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Early quantitative profiling of differential retinal protein
expression in lens-induced myopia in guinea pig using
fluorescence difference two-dimensional gel electrophoresis
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Abstract. The current study aimed to investigate the differ-
ential protein expression in guinea pig retinas in response to
lens-induced myopia (LIM) before fully compensated eye
growth. Four days old guinea pigs (n=5) were subjected to -4D
LIM for 8 days. Refractive errors were measured before and
at the end of the lens wear period. Ocular dimensions were
also recorded using high-frequency A-scan ultrasonography.
After the LIM treatment, retinas of both eyes were harvested
and soluble proteins were extracted. Paired retinal protein
expressions in each animal were profiled and compared
using a sensitive fluorescence difference two-dimensional gel
electrophoresis. The quantitative retinal proteomes of myopic
and control eye were analysed using computerised DeCyder
software. Those proteins that were consistently changed with
at least 1.2-fold difference (P<0.05) in the same direction in
all five animals were extracted, trypsin digested and identified
by tandem mass spectrometry. Significant myopia was induced
in guinea pigs after 8 days of lens wear. The vitreous chamber
depth in lens-treated eyes was found to be significantly
elongated. Typically, more than 1,000 protein spots could
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be detected from each retina. Thirty-two of them showed
differential expression between myopic and untreated retina.
Among these proteins, 21 spots were upregulated and 11 were
downregulated. Eight protein spots could be successfully
identified which included B-actin, enolase 1, cytosolic malate
dehydrogenase, Ras-related protein Rab-11B, protein-L-isoas-
partate (D-aspartate) O-methyltransferase, PKM2 protein,
X-linked eukaryotic translation initiation factor 1A and ACP1
protein. The present study serves as the first report to uncover
the retinal 2D proteome expressions in mammalian guinea pig
myopia model using a top-down fluorescent dyes labelling gel
approach. The results showed a downregulation in glycolytic
enzymes that may suggest a significant alteration of glycolysis
during myopia development. Other protein candidates also
suggested multiple pathways which could provide new insights
for further study of the myopic eye growth.

Introduction

The ability to screen thousands of protein candidates using
a proteomic approach has opened up many opportunities for
high throughput study of global changes in protein expression.
Fluorescence difference two-dimensional gel electrophoresis
(2D DIGE) and mass spectrometry (MS) technology have
greatly contributed to advancing research in understanding
the aetiology and providing new therapeutic opportunities for
many diseases. Compared to the traditional 2D electropho-
resis with either Coomassie blue or silver stains, 2D DIGE
has superior accuracy and repeatability in terms of iden-
tifying differential protein expressions with the help of an
internal standard running in the same 2D gel. Recently, many
proteomes of different ocular tissues have been profiled and
cataloged as protein databases (1-3). These databases provide
a platform for comparative analysis of protein expression or
regulation among different species during differentiation and
development.

Myopia, also known as short-sightedness, is a multifactorial
disorder which is characterised by an excessive elongation
of the eyeball. Although clinically well characterised, the
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molecular mechanisms governing the accelerated ocular growth
in myopia are still poorly understood. Experimental manipu-
lations of visual experience affect eye growth and refractive
status in many species such as chicks (4,5), tree shrews (6),
fish (7), mice (8), monkeys (9), marmosets (10) and guinea
pigs (11). In these studies, significant myopia can be induced
when a growing eye wears either a diffuser (called form depri-
vation myopia) or a negative powered lens [called lens-induced
myopia (LIM)]. In humans, myopia also accompanies diseases
which cause visual deprivation, such as neonatal eye closure,
ptosis, corneal opacity, or congenital cataract (12-15).

Although the exact mechanism(s) underlying myopia
remains elusive, it is generally accepted that the retina can
play a major role in modulating eye growth as a consequence
of altered visual processing (16,17). This notion is supported
by the evidence that eyes still respond to the defocus even with
optic nerve sectioning (18,19). It implied the signals respon-
sive to ocular development reside within the retina and no
higher centre is required. It is believed that those biochemical
signals initiated will then affect changes in the choroid and
cause tissue remodelling in the sclera. This cascade results in
exaggerated eye elongation and a myopic eyeball.

