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Abstract. It is important to elucidate how retinal stimulation
leads to retinal protection and dysfunction. The current study
aimed to identify factors that are up- and downregulated in the
retinas of streptozotocin (STZ)-induced diabetic rats with acute
retinal dysfunction. Retinal function was measured and changes
inproteinexpressions were determined using electroretinograms
(ERGs) and liquid chromatography/mass spectroscopy-based
shotgun proteomics, respectively. The results revealed that the
plasma glucose levels of STZ rats were markedly higher when
compared with normal rats. Furthermore, levels of a-waves,
b-waves and oscillatory potential amplitudes on ERGs in STZ
rats were decreased compared with healthy animals. With
use of shotgun proteomics, 391 proteins were identified in the
retinas of normal rats and 541 proteins were found in the retinas
of STZ rats. Of the 560 proteins identified in rat retinas, 372
(66.4%) were present in both normal and STZ rats. Of these,
19 (3.39%) were unique to normal rats and 169 (30.1%) were
unique to STZ rats. Gene Ontology analysis was performed
on the candidate proteins that were differentially regulated
in the retinas of STZ rats and focused on those classified as
‘protein binding’, which serve important roles in retinal neuro-
degeneration. The results revealed an excessive expression of
retinol-binding protein 1 (RBP1) and a negative expression of
rod outer segment membrane protein 1 (Rom-1) in the retinas
of STZ rats. Therefore, retinal function may be decreased with
STZ-induced injury, and expressions of Rom-1 and RBP1 may
be altered in the retinas of STZ rats.
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Introduction

Ophthalmic functional disorders and blindness signifi-
cantly affect quality of life due to the importance of vision
in day-to-day activities. Diabetic retinopathy, glaucoma,
age-related macular degeneration, and retinitis pigmentosa are
diseases of the retina that can lead to blindness. The under-
lying mechanisms are of global interest, though it is difficult to
prevent retinal dysfunction completely. Thus, it is important to
elucidate how retinal stimulation leads to retinal dysfunction.

Animal models of retinopathy include the strepto-
zotocin-induced diabetic rat (STZ rat), oxygen-induced
retinopathy, and laser-induced choroidal neovasculariza-
tion models (1-3). In particular, STZ rats serve as models of
diabetic retinopathy. In a previous study, we showed that STZ
rats have decreased retinal function using electroretinograms
(ERGs) (4,5). Moreover, STZ rats have altered visually evoked
potentials or ERG measures even in the absence of observ-
able retinopathy (6). Thus, STZ rats are adaptable as a model
of acute retinal dysfunction. However, the differential retinal
protein expression related to acute retinal dysfunction after STZ
administration needs to be evaluated. A proteomic approach
has been used for this purpose in diabetic retinopathy (7),
with shotgun liquid chromatography (LC)/mass spectrometry
(MS)-based global proteomic analysis considered particularly
useful (8-10). We previously used this methodology to evaluate
changes in protein expression in the lens and cornea of STZ
rats and found decreased superoxide dismutase. This decrease
contributed to the progression of diabetic cataracts and overex-
pression of lumican, leading to delayed corneal wound healing
in diabetic keratopathy-affected corneas (11,12).

In the present study, we used a shotgun LC/MS-based global
proteomic approach in retinas from STZ rats to investigate
factors relevant to and mechanisms underlying acute retinal
dysfunction. We also identified proteins up- and downregulated
in the retina and their association with retinal function.

Materials and methods
Materials. We purchased urea from GE Healthcare UK, Ltd. and
thiourea and Triton X-100 from NACALAI TESQUE, Inc.. All

other reagents and solvents were of analytical or HPLC grade.

Animals. Healthy male Wistar rats were provided by Kiwa
Laboratory Animals Co., Ltd. The 6-week-old animals were
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injected with streptozotocin for 2 days (100 mg/kg/day,
i.p.) (13) and housed for 2 weeks. Sodium pentobarbital over-
dose (i.p.) was used to euthanize the rats, and the retinas were
excised. All experiments were performed in compliance with
regulations approved by the Ethics Committee of the Kindai
University Faculty of Pharmacy (approval code KAPS-25-001,
1 April 2013). The rats were housed in a room at 25°C under a
12-h light-dark cycle (2-3 rats/cage). All rats had access to food
and water ad libitum.

