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Retinal dysfunction parallels morphologic alterations and precede clinically
detectable vascular alterations in Meriones shawi, a model of type 2 diabetes
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Diabetic retinopathy is a major cause of reduced visual acuity and acquired blindness. The aim of this work was
to analyze functional and vascular changes in diabetic Meriones shawi (M.sh) an animal model of metabolic
syndrome and type 2 diabetes. The animals were divided into four groups. Two groups were fed a high fat diet
(HFD) for 3 and 7 months, two other groups served as age-matched controls. Retinal function was assessed using
full ﬁeld electroretinogram (Ff-ERG). Retinal thickness and vasculature were examined by optical coherence
tomography, eye fundus and ﬂuorescein angiography. Immunohistochemistry was used to examine key proteins
of glutamate metabolism and synaptic transmission. Diabetic animals exhibited signiﬁcantly delayed scotopic
and photopic ERG responses and decreases in scotopic and photopic a- and b-wave amplitudes at both time
points. Furthermore, a decrease of the amplitude of the ﬂicker response and variable changes in the scotopic and
photopic oscillatory potentials was reported. A signiﬁcant decrease in retinal thickness was observed. No evident
change in the visual streak area and no sign of vascular abnormality was present; however, some exudates in the
periphery were visible in 7 months diabetic animals. Imunohistochemistry detected a decrease in the expression
of glutamate synthetase, vesicular glutamate transporter 1 and synaptophysin proteins. Results indicate that a
signiﬁcant retinal dysfunction was present in the HFD induced diabetes involving both rod and cone pathways
and this dysfunction correlate well with the morphological abnormalities reported previously. Furthermore,
neurodegeneration and abnormalities in retinal function occur before vascular alterations would be detectable in
diabetic M.sh.

1. Introduction
Diabetic retinopathy (DR) is a leading cause of blindness in adults
(Congdon et al., 2003; Klein, 2007). The pathophysiology behind DR is
complex: retinal vasculature and retinal neurons are both altered by the
disease (Barber et al., 1998, 2000; Nguyen et al., 2007).
Clinically DR can only be easily diagnosed at the advanced stages
based on the vascular abnormalities including microaneurysms, hemorrhages, cotton wool spots, hard exudates, intraretinal microvascular
abnormalities, venous beading, loop formation and neovascularization
(Gardner et al., 2002; Lai and Lo., 2013). Several techniques have been
∗

used for the detection, diagnosis and evaluation including eye fundus,
ﬂuorescein angiography and OCT (Salz and Witkin, 2015). While clinical diagnosis of DR focus on the visualization of retinal vascular lesions
in diabetic patients, the disease also induces retinal electrophysiologic
modiﬁcations including decreased contrast sensitivity, impaired color
vision and ERG abnormalities (Ghirlanda et al., 1997; Greenstein et al.,
1990; Hardy et al., 1992; Jackson and Barber, 2010). Indeed, these
functional changes have been shown to occur in the retina prior to
clinically detectable vascular symptoms (Juen and Kieselbach, 1990;
Vadala et al., 2002; Yoshida et al., 1991) and may be the consequence
of either the clinically undetectable microvascular pathology or the
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months (n = 10) and 7 months (n = 10). Water was supplied ad libitum
to all groups. Body weights and blood glucose levels were monitored
every month.

degeneration of glial and neural elements.
Much of the early disease progression seems to be similar between
human patients and animal models; however, they never mimic exactly
the human pathology (Wang et al., 2014). Consequently, choosing the
right kind of animal model that is most representative of the structural,
functional and biochemical features of human DR is of critical importance for investigating pathogenesis and for developing new and
better therapeutic strategies. While rats and mice are the most commonly used animal models of DR, they have serious limitations including the diﬀerent vasculature, the low cone number and the lack of
fovea.
Meriones shawi (M.sh), a new animal model in DR researches, has the
particularity to possess a prominent visual streak with outstandingly
high cone and ganglion cell densities and specialized vasculature with
the complete lack of major vessels in this area (Hammoum et al.,
2017b). This anatomical composition resembling what can be seen in
the human fovea makes this species a potentially useful model to mimic
foveal pathology of DR including diabetic macular edema.
Furthermore, it's has been shown in our previous reports that
feeding a high-fat diet (HFD) to M.sh for up to 3 and 7 months
(Hammoum et al., 2017a, 2017b) caused evident retinal histological
changes. In fact, we detected a signiﬁcant decrease of retinal thickness,
Müller glia activation with a signiﬁcant increase in the number of microglia cells. In addition, prominent outer segment degeneration for
both rods and cones, with a signiﬁcant decrease in the number of all
cones was visible. There was a decrease both in the staining intensity
and in the number of stained elements for both AII and calretinin positive amacrine cells; furthermore, a signiﬁcant loss of ganglion cells
was also conﬁrmed after 7 months in diabetic specimens.
The purpose of this study was to examine the clinical eﬀects of
HFD–induced diabetic conditions on retinal function and vasculature in
M.sh, to evaluate how these changes progress with increasing diabetes
duration and to correlate these changes with the previous results of the
detailed histological evaluation. Special care was taken to examine the
visual streak area in search for edema formation or any other speciﬁc
pathological alterations. Additionally, we also aimed to extend the
study to the key proteins of glutamate metabolism – the major neurotransmitter system of the retina - and synaptic transmission in general;
as they have also been proposed to play important roles in the development of functional alterations and have not been examined in any
previous report.