Proteomic approaches can provide snap-shots of the
dynamic changes in cellular proteins during this process of
myopic eye elongation. The chick has long been a popular
animal model for myopia research due to a rapid and large
dynamic response range to form deprivation and lenses.
Retinal protein expression in chicks has been recently studied
using a proteomic approach (20-22). Novel proteins which
may be involved in the emmetropisation process as well as
in myopia development were successfully identified. However,
similar studies in myopic guinea pig retina are scarce (23) and
no retinal protein profiles of pigmented guinea pigs exist. The
guinea pig is a useful mammalian model of myopia due to the
rapid and relatively reliable changes that can be induced and
it has gained popularity in recent years. Therefore, the present
study investigated the differential retinal protein expression
in retinas extracted from myopic guinea pig eyes to provide
insight into the retinal signalling pathways during myopia
development.

Materials and methods

Animals. The animal setup was similar to our previous
studies (24,25). Tri-coloured guinea pigs (Cavia porcellus)
were raised in their natural litters with their mothers (each
box was 65x45x20 cm) with open stainless wire lids. Lighting
was provided by incandescent light bulbs (12x40 W) evenly
dispersed through a 2 cm white Perspex barrier located 20 cm
above each group of 4 boxes. The luminance was 400 lux
at the centre of each box on a 12/12 h light/dark cycle. The
room temperature was maintained at 21+2°C and humidity at
55+5%. Animal care was approved by the ethics committee
of the University of Newcastle in accordance with Australian
legislative requirements and the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research.

Myopic tissue generation procedures. At 4 days of age, five
guinea pigs wore a -4D lens monocularly for 8 days. Each
lens was attached using hook and loop fastener as previously
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described (26). The fellow untreated eyes served as controls.
At 12 days of age, both eyes were cyclopleged [with one
drop of 1% cyclopentolate hydrochloride, Cyclogyl (Alcon
Laboratories, Inc., Fort Worth, TX, USA)] and refractive error
was measured 1 h later (without the -4D lens) using streak
retinoscopy as previously described (27). Data are reported
as the mean refractive error in the horizontal and vertical
meridians. Animals were then anesthetised with isoflurane
in oxygen, the -4D lens was removed, and ocular dimensions
were measured in each eye using high-frequency A-scan
ultrasonography. Details of the ultrasonography have been
previously described (28). In summary, this procedure used a
gel-coupled transducer (20 MHz, 1' focal length; Parametrics,
Waltham, MA, USA) and signals were sampled at 100 MHz.
Peaks were selected from the front of the cornea, the front
and back of the lens, and the vitreous/retinal, RPE/choroidal,
and choroidal/scleral interfaces and the back surface of the
sclera. Ocular length was defined as the distance from the
front surface of the cornea to the back of the sclera. After
measurement of ocular parameters, anesthesia for the animal
was ceased and the -4D lens was repositioned in front of the
eye immediately.

Animals were then sacrificed by CO, overdose after 1 h of
recovery. The eyes were rapidly enucleated and hemisected near
to the equator. The anterior segment including the crystalline
lens was removed together with the vitreous gel. Retinas were
carefully peeled off from the posterior hemisphere without the
retinal pigment epithelium attached. Any remaining retinal
pigment epithelium was carefully removed by forceps. The
retinas were immediately frozen in liquid nitrogen and stored
at -80°C until used for protein analysis.

Extraction of retinal proteins. Similar to our previous
study (20), each frozen retinal tissue was homogenised in a
liquid nitrogen-cooled Teflon freezer mill (micro-dismem-
brator; Braun Biotech, Melsungen, Germany) with DIGE
compatible lysis buffer containing 7 M urea, 2 M thiourea,
30 mM tris, 2% (w/v) CHAPS, 1% (v/v) ASB14 for 7 min at
the highest speed. The homogenate was then centrifuged at
16,100 g for 15 min at 4°C. The supernatant (retinal protein
extract) was collected and the pellet was discarded. The protein
concentration of each retina was measured by a 2-D Quant kit
according to manufacturer's instructions (GE Healthcare Life
Sciences, Uppsala, Sweden).