Assay of glucose and insulin levels. Blood (50 ul) was
sampled from the tail vein of each rat without anesthesia after
the animal fasted for 12 h (10:00 a.m.). Plasma glucose level
was measured using an Accutrend GCT (Roche Diagnostics
GmbH). Plasma insulin levels were assayed using an ELISA
insulin kit (Morinaga Institute of Biological Science, Inc.)
according to the manufacturer's protocol (14). The dynamic
range of the ELISA Insulin kit is 0.1 to 6.4 ng/ml.

ERG readings. ERG readings were recorded by PuREC
(Mayo) at baseline and 2 weeks after streptozotocin injection.
Rats were maintained in a completely dark room for 24 h,
after which they were anesthetized with isoflurane (concentra-
tion: 2.0 v/v%, flow rate: 1.0 I/min). The pupils were dilated
with 0.5% tropicamide and 0.5% phenylephrine (Santen).
The golden-ring electrode, reference electrode, and neutral
electrode (Mayo) were set at the right eye, tongue, and tail,
respectively. A flash ERG was recorded in a dark room and
a-wave, b-wave, and oscillatory potential (OP) amplitudes
(OP1, OP2, and OP3) measured. The OPs were isolated by the
band-pass filter and amplitudes measured using all frequen-
cies (0.3-500 Hz).

Tryptic digestion of proteins extracted from the retinas of
normal and STZ rats. Normal and STZ rats were euthanized
by intraperitoneal injection of 150 mg/kg sodium pentobar-
bital. Retinas were removed from normal and STZ rats and
homogenized in urea lysis buffer (7 M urea, 2 M thiourea,
5% CHAPS, and 1% Triton X-100). We measured protein
concentrations using a Bio-Rad Protein Assay kit (Bio-Rad
Laboratories, Inc.), followed by gel-free trypsin treatment
in accordance with the previously published protocol (15).
Briefly, 10 ug of protein extract from each sample was reduced
at 37°C for 30 min by the addition of 45 mM dithiothreitol and
20 mM Tris (2-carboxyethyl) phosphine in 50 mM ammonium
bicarbonate buffer. The proteins were then alkylated with
100 mM iodoacetamide in 50 mM ammonium bicarbonate
buffer at 37°C for 30 min. After alkylation, the samples
were digested at 37°C for 24 h using MS-grade trypsin gold
(Promega Corporation) at a trypsin/protein ratio of 1:100
(w:w). Finally, the digests were purified using PepClean C-18
Spin Columns (Thermo Fisher Scientific, Inc.) following the
manufacturer's protocol.

LC-MS/MS identification of proteins. Peptide samples (~2 ug)
were injected into a peptide L-trap column (Chemicals
Evaluation and Research Institute, Tokyo, Japan) with an HTC
PAL autosampler (CTC Analytics,Zwingen, Switzerland). They
were further separated through a Paradigm MS4 (AMR Inc.)
with a reverse-phase C18-column (L-column, 3-ym-diameter
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gel particles, 120 A pore size, 0.2x150 mm; Chemicals
Evaluation and Research Institute, Tokyo, Japan). The column
flow rate was 1 pl/min. The mobile phase consisted of 0.1%
formic acid in water (solution A) and acetonitrile (solution B),
with a concentration gradient of 5% solution B to 40% solu-
tion B over 120 min. Gradient-eluted peptides were introduced
into the mass spectrometer through the nanoelectrospray
ionization (NSI) interface, which had a separation column
outlet directly connected to the NSI needle. We analyzed the
peptides using an LTQ ion-trap mass spectrometer (Thermo
Fisher Scientific, Inc.) with no sheath or auxiliary gas. The MS
scan sequence was full-scan MS in normal/centroid mode and
sequential MS/MS in normal/centroid mode. The positive ion
mass spectra were acquired in a data-dependent manner, with
MS/MS fragmentation performed on the two most intense
peaks of every full MS scan using an isolation width of m/z
1.0 and a collisional activation amplitude of 35% in the m/z
range of 300 to 2,000. All MS/MS spectral data were searched
against the SwissProt Rattus database using Mascot version
2.4.01 (Matrix Science). The search criteria were trypsin,
with the following allowances: <2 missed cleavage peptides;
mass tolerance, +2.0 Da; MS/MS tolerance, +0.8 Da; cysteine
carbamidomethylation for fixed modification; and methionine
oxidation modifications for variable modification.