2.2. Clinical examinations
The examinations were performed at three months and seven
months after HFD administration. Full ﬁeld electroretinography (FfERG), optical coherence tomography (OCT), eye fundus and ﬂuorescein
angiography (FA) were performed during the examinations.
2.2.1. Full ﬁeld-Electroretinography
Retinal function was examined with Ff-ERG. Six responses were
recorded with a Metrovision system (MonColor, Paris, France) according to the standardized protocol for clinical electroretinography by
the International Society for Clinical Electrophysiology of Vision
(ISCEV) and as it was already described in detail in our previous study
(Dellaa et al., 2016). After 12 h of dark adaptation, animals were anesthetized under dim red illumination with ketamin (120 mg/kg, Tunisia) by intraperitoneal injection. Pupils were fully dilated with drops
of tropicamide (25mg/5 ml; UNIMED, Sousse, Tunisia) and the animals
were laid on a homeothermic blanket sets at 38 °C. The retinal potential
was captured at the cornea with a low-mass, silver-coated, conductive
(Dawson, Trick and Litzkow) ﬁber electrode (Sauquoit industries,
Scranton, PA) acting as the active electrode. It was maintained on the
cornea with an ophthalmic liquid gel lacryvisc (Carbomer 974 P,
Alcon), to keep a proper conduction and to prevent corneal dryness.
The reference and ground electrodes were inserted subcutaneously on
the forehead and tail, respectively. The scotopic ERG responses (Ampliﬁcation: x 12500; 1–1200 Hz bandwidth) were evoked to ﬂashes of
white light of 0.01 cd s m−2 for the rod response (RR) and 3 cd s m−2
for the mixed response (MR) and oscillatory potentials (OPs). The OPs
were extracted from ERG signal using a 80–200 Hz bandwidth. After
10 min of light adaptation to a background of 30 cd m−2, two photopic
ERG responses (average, 20 ﬂashes, inter stimulus interval: 1 s) were
taken at 3 cd s.m−2for the cone response (CR) and 30 Hz ﬂicker response (FR).
2.2.2. Analysis of ERG parameters
Retinal function in diabetic and control animals was assessed by
analyzing the amplitude and the latency of each waveform according to
ISCEV protocol (Marmor et al., 2004; Zhang et al., 2014). The a-wave
amplitude of the MR and CR was measured from the baseline to the ﬁrst
trough. The amplitude of the b-wave of the RR, MR and CR was measured from the ﬁrst trough to the ﬁrst peak. The amplitudes of scotopic
and photopic OPs (OP1; OP2; OP3; OP4) and 30 Hz-Flicker response
were measured from the through to the peak of each response component. The scotopic and photopic sum of the amplitudes of the OPs
(∑OPs = OP1+OP2+OP3+OP4) was measured by adding the amplitudes of each of the sub-waves. The latency for all response peaks
was calculated from stimulus onset to peak amplitude.

2. Material and methods
2.1. Experimental procedure
Approximately 3 months old male M.sh rodents (n = 40) were
trapped in the semiarid region of Sidi Bouzid in BOUHEDMA Park
(South of Tunisia), with the authorization of Tunisian Agriculture
Ministry (number of approval: 2012–2016/2214-1693) and bred in our
animal facility. All protocols on M.sh were approved by the ethics
committee of Pasteur Institute, Tunis, Tunisia (number of approval:
2016/11/E/ISBST/V0). Animals were used and handled according to
the principles of the Association for Research and Vision Research
(ARVO) Statement for the Use of Animals in Ophthalmology and Vision
Research.
Adult rodents, weighing 70–90 g were selected for the experiments.
The animals were maintained at 24 ± 1 °C with 12/12 h light/dark
photoperiod and free access to water and laboratory rodent chow.
After two weeks of adaptation period, the animals were divided into
four groups. Two groups were fed a custom made high fat diet (Aissaoui
et al., 2011) containing 14% protein, 60% complex carbohydrates, 10%
sugar, 16% fat, 4% salt and 1% vitamin mix for an additional period of
3 months (n = 10) and 7 months (n = 10). The two other groups served
as age-matched control animals maintained on standard laboratory diet
containing only 4% fat (C3FG, El Badr company, Tunis, Tunisia) for 3