Protein labelling. A 50 pug sample of protein from each
treated and control retina was randomly labelled with either
Cy3 or Cy5 while additional pooled protein samples were
labelled with Cy2 as an internal standard (Table I). For each
retina, the 50 pg of total protein was mixed with 1 ul of fresh
dye solution (400 pmol/ul) and incubated in the dark for
30 min on ice. One ul of 10 mM lysine was then added and
the sample incubated for a further 10 min to stop the labelling
reactions. After labelling, the Cy3 and Cy5 labelled samples
were mixed with the pooled Cy2 labelled samples and an
equal volume of lysis buffer with 2% (w/v) DTT and 0.4%
(v/v) Biolyte was added. The final volume for all preparations
was adjusted to a total volume of 300 I using rehydration
buffer (7 M urea, 2 M thiourea, 2% CHAPS, 1% ASB14, 1%
DTT, 0.2% Biolyte).
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Table I. The experimental design of CyDye labelling for each
individual retinal paired sample (n=5).

Gelno. Cy2 dye (internal control) Cy3dye  Cy5dye
Gel 1 Pool of all 10 eyes Treated 1  Control 1
(5 pg from each sample) S0 ug) S0 pug)
Gel 2 Pool of all 10 eyes Control 2 Treated 2
(5 ng from each sample) (50 ug) S0 png)
Gel 3 Pool of all 10 eyes Treated 3  Control 3
(5 ng from each sample) (50 ug) 50 pg)
Gel 4 Pool of all 10 eyes Control 4  Treated 4
(5 ng from each sample) (50 ug) S0 pg)
Gel 5 Pool of all 10 eyes Treated 5 Control 5
(5 pg from each sample) (50 ng) 50 pg)

A total of 50 ug treated and un-treated control eyes were labelled
with different dyes (Cy3 or Cy5 randomly). A total of 150 ug labelled
proteins (treated, control and pooled standard) were loaded on each
gel (gel 1-gel 5) for 2D difference gel electrophoresis run.

2-D gel electrophoresis. Isoelectric focusing (IEF) was
performed using linear immobilised pH gradient (IPG) strips
(pH 5-8, 17 cm; Bio-Rad Laboratories, San Diego, CA, USA).
They were actively rehydrated at 50 V in Protean IEF cell
(Bio-Rad Laboratories) under constant temperature (20°C)
for 12 h to enhance protein uptake. Subsequently, the protein
samples were focused for a total of 30 k voltage-h (Vh).
Following IEF, the IPG strips were incubated for 10 min in
the equilibration buffer (6 M urea, 30% glycerol, 50 mM tris
and 2% SDS) containing 2% DTT and then for an additional
10 min in 2.5% iodoacetamide. Afterwards, second dimension
electrophoresis was conducted on 12% polyacrylamide gels
casted in between low fluorescence Pyrex glass plate in the
Protean II XL (Bio-Rad Laboratories) tank until completion.
Both IEF and electrophoresis procedures were performed in
the dark to avoid degradation of the Cy dyes.

DIGE gel image analysis. The images from the gels were
scanned using a Typhoon 9400 Variable Mode Imager (GE
Healthcare Life Sciences). The Cy2 image was scanned at an
excitation wavelength of 488 nm and at an emission wavelength
of 520 nm/BP 40 nm (maxima/bandwidth). The Cy3 image in
the same gel was scanned at 532 nm (580 nm/BP 40 nm), while
The Cy5 image in the same gel was scanned was at 633 nm
(670 nm/BP 30 nm). The scan resolution was set at 100 gm.
All cropped DIGE gel images were analysed by the
DeCyder Differential Analysis software, version 6.0 (GE
Healthcare Life Sciences). All spot detection and matching
according to the experimental design in Table I were performed
automatically. Spots artefacts were screened using pre-set
filters as reported (20). DeCyder biological variation analysis
(BVA) was performed for pair-wise image analysis among all
the five gels using the corresponding pooled internal standard
Cy2 spot images from the same gel. The normalised ratios and
Student's t-test of differentially expressed proteins were calcu-
lated by the software to compare the significant differences of
protein abundance between the myopia and control eyes.
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Protein identification and tandem MS. After scanning the
gel images, gels were visualised with a MS compatible silver
stain. The differentially expressed protein spots found by the
software were then excised manually for in-gel digestion.
Subsequent protein identifications were performed in two
tandem MS systems.