Semiquantitative analysis of identified proteins. The fold
change in expression was calculated as the log2 of the ratio of
protein abundances (Rsc) evaluated by spectral counting (16).
The Rsc was calculated using Equation 1:

Rsc=log2[(n, + f)/(n, + )] + log2[(t, - n, + D)/, - n, + )]

Here, n, and n, are spectral counts for the proteins in the
retinas of normal and STZ rats, respectively, t, and t; are the
total numbers of spectra for all proteins in the two samples,
and f is a correction factor set to 1.25.

For comparison, we calculated the relative amount of
proteins identified using the normalized spectral abun-
dance factor (NSAF) (17). The NSAF was calculated using
Equation 2:

NSAF=(SpC,/L,)/SUM(SpC,/L,)

Here, SpC, is the spectral count for the protein in the
retinas of normal or STZ rats, and Ln is the length of the
protein in the retinas of normal or STZ animals. Differentially
expressed proteins were selected when the Rsc was >1 or <-1,
which correspond to fold changes of >2 or <0.5, respectively.

Bioinformatics. We also investigated the functions of proteins
with significantly altered expression in diabetes mellitus. Their
sequences were assigned to Gene Ontology (GO) molecular
function, GO cellular component, GO biological process, and
Kyoto Encyclopedia of Genes and Genomes signaling pathway
terms to examine their functional annotations in the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
version 6.8 (http:/david.abcc.nciferf.gov/home.jsp) (18-20).

Statistical analysis. Statistical analysis was performed using
JMP 5.1 software (SAS Institute, Inc.). All data are presented
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Figure 1. Effects of STZ administration in rats. (A) Body weight, (B) plasma glucose and (C) plasma insulin levels in normal and STZ rats were determined.
Data are presented as the mean + standatd error (n=3). "P<0.05 vs. normal rats. STZ, streptozotocin.

A Flash Intensity Normal STZ
(log cd/m?)
_/\“x S
— T —
192 "R/ T~
{\/\ wﬁ“‘_‘ﬁgmm
-1.02 \jj —
/ T
-0.02 "\\)
I~
0.98 1 / soopv|
l 100 ms
B 500 a-wave C 1200 b-wave
~ 400 ~ 1000
! Z 800
P 300 P
£ 200 g v
= T 400
£ 100 g 0
-2.92 -1.92 -1.02 -0.02 0.98 -2.92 -1.92 -1.02 -0.02 0.98
Flash intensity (log cd/m?) Flash intensity (log cd/m?)
D 200 OP amplitude
—~ ONormal
3 150 msTZ
=
2 100}
= *
= *
E sof
*
0
OP1 oPr2 OoP3

Figure 2. Changes in ERG typical traces of normal and STZ rats. (A) Typical traces of ERG, (B) a-waves, (C) b-waves, and (D) OP amplitudes in normal (open
symbols) and STZ rats (closed symbols and columns). Data are presented as the mean + standard error (n=3). “P<0.05 vs. normal rats. ERG, electroretinogram;
OP, oscillatory potential; STZ, streptozotocin.
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Figure 3. Identification and semiquantitative comparisons of differentially
expressed proteins in the retinas of normal and STZ rats. (A) Venn diagram of
proteins identified in the retinas of normal and STZ rats. (B) Semiquantitative
comparison of proteins differentially expressed in the retinas of STZ rats. For
each protein identified, Rsc and NSAF values were calculated to compare
protein expression levels between the retinas of normal and STZ rats. STZ,
streptozotocin; Rsc, ratio of protein abundances; NSAF, normalized spectral
abundance factor.

as means + standard error of (SE). We applied the Student's
t-test and set the significance level at P<0.05.

Results

Measurement of body weight, glucose, and insulin levels in
STZ rats. Fig. 1 shows the changes in body weight, plasma
glucose, and insulin levels in STZ rats, which were all signifi-
cantly lower than in normal rats (Fig. 1A and C). The body
weight of STZ rats was 80% that of normal rats. The plasma
insulin level was below the detection sensitivity limit of the
high sensitivity ELISA Insulin Kit. Furthermore, plasma
glucose in STZ rats was markedly increased compared to
normal rats (Fig. 1B).