2.2.3. Optical coherence tomography
The pupils of animals were dilated as described above. Retinal
imaging was performed using 3D OCT-2000 series (Topcon, Tokyo,
Japan) with the integrated fundus camera. The average of the total
retinal thickness measured from the nerve ﬁber layer to the outer
margin of photoreceptor outer segments was calculated in diabetic and
control M.sh from OCT-images by the FastMap software (Tokyo, Japan).
2.2.4. Eye fundus and ﬂuorescein angiography
Fundus photography was taken as described previously (Huber
et al., 2010; Paques et al., 2007; Xu et al., 2008). FA was performed by
an intraperitoneal injection of ﬂuorescein dye. To record FA, the device
(Topcon medical systems TRC-50DX, Oakland, NJ) was operated in the
ﬂuorescence mode with the excitation light provided by a 488-nm
175
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Argon laser. Images of diabetic and control animals were collected from
the Topcon's IMAGEneti-base and selected for the analysis. Fundus of
the retinal periphery of 7 months diabetic animals were taken by the
integrated fundus camera of the OCT and isodensity maps of retinal
thickness in the altered areas were given automatically by the FastMap
software.

of the retina.
2.5. Image capture and quantiﬁcation of immunohistochemistry
Retinas were examined with a Zeiss LSM 780 Confocal System
coupled to a Zeiss Axio Imager upright microscope. Stack images were
recorded using Zen 2012 software (Carl Zeiss, Oberkochen, Germany)
using strictly identical settings for the control and diabetic retinas.
Representative images were created and the quantiﬁcation of staining
intensity were performed using FIJI (Schindelin et al., 2012). Adjacent
layers from 5 μm retinal thickness were merged (5 layers) using maximum intensity projection and the ﬂuorescent staining intensity was
quantiﬁed in the inner plexiform layer (IPL) in case of VGluT-1 and
SVP38 and the complete retina (from the inner to the outer limiting
membranes) for GS. The thickness of the counting frame was 18 μm
during all measurements and the height was adjusted to IPL or whole
retinal thickness.

2.3. Immunohistochemistry
Immunohistochemistry was performed as described in our previous
reports (Hammoum et al., 2017a, 2017b). In brief, at the end of the
observation period, after all clinical examinations were performed; the
animals were euthanized with the intraperitoneal injection of ketamin
(120 mg/kg). Eyes were oriented, enucleated and ﬁxed in 4% paraformaldehyde diluted in 0.1 M phosphate buﬀer (PB, pH 7.4), for 2 h at
room temperature (RT) and then dissected. The remaining eyecups
were cryoprotected in 30% sucrose diluted in PB overnight at 4 °C and
were embedded in tissue-embedding medium (Shandon Cryomatrix,
Thermo Scientiﬁc, UK) Vertically oriented radial sections (15 μm) were
prepared and mounted on the surface of gelatin-coated slides.
Sections were pretreated with blocking solution (1% bovine serum
albumin diluted in 0.1M phosphate buﬀered saline, containing 0.4%
Triton-X100 (Sigma-Aldrich Kft, Budapest, Hungary)) for 2 h. Retinas
were incubated with a rabbit anti-glutamine synthetase (GS, 1/500,
Cat# G2781, RRID: AB_259853, Sigma Aldrich, Paris, France), rabbit
anti-vesicular glutamate transporter-1 (VGluT-1, 1/1000, Cat#
ABN1647, Q62634, Merck millipore, France) and rabbit anti-synaptophysin 38 KDa (SVP38, 1/500, Cat# SAB4502906, RRID: AB_
10746692, Sigma Aldrich, Paris, France) overnight at 4 °C. Bounding
was detected with appropriate species-speciﬁc Alexa-conjugated secondary antibodies (Alexa-488 or Alexa-594, 1:200, 2 h, RT, Thermo
Fisher Scientiﬁc, Waltham, MA). All sections were cover-slipped with
ﬂuoroshield with DAPI (Sigma-Aldrich Kft, Budapest, Hungary).