For MALDI-TOF/TOF analysis, differentially expressed
proteins were excised for in-gel trypsin digestion as described
in our previous study (20). In brief, the analytes were mixed
with a-cyano-4-hydroxycinnamic acid matrix solution. They
are allowed to air-dry on an AnchorChip™ 600/384 (Bruker
Daltonics, Bremen, Germany) Anchor target plate. Mass
spectra were obtained on an AutoflexIII MALDI-TOF MS/MS
mass spectrometer (Bruker Daltonics) under the positive ion
reflectron mode with a 5-point nonlinear external calibration
and internal trypsin autoproteolytic calibration. The resulting
peak lists from 700 to 3,000 m/z for all samples were used to
identify proteins from tryptic peptide fragments by utilising
Uniprot and NCBI databases via the MASCOT protein data-
base search engine.

For NanoLC-Electrospray MS/MS analysis, an UltiMate
3000™ NanoLC system coupled to a HCTultra ion trap mass
spectrometer (Bruker Daltonics) was employed for protein
identification. The tryptic in-solution digests in 0.1% (v/v)
formic acid were injected onto a reversed-phase pre-column
(C18 PepMap, 300 ym i.d., 5 mm; LC Packings, Amsterdam,
The Netherlands) and then eluted on a nano reversed phase
column (C18 PepMap, 75 pm i.d., 150 mm; LC Packings) with
linear gradients from 96% mobile phase A/4% mobile phase B
to 50% mobile phase A/50% mobile phase B in 10 min. The
mobile phase A contained 0.1% (v/v) formic acid in water and
mobile phase B contained 0.08% formic acid in water-ACN
(20:80, v/v%). The column was connected to an electrospray
emitter, distal coating, 20 ym i.d. with a 10 ym opening. The
peptides were detected in the positive ion mode with a scan
speed of 13,000 u/sec and fragmented by collision-induced
dissociation. Precursor selection was set as 300-1,500 m/z. The
two most abundant precursor ions were selected for MS/MS
for each cycle. Three scans were averaged to obtain an MS/MS
mass spectrum. The processing of the acquired MS data was
triggered by a script for analysis by the DataAnalysisTM
software (for chromatogram integration, mass annotation, and
charge deconvolution) and subsequently the Biotools software
(for protein database search on a MASCOT server).

In the database entry, we restricted the taxonomy to
Metazoa (animals) and allowed a maximum of 1 missed
cleavage. The potential chemical modifications of a peptide
such as the alkylation of a cysteine [carbamidomethyl (C)] and
the oxidation of a methionine residue [oxidation (M)] were
also considered in the search. For all mass lists, no restric-
tions were applied for both the protein isoelectric point and
molecular weight.

Data analysis. Biometric measures of refractive error and
ocular dimension in treated and control eyes were compared
using paired t-tests. Differences between the two eyes were
calculated and referred to as ‘relative’ myopia or ‘relative’
ocular distances.

In order to screen the potential proteins related to myopia
development and minimise false positive findings, stringent
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Table II. Refractive errors and ocular component dimensions of guinea pigs after 8 days of -4D lens wear.

Lens Retinal Choroidal Scleral Axial
Sample  Refractive thickness, thickness, thickness, thickness, length,
type errors (D) ACD, mm mm VCD, mm mm mm mm mm
Treated -0.06+1.19* 1.198+0.031 3.141+0.028 3.074+0.020° 0.148+0.002° 0.084+0.009 0.089+0.005 7.734+0.079*
Control +3.63+0.34 1.177£0.032 3.134+0.029 3.023+0.023 0.152+0.002 0.080+£0.011 0.103+0.007 7.668+0.085

Data were presented as mean value + standard error of the mean (mm except refractive errors). ACD and VCD denoted anterior chamber depth
and vitreous chamber depth respectively. “P<0.05 (for refractive errors and axial length); °P<0.01 (for VCD and retinal thickness), paired t-test,

n=5. ACD, anterior chamber depth; VCD, vitreous chamber depth.

criteria for defining differential protein expression were applied
similarly to that previously described (20). The differentially
expressed proteins had to be in the same direction of changes
in all spot pairs with at least a 1.2-fold difference in the
protein abundance between the treated and control eyes. We
chose 1.2-fold difference as a threshold in another study so
as to detect the maximum number of potential candidates at
the reported sensitivity threshold of DIGE technique (29).
Most importantly, the changes in spot abundance between
treatment and control were required to reach statistical signifi-
cance (P<0.05, paired t-test). The ratio of each differentially
expressed protein is shown as fold changes between samples
from the myopic and control eye. The software allowed objec-
tive comparisons of the actual spots' intensities and profiles,
and they are not altered by manual adjustments for contrast or
brightness.

