to
experimental myopia, are expected to increase Cx36 phosphory-
lation. Note also that in both themouse63 and the rabbit,64 the ex-
tent of coupling among retina cells via Cx36 gap junctions is directly
related to Cx36 phosphorylation rather than changes in the number
of gap junctions.

Further studies are warranted to understand the transient re-
duction in Cx36 protein expression reported here. Such studies
could make use of immunochemistry to localize the Cx36 protein
in specific retinal layers at timed intervals during lens treatments.
Some factors that could have contributed to the small discrepan-
cies in the timing of changes inmessenger RNA and protein expres-
sion include messenger RNA modifications,65 posttranscriptional
protein modifications,66 and differences in protein turnover or half-
life.67 The turnover of connexin proteins is known to be influenced
by the physiological environment. Is it possible that the turnover rate
of Cx36 also varies with the quality of the retinal image and so level
of imposed optical defocus, which is expected to vary across the
different stages ofmyopia development.68,69 It is also possible that
the level of phosphorylated Cx36 may be as or more important, es-
pecially in the later stage of myopia development, when the
amount of imposed defocus has also been reduced. Could such
temporal changes in phosphorylation versus protein expression
also explain the different findings of the current lens-induced my-
opia and previous form-deprivation myopia studies? Advanced in
vivo electrophysiological recording techniques may be able to offer
additional insight into such differences.

In summary, our study found the relative retinal messenger RNA
expression ofGJD2 gene decreased over the course of lens-induced
myopia, as did Cx36 protein expression. Further investigation of
the roles of the GJD2 gene and Cx36 protein in the signal path-
ways andmechanisms underlyingmyopia, a multifactorial disease,
is warranted.
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