2.6. Statistics
Values are given as mean ± standard error (SE). Unpaired t-test
was performed with the GRAPHPAD Prism 6 program (GraphPad
Software Inc., La Jolla, CA) to calculate diﬀerences between diabetic
groups and age-matched controls. P values less than or equal to 0.05
were considered statistically signiﬁcant.
3. Results
3.1. Body weight and blood sugar levels in Meriones shawi
Results of body weight and blood sugar parameters were interpreted
in details in our previous reports (Hammoum et al., 2017a, 2017b).
There was no signiﬁcant diﬀerence in body weights and blood glucose
levels between the groups at the start of the experiment (baseline values). HFD induced a signiﬁcant increase of body weight in diabetic
animals compared to controls both after 3 months and 7 months. In
Parallel, blood sugar levels also increased signiﬁcantly in diabetic animals at both timepoints. The main parameters of the animal groups
and the p values are summarized in Table 1.

2.4. Antibody characterization
The three antibodies used in this study (GS, VGluT-1 and SVP38) are
commercially available and were produced by international companies.
The monoclonal GS antibody, purchased from Sigma Aldrich (Paris,
France), is a synthetic peptide corresponding to the C-terminal region of
mouse GS (amino acids 357–373, this sequence is identical in human,
bovine, rat, hamster and pig). Staining pattern in M.sh was identical to
those observed in rats and Psammomys obesus (Riepe and Norenburg,
1977; Saidi et al., 2011a; 2011b), and showed the characteristic morphological features expected of Müller glial cells.
The immunogen of the polyclonal VGluT-1 was a Keyhole limpet
hemocyanin conjugated peptide corresponding to 14 amino acids from
the C-terminal region of rat VGluT-1. Its speciﬁcity was tested by immunohistochemistry in rats, mice and human (Johnson et al., 2003;
Sherry et al., 2003). The staining pattern in M.sh was identical, localized exclusively to the outer and inner plexiform layers.
The polyclonal SVP38 antibody was raised against a synthesized
peptide derived from human synaptophysin. The reactivity was tested
by immunohistochemistry in human, rats and mice (Dan et al., 2008;
Nag and Wadhwa, 2001). In M.sh, an identical staining pattern was
observed, localized speciﬁcally in the outer and inner plexiform layers

3.2. Diabetes induces scotopic ERG abnormalities in Meriones shawi
Under scotopic conditions, two diﬀerent responses were recorded.
At lower light intensity (0.01 cd s m−2), the retinal light response was
mainly rod-pathway driven (Fig. 1a and b), while at the higher light
intensity (3 cd s m−2), the retinal light response was a mixture from
rods and cones (Fig. 1c and d). Details of the statistical analysis with the
appropriate p values are summarized in Table 2.
In the RR, we observed a signiﬁcant decrease in the amplitude of the
b-wave (Table 2) in diabetic animals compared to controls which was
−27.99% at the stage of 3 months and −45.58% at 7 months of diabetes. The implicit time of the b-wave (Table 2) was also aﬀected by
diabetes both after 3 and 7 months.
MR analysis showed a signiﬁcant reduction in the amplitude of the
a-wave (Table 2) which was −33.4% after 3 months and −43.23%
after 7 months of diabetes. No delay in the implicit time of the a-wave

Table 1
Body weight and blood sugar measurements.
Parmeters

Control 3 m

Diabetic 3 m

Control 7 m

Period

Baseline

3m

Baseline

3m

Baseline

7m

Baseline

7m

Weight (g)
Blood sugar (mmol/l)

73.11 ± 1.91
4.56 ± 0.14

78.8 ± 1.51
4.42 ± 0.09

74.43 ± 2.43
4.44 ± 0.09

157.93 ± 1.78****
10.24 ± 0.27****

75 ± 1.48
4.33 ± 0.11

82.79 ± 1.12
4.61 ± 0.10

78.25 ± 2.39
4.44 ± 0.12

258.95 ± 3.32****
11.76 ± 0.39****

****p < 0.0001.
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Fig. 1. Diabetes induces abnormal scotopic response in Meriones shawi.
Representative rod responses (RR) stimulated using 0.01 cd s m−2 intensity and representative mixed (MR) responses using
3 cd s m−2 in control and diabetic M.sh at 3
months (3 m) (a-c) and 7 months (7 m) (bd). Amplitude and implicit time of the RR bwave showed a signiﬁcant decrease at both
3 and 7 months of diabetes. The amplitudes
of both MR a- and b-waves showed a signiﬁcant decrease in 3 and 7 months diabetic
animals. A delay in the implicit time was
also noticed for the b-wave after both 3 and
7 months of diabetes but not for the a-wave
at any point examined.