Results

Changes of refractive errors and ocular component
dimensions. Significant relative myopia was induced in
animals wearing a -4D lens for 8 days (treated vs. control,
-0.06x1.19D vs. +3.63+0.34D, mean + SEM, P<0.05). Treated
eyes were found to have a longer mean vitreous chamber depth
compared to that in their contralateral control eyes (P<0.01;
Table II). Moreover, the mean axial length was significantly
elongated relative to that in their untreated eyes (P<0.05;
Table IT). The retina was also relatively thinner (P<0.01).
Other ocular component dimensions such as anterior chamber
depth, lens thickness, and choroidal and scleral thicknesses
remained unchanged (Table II). The control eyes showed
a slight decrease in hyperopia as expected (before vs. after;
+4.70+0.66D vs. +3.63+0.34D, P>0.05, n=5).

Protein spots image analysis. More than 1,000 protein spots
could be detected on each gel typically. Thirty-two protein
spots were differentially expressed in the myopic retina
(Fig. 1) after gel analysis. Among them, 21 protein spots
showed upregulation in abundance while 11 protein spots were
downregulated in the eyes that had worn -4D lenses. Fig. 1
shows all differentially expressed proteins in an unadjusted
gel image. Red spots indicated those downregulated proteins
while blue spots were those upregulated proteins.

Protein identification and the reported functions. Of these 32
differentially expressed protein spots that were excised from

silver-post stained gels and underwent in-gel digestion followed
by either MALDI-TOF MS/MS or nano LC ESI-MS/MS
identifications. Eight of the isolated spots were successfully
identified with the protein databases in Mascot server (P<0.01).
The identities and general functions of these 8 are summarised
in Table III. Corresponding images of each spot including the
abundance change in individual animal and exact P-value
between control and myopic eyes are shown in Fig. 2. Of the
8 proteins identified, 6 were significantly downregulated and
2 were significantly upregulated in abundance in every myopic
retina relative to untreated contralateral eyes. Most of the
proteins were small proteins in terms of molecular weights.
Specific biological functions of these differentially expressed
protein spots are described below.

Spot 1: B-actin. This protein is one of the non-muscle cyto-
skeletal actins isoforms in the actin family. Actins are highly
conserved proteins which are essential for structural integrity
of the body. B-actin is involved in cell motility and ATP
binding. Downregulation of f-actin was also revealed in tree
shrew sclera with LIM (30). Actin can be adhered to extracel-
lular matrix which could be modified by growth process so as
to provide biochemical and mechanical support to the cells.

Spot 2: Enolase 1. Enolase 1 is also known as a-enolase or
non-neuronal enolase. It takes part in converting 2-phospho-
glycerate to phosphoenolpyruvate during glycolysis. Deficiency
of enolase causes generalised muscle weakness (31).

Spot 3: Cytosolic malate dehydrogenase. mRNA expression
of Cytosolic malate dehydrogenase has a strong tissue-specific
distribution, being expressed primarily in cardiac and skeletal
muscle and in the brain, also at intermediate levels in the spleen,
kidney, intestine, liver, and testes (32). It is known to partici-
pate in the malate-aspartate shuttle in the glycolysis process.
The malate-aspartate shuttle mainly exists in the mitochondria
of cells for translocating electrons produced during glycolysis
with its primary roles related to aerobic energy production
(such as for muscle contraction in other tissues). However, its
role in the retina is not clear.

Spot 4: Ras-related protein Rab-11B (GTP-binding protein
YPT3). The Rab family of proteins is a member of the Ras
superfamily of monomeric G proteins. Rab GTPases regu-
late many steps of membrane trafficking including vesicle
formation, vesicle movement along actin/tubulin networks,
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Figure 1. A representative difference gel electrophoresis gel image showing the locations of those differentially expressed proteins in guinea pig retinas after
lens-induced myopia for 8 days. Spots in blue indicate upregulated proteins in myopic retina, while those in red indicate downregulated proteins. The number
of each spot indicated the spot numbers used in the analysis of DeCyder software.

and membrane fusion. These processes make up the route by
which cell surface proteins are trafficked from the Golgi to
the plasma membrane and are recycled. Surface protein recy-
cling returns proteins to the surface whose function involves
carrying another protein or substance inside the cell, such as
the transferrin receptor, or serves as a means of regulating the
number of protein molecules on the surface. Rabll plays a
pivotal role in retinal development by regulating Shh signal-
ling and mechanism acting in parallel with Shh signalling in
the control of cell-cycle exit (33).