Changes in retinal function in STZ rats. Fig. 2 shows the
retinal function of normal and STZ rats on the ERGs. The
a-waves reflect the function of photoreceptors, b-waves reflect
bipolar cell and Miiller cell function, and OP amplitudes are
dependent on the hemodynamics in the central retinal artery.
Retinal dysfunction was evident 2 weeks after streptozotocin
injection with the a-wave, b-wave, and OP amplitudes lower in
STZ rats than normal rats.

Changes in protein expression in the retinas of STZ rats.
We identified 391 proteins in the retinas of normal rats and
541 proteins in the retinas of STZ rats (Fig. 3A). A total of
560 proteins were identified in the rat retina, including 372
(66.4%) present in both normal and STZ animals, 19 (3.39%)
unique to normal rats, and 169 (30.1%) unique to STZ rats
(Fig. 3A). We also evaluated the proteins expressed in rat
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Table I. Gene Ontology analysis of identified proteins in the
molecular function category.

Molecular function category Relative abundance (%)

Protein binding 295
Poly(A) RNA binding 13.6
Structural molecule activity 13.6
Identical protein binding 114
Ubiquitin protein ligase binding 10.2
ATPase activity 7.95
RNA binding 7.95
GTP binding 6.81
Signal transducer activity 5.68
Cytoskeletal protein binding 4.54
Hydrogen ion transmembrane 4.54
transporter activity

Ion channel binding 4.54
Unfolded protein binding 4.54
Retinal binding 2.27

retinas using a label-free semiquantitative method based on
spectral counting. Fig. 3B shows the Rsc values for the proteins
identified in the normal and STZ rats. A positive Rsc indicated
increased expression in the diabetic rat retina, and a negative
value indicated reduced expression. Furthermore, the NSAF
value was calculated for each protein identified in the normal
and STZ rats. Proteins with an Rsc >1 or <-1 were considered
candidate proteins exhibiting differential regulation with
diabetic retinopathy. The expression levels of housekeeping
proteins, such as [-actin and glyceraldehyde-3-phosphate
dehydrogenase, did not change in the retinas of STZ rats
(Fig. 3B).

We performed GO analysis of the candidate proteins regu-
lated in the retinas of STZ rats. For this purpose, we searched
for GO terms related to ‘molecular function’ (Table I),
‘cellular component’ (Table II), ‘biological processes’
(Table IIT), and ‘Pathway’ (Table IV) in DAVID. Our focus
was on the nine proteins classified as ‘protein binding’, which
play important roles in retinal neurodegeneration in the GO
‘molecular function’ component (Table V). Among these nine
proteins, we homed in on the effect of enhanced expression of
retinol-binding protein 1 (RBPI) and negative expression of
rod outer segment membrane protein 1 (Rom-1) in the retinas
of STZ rats because both proteins are key factors in acute
retinal degeneration.

Discussion

In this study, we investigated the relationship between retinal
dysfunction and retinal protein expression using shotgun
proteomics in a model of diabetic retinopathy. Selection of an
appropriate model animal is essential for investigating this rela-
tionship. Streptozotocin exposure damages pancreatic -cells
in rats, leading to deficient insulin secretion (21,22). In our
previous work, we used STZ rats as a model of acute diabetic
retinopathy (6); here, we examined glucose and insulin levels



Bzl SPANDIDOS
7] .§, PUBLICATIONS

Table II. Gene Ontology analysis of identified proteins in the
cellular component category.
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Table III. Gene Ontology analysis of identified proteins in the
biological process category.