decrease in the amplitude of OP2 (−31.87%), OP3 (−31.41%), OP4
(−29.7%) and ΣOPs (−29.22%) in 3 months diabetic animals. Delays
in the implicit time were also noticed for OP2 and OP3 after 3 months
of diabetes (Table 2). In the 7 months diabetic group, a more signiﬁcant
reduction in the amplitude of OP2 (−32%), OP3 (−42.47%), OP4
(−37.47%) and ΣOPs (−32.93%) was observed (Table 2). Similarly to
the 3 months group, a delay of the implicit time of OP2 and OP3 was
detected at this stage.
All the four photopic OPs (Fig. 3c and d) were altered already in the
third month of diabetes and even more signiﬁcantly in the seventh
month. In 3 months diabetic animals, the decrease of the amplitude was
−64.17% for OP1, -51.13% for OP2, -48.04% for OP3, -47.19 for OP4
and -51.09% for ΣPOs. At the end of the seventh month, this reduction
increased to −73.5% for OP1, -73.85% for OP2, -65.68% for OP3,
-66.37% for OP4 and -69.21% for ΣOPs. The implicit time was also
delayed after 3 months for OP1, OP2 and OP3 and after 7 months for
OP3 and OP4.

(Table 2) was noticed in diabetic animals. For the b-wave, a signiﬁcant
decrease in the amplitude (Table 2) was detected in diabetic animals
compared to their age-matched controls, which was −24.64% at 3
months and −38.87% at 7 months of diabetes. The implicit time of the
b-wave (Table 2) was also altered after both 3 and 7 months of diabetes.
Further analysis of scotopic b/a-wave ratio (Table 2) did not reveal
any modiﬁcations in diabetes.
3.3. Diabetes induces photopic ERG abnormalities in Meriones shawi
In photopic conditions, the retinal responses were mainly cone
driven. Two diﬀerent responses were taken after light adaptation, at an
intensity of 3 cd s m−2 for the CR (Fig. 2a and b) and the 30 Hz FR
(Fig. 2c and d). Details of the statistical analysis are listed in Table 1.
Diabetes led to a signiﬁcant reduction in the amplitude of the CR awave (Table 2) which was −55.47% and −63.62% in 3 months and in
7 months diabetic animals respectively compared to their age-matched
controls. The implicit time of the a-wave (Table 2) was altered only
after 7 months of diabetes induction in the treated group. Similarly to
the RR and MR, a signiﬁcant reduction in the amplitude of the b-wave
(Table 2) was observed in diabetic animals compared to controls at 3
months (−41.04%) and at 7 months (−43.92%). We also observed that
the b-wave implicit time (Table 2) was signiﬁcantly aﬀected in diabetic
animals at the third and seventh month.
No signiﬁcant change was noticed in the photopic b/a-wave ratio
(Table 2) neither after 3 months nor after 7 months of diabetes.
The amplitude of the 30 Hz FR (Table 2) was also aﬀected by diabetes starting from the third month with a reduction of −38.87%. At
the end of the experiment, in 7 months diabetic animals an even greater
decrease of −62.57% was detectable. No diﬀerence in the implicit time
was observed in the two diabetic groups compared to their age-matched
controls (Table 1).

3.5. Diabetes induces a decrease in retinal thickness in Meriones shawi
OCT measurements (Fig. 4a–e) showed a signiﬁcant decrease in
total retinal thickness in diabetic (D) M.sh both after 3 months (C:
186.08 ± 4.54 μm, D: 155.65 ± 7.86 μm, p = 0.021) and after 7
months (C: 191.76 ± 5.77 μm, D: 143.11 ± 1.86 μm, p = 0.002) in
comparison to their age-matched controls (C).
3.6. Assessment of retinal vasculature in diabetic Meriones shawi
The retinal vasculature of M.sh was extensively examined in two
regions speciﬁcally by eye fundus and ﬂuorescein angiography: the
optic nerve and the macula-like zone (visual streak) (Fig. 5). Fundus
images and ﬂuorescein angiographs did not show any vascular abnormalities neither after 3 months nor after 7 months compared to their
age matched controls. No evidence of any alteration resembling macular edema was observed in the visual streak area in the superior part
of the retina in diabetic animals. In addition, no sign of ischaemia,
neovascularization or ﬂuorescein dye leakage was noticed. However,

3.4. Diabetes induces scotopic and photopic oscillatory potential
abnormalities in Meriones shawi
The analysis of scotopic OPs (Fig. 3a and b) showed a signiﬁcant
177
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Table 2
Amplitudes and implicit times of scotopic and photopic ERG responses in Meriones shawi.
ERG parameters
b-wave (RR)
Amplitude (μv)
Latency (ms)
a-wave (MR)
Amplitude
Latency
b-wave (MR)
Amplitude
Latency
Ratio b/a
Scotopic OPs
OP1 (amplitude)
OP2 (amplitude)
OP3 (amplitude)
OP4 (amplitude)
∑OPs (amplitude)
OP1 (latency)
OP2 (latency)
OP3 (latency)
OP4 (latency)
a-wave (CR)
Amplitude
Latency
b-wave (CR)
Amplitude
Latency
Ratio b/a
30-Hz ﬂicker (FR)
Amplitude
Latency
Photopic OPs
OP1 (amplitude)
OP2 (amplitude)
OP3 (amplitude)
OP4 (amplitude)
∑OPs (amplitude)
OP1 (latency)
OP2 (latency)
OP3 (latency)
OP4 (latency)