Spot 5: Protein-L-isoaspartate (D-aspartate) O-methy-
Itransferase, PIMT. PIMT can methylate protein-L isoaspar-
tate (D-aspartate). This protein participates in the MEK-ERK
signal process, regulating cell proliferation and differentiation.
PIMT gene knock-out mice show fatal seizures and develop-
mental delay (34).

Spot 6: PKM?2 protein. PKM2 protein is also named pyruvate
kinase isoenzyme type M2. It is an isoenzyme of glycolytic
enzyme pyruvate kinase. It catalyses the dephosphorylation
of phosphoenolpyruvate to pyruvate with the production of
ATP in the last step of glycolysis. A recent study showed that
autoantibodies against PKM2 in serum may be a biomarker
for age-related macular degeneration (AMD) (35). A higher
level of anti-PKM2 IgG antibody was found in patients

with wet AMD compared to dry AMD (35). In rat retina,
PKM2 has been reported to be present in the photorecep-
tors. Its enzymatic activity increased in dark-adapted retina
suggesting a role in regulating the metabolism of photorecep-
tors (36).

Spot 7: X-linked eukaryotic translation initiation factor 1A.
The main function of this factor is to help transfer Met-tRNAf
to 40S ribosomal subunits to form a 40S pre-initiation
complex (37,38). This complex translates mRNA to polypep-
tide in the process of protein synthesis. X-linked eukaryotic
translation initiation factor 1A is required for cell growth in
yeast (39).

Spot 8: ACPI protein. ACP1 belongs to a family of low molec-
ular weight acid phosphatase protein (LMW-PTP) which is
a highly polymorphic phosphotyrosine-protein-phosphatase
involved in signal transduction and cell proliferation
control (40). In addition, LMW-PTP plays complex roles in
the regulation of insulin (by dephosphorylating the insulin
receptor), glucose, platelet derived growth factor receptor
(PDGF), fibroblast growth factor (FGF) and T cell receptor
signal transduction system (41). ACP1 genotype is also
highly associated with retinopathy in diabetes mellitus
type 2 patients as well as high body mass index and lipid
levels (42).
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Figure 2. Differential protein expressions of the 8 proteins identified by tandem mass spectrometry with averaged fold changes and P-value shown. Solid
lines represented averaged group expression while dotted lines denoted individual expression (n=5). The standardised log abundance of protein spot (y-axis)
was plotted against control and treated retinas (x-axis). Purple circles indicate the boundaries of the protein spots automatically detected by the DeCyder
Differential Analysis software. ACP1, adipocyte acid phosphatase; PKM2, pyruvate kinase PKM.

Discussion

There are a growing number of reports using guinea pig as a
mammalian model for myopia research (27,43,44). The current
study is the first to investigate the changes in retinal proteome
in LIM in the guinea pig retina using 2D-DIGE coupled with
MS. We started the treatment in young animals because they
are more susceptible to the induced myopia. According to the
lens compensation in response to -4D LIM in the pigmented
guinea pigs (25), we chose 8 days as the treatment duration