Cellular component category Relative abundance (%)

Biological process category Relative abundance (%)

Extracellular exosome 295
Cytoplasm 13.6
Nucleus 13.6
Membrane 114
Cytosol 10.2
Extracellular space 17.0
Mitochondrion 159
Myelin sheath 14.8
Golgi apparatus 12.5
Perinuclear region of cytoplasm 12.5
Neuron projection 114
Protein complex 9.09
Cell body 7.95
Focal adhesion 7.95
Synapse 7.95
Terminal bouton 7.95
Extracellular matrix 6.81
Intracellular ribonucleoprotein 6.81
complex

Postsynaptic density 6.81
Cytoplasmic vesicle 5.68
Intermediate filament 5.68
Synaptic vesicle 5.68
Blood microparticle 4.54
Dendritic spine 4.54
Melanosome 4.54
MPT-ATP SC, coupling factor F (o) 4.54
MPT-ATP SC 4.54
Perikaryon 4.54
Clathrin-coated vesicle 341
Intermediate filament cytoskeleton 341
Photoreceptor outer segment 341
Photoreceptor outer segment 2.27

membrane

MPT-ATP SC, Mitochondrial proton-transporting ATP synthase
complex.

in the plasma of STZ rats. Plasma glucose levels were signifi-
cantly higher in STZ rats than in normal rats. Furthermore,
we could not detect plasma insulin in STZ rats, which had
significantly decreased body weight compared to normal rats
(Fig. 1). These results show that STZ rats developed diabetes
mellitus with hyperglycemia and hypoinsulinemia.

Diabetic retinopathy is a common complication associated
with diabetes mellitus (23-25). This disease is characterized by
progressive alteration of the retinal microvasculature derived
from hyperglycemia (23), which leads to capillary closure
and areas of non-perfusion. This phenomenon causes retinal
hypoxia and pathological neovascularization, which leads to
vision loss.

Response to drug 10.2
Negative regulation of apoptotic 9.10
process

Aging 6.82
Protein transport 6.82
Vesicle-mediated transport 6.82
ATP metabolic process 5.68
ATP synthesis coupled protein 5.68
transport

Endocytosis 4.54
ATP hydrolysis coupled proton 341
transport

Chromatin silencing 341
Epidermis development 341
Intermediate filament organization 341
Regulation of endocytosis 341
Response to axon injury 341
Retina homeostasis 341
RVMT, Golgi to ER 341
Substantia nigra development 341
Toxin transport 341
Cellular response to Thyroid 2.27
stimulating hormone

Mucus secretion 2.27
Negative regulation of intracellular 2.27
transport

Regulation of histamine secretion 2.27

by mast cell

RVMT, Retrograde veside-mediated transport.

Table IV. Gene Ontology analysis of identified proteins in the
pathway category.

Pathway category Relative abundance (%)

Oxidative phosphorylation 10.2

Huntington's disease 9.10
Endocytosis 6.82
Alcoholism 5.68
Alzheimer's disease 5.68
Parkinson's disease 5.68
Synaptic vesicle cycle 5.68
Glutamatergic synapse 4.54
Collecting duct acid secretion 341

Next, we used ERGs to investigate changes in retinal
function after streptozotocin injection, measuring a-wave,
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Table V. Proteins categorized as ‘protein binding’ in Gene ontology analysis.

Spectral counting

Number Fold
of amino change
ID Accession number and description acids Normal STZ (Rsc)
ROMI1_RAT Q5PPM7 Rod outer segment membrane protein 1 351 4 0 -2.212260
VAMP3_ RAT P63025 Vesicle-associated membrane protein 3 103 7 1 -2.017270
PUF60_RAT QIWV25 Poly(U)-binding-splicing factor PUF60 564 2 0 -1.519500
TBKB1_RAT Q6DGS50 TANK-binding kinase 1-binding protein 1 613 2 0 -1.519500
GNAI12_RAT Q63210 Guanine nucleotide-binding protein 379 2 0 -1.519500
subunit alpha-12
GBB4_RAT 035353 Guanine nucleotide-binding protein 340 3 9 1.132274
subunit beta-4
GBB3_RAT P52287 Guanine nucleotide-binding protein 340 0 2 1.239212
G(I)/G(S)/G(T) subunit beta-3
DDBI1_RAT QO9ESWO DNA damage-binding protein 1 1,140 0 2 1.239212
RET1_RA P02696 Retinol-binding protein 1 135 1 7 1.736735

b-wave, and OP amplitude (Fig. 2). Retinal neuron loss has
been reported early in disease progression in STZ rats, and this
neuronal dysfunction was reflected in alterations in the ERG
findings (26-28). After streptozotocin injection, the a-waves and
b-waves of STZ rats decreased. OP amplitude, which indicates
the amplitude of the small wave between the a-wave and b-wave
peak, was also significantly lower in STZ rats than normal rats.
These reductions in a-wave, b-wave, and OP amplitude have
also been observed in human diabetic retinopathy (29,30).
Moreover, our previous study showed that, with increased
thickening of the retinal nerve cell layer, in particular, the gap
between the ganglion cell layer and inner granular layer was
extended (6). These results suggest that the rat retina is injured
by streptozotocin injection, and that the localized factor and
cell layer distance are related to retinal dysfunction.