Control (3 m)

Diabetic (3 m)

p-value

Control (7 m)

Diabetic (7 m)

p-value

440.6 ± 20.20
44.08 ± 1.22

317.3 ± 15.53
49.94 ± 2.37

*** 0.0002
*0.046

391.4 ± 11.6
48.62 ± 1.77

213 ± 15.34
54.95 ± 2.09

**** < 0.0001
*0.033

234.2 ± 11.90
13.11 ± 0.61

156 ± 8.91
14.43 ± 0.57

**** < 0.0001
0.13

232.5 ± 13.92
12.40 ± 0.37

132 ± 8.69
13.47 ± 0.56

**** < 0.0001
0.13

498.5 ± 22.35
38.42 ± 2.13
2.14 ± 0.06

375.7 ± 14.40
45.95 ± 2.37
2.45 ± 0.13

**** < 0.0001
*0.03
0.054

491.2 ± 20.16
37.07 ± 1.53
2.14 ± 0.10

300.3 ± 12.34
45.95 ± 2.48
2.35 ± 0.17

***0.0003
**0.0083
0.31

116.7
139.4
55.54
32.42
343.7
19.61
25.79
38.58
50.08

87.36
94.98
38.10
22.90
243.3
19.08
29.12
42.07
51.65

0.16
*0.042
*0.017
*0.035
*0.024
0.5
*0.02
*0.044
0.44

109.3
141.4
55.46
33.10
339.3
18.64
25.83
36.68
50.10

78.83 ± 12.28
96.16 ± 14.62
31.91 ± 2.91
20.70 ± 2.37
227.6 ± 27.78
18.80 ± 0.69
29.9 ± 1.24
40.12 ± 0.62
51.33 ± 0.82

0.13
*0.048
*0.013
*0.015
*0.017
0.90
*0.02
*0.031
0.52

±
±
±
±
±
±
±
±
±

17.05
17.65
4.94
1.91
36.03
0.92
0.79
1.28
1.6

±
±
±
±
±
±
±
±
±

11.24
8.41
4.48
3.57
14.67
0.87
1.04
0.96
1.18

±
±
±
±
±
±
±
±
±

15.16
15.56
7.57
3.88
32.09
1.14
1.13
1.28
1.68

16.57 ± 2.69
16.49 ± 0.55

7.38 ± 0.69
17.10 ± 0.77

** 0.0078
0.53

14.84 ± 1.79
16.29 ± 0.45

5.4 ± 0.73
19.27 ± 1.16

*** 0.0004
*0.034

152.4 ± 10.04
47 ± 1.35
11.61 ± 1.83

89.87 ± 6.40
58.17 ± 3.91
13.54 ± 1.90

**** < 0.0001
*0.020
0.47

139.8 ± 10.87
47.20 ± 1.60
10.91 ± 1.49

78.40 ± 4.85
68.52 ± 2.72
14.21 ± 2.19

**** < 0.0001
**** < 0.0001
0.23

56.97 ± 2.59
34.49 ± 0.17

34.83 ± 0.75
34.54 ± 0.22

**** < 0.0001
0.85

55.11 ± 2.64
34.23 ± 0.39

20.63 ± 1.98
34.56 ± 0.32

**** < 0.0001
0.53

7.9 ± 0.97
10.23 ± 1.39
13.26 ± 2.59
15.81 ± 1.43
47.20 ± 4.82
14.74 ± 1.22
25.95 ± 1.54
37.35 ± 1.01
47.26 ± 1.2

2.83 ± 0.45
5 ± 0.63
6.89 ± 0.93
8.35 ± 1.6
23.09 ± 2.68
19.49 ± 1.37
30.46 ± 1.37
41 ± 1.04
49.83 ± 1.29

***0.0004
**0.0049
*0.041
**0.0028
***0.0006
* 0.019
* 0.042
*0.02
0.16

10.3 ± 1.16
12.12 ± 2.09
15.53 ± 2.94
15.37 ± 1.06
53.32 ± 5.52
15.68 ± 1.12
27.26 ± 1.42
38.20 ± 0.81
46.37 ± 0.82

2.73 ± 0.52
3.17 ± 0.18
5.33 ± 0.83
5.17 ± 0.76
16.42 ± 1.48
18.51 ± 1.06
29.21 ± 1.31
41.95 ± 1.42
49.97 ± 1.43