which allowed the induction of relative, but not fully compen-
sated, myopic eye growth. We intended to capture the early
protein expressions which may be related to the early onset
myopia. The induction of relative myopic eye growth using
LIM approach was achieved in terms of both refractive error
and axial length data. Using two different tandem MS systems,
we have successfully identified a number of guinea pig retinal
proteins which were differentially expressed in response to
myopic eye growth. Of these differentially expressed proteins,
three were downregulated: Enolase 1, cytosolic malate
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dehydrogenase isoform 5 and PKM?2 protein are all glycol-
ysis-related enzymes which indicate a slowdown of glycolysis
in accelerated ocular growth. The function of glycolysis is to
oxidise glucose to pyruvate and produce ATP. Intuitively, one
might have expected to observe an upregulation of glycolysis
during accelerated eye growth because more ATPs would
be required for ocular growth. Therefore, the observation is
puzzling and exactly how downregulating glycolytic-related
enzymes may lead to myopic eye growth is unknown. Further
investigation is necessary to confirm if the glycolytic rate is
indeed decreased in the myopic retina or whether it is due to
the longer treatment period we used in this study. It is also
noteworthy that single protein may process multiple biological
functions and they could involve in other biochemical func-
tions other than glycolysis. For example, multiple functional
roles could be observed in PKM2. A number of studies have
documented a specific function of PKM?2 in tumour growth
and spreading. The presence of the dimeric form of PKM2 in
tumour cells may suggest it is associated with uncontrolled
tissue growth (45,46). Apart from their conventional roles as
reported in Table III, some of them were found associated
with angiogenetic related processes. Reduced PKM?2 at both
mRNA and protein levels was found in retinal ischemia (47).
Also, a-enolase, although traditionally considered a glycolytic
enzyme, was suggested to promote plasminogen activation
which is an important process in angiogenesis (48). Since
high myopia is frequently associated with pro-angiogenic or
neovascularization processes, it will be interesting to study
the protein expressions of our reported proteins in the highly
myopic eye. A recent genetic study on early-onset high myopia
in children discovered mutation in a unique gene, BSG which
encodes basigin (49). However, we could not identify basigin
as a differentially expressed protein in our study. This could
be due to relatively low myopia we induced in the present
study. Also, this protein was reported to forms a complex with
transporter in the retina so as to facilitate the nutrient trans-
port across the membrane. It is difficult to study membrane
proteins using our current protocol because of protein
insolubility using gel based approach. In contrast, top-down
proteomics strategy using high resolution liquid chromatog-
raphy electrospray-ionization MS may be a better platform to
study member proteins (50).

We are particularly interested in the novel role that enolase 1
may play in the myopia signalling cascades. The downregula-
tion of enolase 1 was firstreported in the myopic retina of guinea
pigs in the present study. However, in our previous study, it was
shown to be upregulated in guinea pig retina during recovery
from LIM. These bi-directional changes of enolase 1 in both
myopic and recovery retina strongly indicated the involvement
of enolase 1 in myopia development (51). In addition, another
isoenzyme of the same family, neuronal enolase was found to
be associated with the severity of retinal detachment which is
a common complication in myopic eyes (52,53).

Other than the changes of these glycolytic-related enzymes,
there were upregulations of both ACP1 protein and YPT3.
They are important proteins in cellular transport, signal
translation or cell division. (33,40) These functions are clearly
important during accelerated growth of the retina. Moreover,
ACP1 was involved in the regulation of insulin which is
recognised as strong myopia inducing factors in various
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reports (54,55). Hyperinsulinemia was also proposed to play
a key role in the pathogenesis of juvenile-onset myopia (56).
Hence, ACP1 signal transduction may be important in the
biological cascade of reactions that constitute the clinical
observation of susceptibility to myopia. They have also been
the emerging targets for designing novel therapeutic agents in
recent years because of their role in the phosphorylation of
proteins which is fundamentally important to many cellular
processes (57). The protein phosphorylation function of ACP1
highlights the importance of post-translational modification
involving myopic eye growth.

Two novel proteins, PIMT and X-linked eukaryotic trans-
lation initiation factor 1A were differentially expressed in the
retina from myopic eyes compared to control eyes. A recent
study has suggested PIMT to be associated with visual and
synapse development in guinea pigs (58). Abnormal visual
signals may have stimulated excessive expression of Glutamate
(NMDA) receptor subunit 1 in the retina which in turn led to
the formation of myopia. While there is limited information
on how X-linked eukaryotic translation initiation factor 1A
may affect myopia development, another member of the same
family, eukaryotic translation initiation factor 4H was shown
to be downregulated in sclera's from myopic tree shrews (30).
Although they are thought to be important in signalling
and growth processes in other tissues, their exact biological
functions in the retina need to be further explored.