Next, we applied LC/MS-based proteomics analysis to
elucidate factors and mechanisms of acute retinal dysfunction
in STZ rats. Although a quantitative value obtained using
spectral counting may not be accurate, it reflects differ-
ences in expression and has been used in previous studies
investigating novel diagnostic biomarkers and biological
mechanisms (11,12,31-35). A total of 88 proteins had >2-fold
change in expression in the retinas of STZ rats, and we exam-
ined their roles in an analysis against four GO terms. For this
purpose, we focused on changes in the expression of proteins
classified into the ‘protein binding’ category in the ‘molecular
function’ term because the relative abundance of this category
was highest among the ‘molecular function’ terms. Proteins
that are categorized into ‘protein binding’ have the potential
to interact with other proteins. Thus, these molecules may play
an important role in the decreased ERG measures in STZ rats
given the increased thickening of the retinal nerve cell layer
in these animals (6). The nine proteins were categorized, and
those showing the highest and lowest Rsc values were RBP1
and Rom-1, respectively. Both proteins have been reported to
be involved in the retinoid cycle.

Visual pigment (11-cis-retinal + opsin protein) is necessary
for functioning photo receptors in the retina, and the visual
pigments are regenerated in the rod outer segment and retinal
pigment epithelium (retinoid cycle). In the retinoid cycle, the
visual pigment is isomerized to all-frans-retinal by a light signal
in the rod outer segment disk. The isomerized all-frans-retinal
is produced by the reduction to all-frans-retinol via ABC
cassette transporter and all-frans-retinol dehydrogenase,
and is released into the gap between the photoreceptor
outer segment and retinal pigment epithelium. The released
all-frans-retinol is taken into the retinal pigment epithelium
by RBPI, regenerated into 11-cis-retinal, and reversed into the
photoreceptor outer segments via RBP1 (36-39). Low RBP1
decreases the transport of 11-cis-retinal and all-frans-retinol
to the rod outer segment and retinal pigment epithelium,
respectively. Chen er al reported that RBP1 not only trans-
ports 11-cis-retinal and all-trans-retinol, but also efficiently
releases all-frans-retinol from rod photoreceptors in a
concentration-dependent manner (40). These effects prevent
the production of lipofuscin precursor, which is a factor
in retinal dysfunction (40). In this study, RBP1 levels were
significantly higher in the retinas of STZ rats than normal rats.
These findings suggest that the expression of RBP1 may be
increased by homeostatic mechanisms against the suppression
of lipofuscin production.

Rom-1 is a retina-specific integral membrane protein local-
ized to the rod outer segment disk rim (41,42). Rom-1 has been
reported to be involved in the stabilization and compaction of
outer segment disks and rim maintenance, which is essential for
morphogenesis in the rod outer segment disk (43). A previous
study also showed that Rom-1 knockout mice have recessive
photoreceptor degeneration (44). In the present study, Rom-1
levels were lower in the retinas of STZ rats than normal rats.
As the results of semi-quantitative analysis based on spectral
counts highly correlate with the results of quantification by
Western blot in previous studies (12,45,46), the expression of
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RBP1 and Rom-1 are considered to have changed. These results
suggest that the decreased expression of Rom-1 is related to
retinal dysfunction via the destabilization of morphogenesis in
the rod outer segment disk. Further study is needed to inves-
tigate whether RBP1 and Rom-1 protein levels decreased in
STZ rats via Western blotting and to elucidate the mechanism
underlying changes in Rom-1 and RBP1 in acute retinopathy
in STZ rats.

In conclusion, streptozotocin injury decreased retinal func-
tion in rats. In association with this functional loss, shotgun
proteomics revealed altered expression of Rom-1 and RBP1,
which play important roles in maintaining the retinoid cycle.
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