**** < 0.0001
** 0.002
** 0.0071
**** < 0.0001
**** < 0.0001
0.083
0.32
*0.037
* 0.046

RR: rod response, MR: mixed response, CR: cone response, FR: ﬂicker response, OP: oscillatory potential. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

45.90 ± 0.63 in control vs. 25.77 ± 1.36 in diabetic animals after 3
months (p < 0.0001) (Fig. 7f–g) and 44.75 ± 1.24 in control vs.
18.33 ± 1.13 in diabetic animals after 7 months (p < 0.0001)
(Fig. 7i–j).
SVP38 is a presynaptic marker showing strong immunolabeling in
both plexiform layers similarly to VGluT-1 in control Meriones shawi
(Fig. 8a,d). Diabetes induced a signiﬁcant decrease of SVP38 expression
(Fig. 8g) after 3 months (C: 50.32 ± 2.15, D: 27.96 ± 1.31,
p < 0.0001) and 7 months (C: 46.96 ± 1.45, D: 20.40 ± 0.66,
p < 0.0001) of diabetes (Fig. 8c,f).

after 7 months of diabetes, eye fundus images showed some lesions that
could be exudates (Fig. 6) in the superior periphery of the retina, which
was also observed on OCT images. Isodensity maps of the retinal
thickness also demonstrate disproportional distribution in the altered
regions in diabetic animals compared to controls.
3.7. Diabetes induces changes in glutamate metabolism and synapse
formation in Meriones shawi
Glutamate is the major neurotransmitter system in the retina.
Alterations in glutamate synthesis, uptake and synapse formation in
general eﬀect retinal function and the ERG responses, so the analysis
was extended to these parameters as well.
In controls, GS immunoreactivity was found radially in the retina
from the inner limiting membrane to the outer limiting membrane, the
labeling was localized in the cell processes and perikarya of Müller cells
– as in every other species studied so far (Riepe and Norenburg, 1977;
Saidi et al., 2011a; 2011b). A decrease of GS staining intensity (Fig. 7k)
was noticed in diabetic animals after 3 months (C: 37.14 ± 0.81, D:
15.99 ± 0.58, p < 0.0001) (Fig. 7a–b) that became more pronounced
after 7 months (C: 32.90 ± 1.12, D: 15.31 ± 1.69, p < 0.0001)
(Fig. 7d–e).
VGluT-1 was located in the glutamatergic nerve terminals in the
outer and inner plexiform layers in M.sh rodents. After 3 months of
diabetes, a signiﬁcant decrease in the staining intensity was noticed in
diabetic animals. The intensity values in the IPL (Fig. 7l) were

4. Discussion
In previous reports, we have presented histopathologic data on the
retina of M. sh, a new rodent model of metabolic syndrome and type 2
diabetes. A series of morphologic examinations showed alteration of
photoreceptors as well as inner retinal cell types after two diﬀerent
duration of the disease. In the present study, we reexamined the model
with clinically available and frequently used methods including ERG,
OCT and fundoscopy to examine the impact of diabetic conditions on
retinal function and vasculature and to match the data with the structural changes reported. Additionally, we also examined key proteins of
glutamate metabolism and synaptic transmission by immunohistochemistry. These factors are known to aﬀect retinal function
and the ERG, but were not examined in our previous report.
In summary, we detected abnormalities in retinal function before
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Fig. 2. Diabetes induces abnormal photopic response in Meriones shawi.
Representative cone responses (CR) and
30 Hz-ﬂicker responses (FR) stimulated
using 3 cd s m−2 intensity in control and
diabetic M.sh at 3 months (3 m) (a-c) and 7
months (7 m) (b-d). Diabetes induced a signiﬁcant decrease in the amplitude of the aand b-waves after both 3 and 7 months. A
delay in the implicit time of the b-wave was
detected at both time points in diabetic animals while for the a-wave only from the
seventh month of diabetes. A signiﬁcant
decrease of the amplitude of the FR was
detected after both 3 and 7 months of diabetes. No modiﬁcations were detectable in
the implicit time in diabetic animals.

4.1. ERG responses in diabetic Meriones shawi

the onset of fundoscopically evident retinopathic changes. The functional abnormalities were similar to those reported by others in different animal models and human patients; and demonstrated evident
correlation with structural alterations reported here and in our previous
report. No edema formation was detectable in the visual streak area
even after 7 months of untreated diabetes.