Moreover, there was a study using a traditional 2DE
approach to investigate the proteome changes in guinea pig
sclera after 7 weeks of form deprivation. However, only a few
differentially expressed proteins were found (59). The small
number of protein changes could be due to the low sensi-
tive staining method and short IPG strips used in that study.
Comparing the differential expression in myopic sclera to our
retinal data, no similarly expressed proteins were observed.
The lack of shared protein changes may be due to different
time points, ages and 2DE approach employed in different
studies. Further studies are required to understand if there are
very different biological reactions are at play in the retina and
sclera.

Since introduction in 1997, the fluorescence difference
2D DIGE approach has been recognised as the most reliable
gel-based proteomic approach for the detection of protein
changes potentially associated with specific diseases (29,60).
Owing to its property in employing multiple spectrally resolv-
able, size- and charge-matched fluorescent CyDye DIGE fluors
for co-running up to three lysates in one single gel, more
accurate protein profiling with consistent gel images could be
achieved. Coupled with advanced gel analysis software, spot
alignment, background subtraction as well as data normalisa-
tion could be automatically performed and calculated which
allows minimal subjective assessment. Similar to our previous
work in studying chick retinal samples using this DIGE
approach (20), more than 1000 retinal protein spots could be
typically resolved on a DIGE 2D gel in the pH range of 5-8.
Aside from the number of protein spots, the retinal protein
expressions in terms of global distribution on the 2D gels were
also found to be very similar between the young guinea pig
and chick. Nevertheless, only 32 of them were differentially
expressed in response to the induced myopic eye growth in
this study. In addition, only a limited number of interested
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spots were successfully identified using two different types
of MS analyses. The limitation on protein identification was
mainly due to the low abundance of proteins. Although protein
expression could be detected confidently with fluorescent
CyDyes, the amount of protein was too low for subsequent MS
analysis. Although we tried to increase the total protein loaded
for 2DE, the 2D spot pattern was not distinct and optimal due
to smearing effect. The relative higher cost in DIGE labelling
for higher protein load was also of concern. This technical
limitation was likewise observed in another proteomic study
using chick retinal tissues (20). Therefore, a more sensitive MS
system is required to reveal the identities of those low abun-
dant proteins.

The study mainly focused on the expression of soluble
proteins within pH 5-8 in which most of the retinal proteins can
be resolved in a 2D DIGE gel as reported before (20). Hence,
the retinal proteome examined in this study is not considered
as fully comprehensive. Complementary work should extend
into wider retina proteome coverage using bottom up shotgun
proteomics using similar protocol or multiple treatment
time points in order to capture more early signals. Also, the
experimental setup of this study only focused in detecting
treatment-induced effects between two eyes of the same animal
instead of comparing protein changes to normal ‘untreated’
individual animal. It is still arguable sometimes whether the
contralateral eye or ‘un-touched’ animal is a better ‘control’ in
myopia research. Due to the known dynamic nature of protein
expressions in retinal tissue during active growth, there would
be greater inter-animal variations even in individuals with
similar amount of refraction or ages (61). In order to mini-
mise possible noises, we used paired eyes for comparative
proteomics in this study. Using rather stringent criteria in
screening differentially expressed proteins, the present study
reported those that were detected in all guinea pigs in order to
minimise false positive findings. Therefore, this study did not
describe all the differences in retinal proteins during myopic
growth and purposely excluded those proteins that failed to
repeat in all of the five animals. Notwithstanding the poten-
tial importance of these ‘excluded’ proteins, this study first
focused on those most significant and repeatable differences
of protein abundance in the myopic retina. Although the actual
number of proteins being regulated is likely under-estimated
in the present study, we postulated that the protein candidates
reported will be good starting points for generating hypotheses
that can unravel the biochemical mechanisms implicated in the
development of myopia. Related gene and protein expressions
could be further validated in order to explore the underlying
mechanism of myopia development. Due to the limited avail-
ability of specific antibodies for guinea pigs, multiple reaction
monitoring (MRM) MS could be an alternative approach to
conventional western blot analysis.

With the help of an efficient, target-free DIGE approach,
we investigated the changes in the retinal proteome of guinea
pig in response to LIM before full compensation. Identification
and relative quantification of eight differentially expressed
proteins helped understand the underlying mechanism of
myopia development. A significant alteration of glycolysis in
LIM was suggested based on three glycolytic-related enzymes
found. The exact role of glycolysis during myopia development
requires further investigation.
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