ERG is the most frequently used noninvasive measurement for the
assessment of retinal function (Dorfman et al., 2014) and considered a
sensitive marker of early neuronal abnormalities, long before DR can be
clinically detected. Alterations in ERG responses have been detected in
several animal models as well as in humans with diabetes (Dos Santos
Fig. 3. Diabetes induces abnormal scotopic and photopic oscillatory potentials
in Meriones shawi. Representative scotopic
oscillatory potentials (scotoOPs) and photopic oscillatory potentials (photoOPs) extracted from 3 cd s m−2 mixed response and
cone response respectively in control and
diabetic M.sh at 3 months (3 m) (a-c) and 7
months (7 m) (b-d). A decrease in the amplitude of scotopic OP2, OP3, OP4 and ∑OPs
was noticed after 3 and 7 months of diabetes. Signiﬁcantly longer implicit times for
scotopic OP2 and OP3 were detectable in
both 3 and 7 months diabetic animals. A
decrease in the amplitude of all the photopic
OPs was noticed at both 3 and 7 months of
diabetes. The implicit time for photopic
OP1, OP2, OP3 was delayed after 3 months
of diabetes while only OP3 and OP4 implicit
times were altered in 7 months diabetic
animals.
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Fig. 4. Retinal layering and thickness analysis on OCT images in diabetic Meriones shawi. In vivo OCT images (a–e) showed a decrease in total retinal thickness
measured from the nerve ﬁber layer to the outer segment layer in diabetic M.sh both after 3 months (3 m) and 7 months (7 m) of diabetes. GCL: ganglion cell layer,
RPE: retinal pigment epithelium, *p < 0.05, ***p < 0.001, Bar: 100 μm.

retinas showing that photoreceptors were indeed altered by the pathological processes of DR.

et al., 2017; Fernandez et al., 2011; Kohzaki et al., 2008; Shinoda et al.,
2007). In diabetic M.sh several ERG abnormalities were detectable,
under scotopic and also under photopic conditions, suggesting that rod
and cone pathways are both susceptible to diabetes. The results are
similar to those found in another HFD-induced obesity mouse (Chang
et al., 2015) and in other diabetic animal models as well as in human
patients. The ERG alterations also show good correlation with the results of morphological changes detectable. The summary of ERG alterations and the proposed correlation between retinal dysfunction and
morphological alterations in diabetic Meriones shawi is summarized in
Table 3.

4.3. Scotopic and photopic b-wave in diabetic Meriones shawi
The b-wave mainly reﬂects the electrical activity of the inner nuclear layer (Yune et al., 2007). The dark-adapted b-wave is initiated by
depolarization of the ON-bipolar cells, which induces potassium eﬄux
from the Müller cell endfeet (Sieving et al., 1994). In our study, both
dark- and light-adapted b-wave amplitude decreased and the implicit
time of both scotopic and photopic b-wave was also delayed in diabetic
animals at both time points. A comparative study done on streptozotocin-induced diabetes in Lewis, Wistar and Sprague Dawley rats (Kern
et al., 2010) showed that in all strains diabetes induced the impairment
of dark-adapted b-wave amplitude. The amplitude of the b-wave of the
scotopic Ff-ERG is abnormal in diabetic patients even in the absence of
clinical signs of DR (Coupland, 1987; Hardy et al., 1995). As a possible
explanation, morphological ﬁndings in our previous studies
(Hammoum et al., 2017a, 2017b) showed an increased expression of
GFAP in Müller cells as a sign of glial activation and a decrease in the
intensity of PKC-α labeling of rod bipolar cells in diabetic M.sh retina
suggesting that Müller cell reactivity and rod bipolar cells alteration
correlate well with functional alteration of the b-wave.

4.2. Scotopic and photopic photoreceptoral a-wave in diabetic Meriones
shawi
The a-wave originates from rods and cones and reﬂects the functional stage of photoreceptors (Yune et al., 2007). In our animal model,
a signiﬁcant decrease in the amplitude of the scotopic and photopic awave was evident and a delayed latency was present in the photopic awave in 7 months diabetic animals. This is similar to what have been
observed in several other diabetic animals (Li et al., 2002; Phipps et al.,
2004, 2006) and in patients with type 1 diabetes even without clinical
symptoms of DR (Juen and Kieselbach, 1990).The mechanisms for
amplitude loss of a-wave may include the reduction in the number of
rod photoreceptor outer segments (Breton et al., 1995). In line with
these our previous experimental studies by immunohistochemistry
(Hammoum et al., 2017a) showed rod and cone photoreceptor degeneration with a deterioration of outer segment morphology and signiﬁcant loss in the number of total cones and M-cones in diabetic M.sh

4.4. 30 Hz ﬂicker response in diabetic Meriones shawi
Reductions in amplitude and delayed implicit time of 30-Hz ﬂicker
ERG have also been identiﬁed as a functional marker of DR, but they
were associated with the more advanced stages of the disease (Chung
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Fig. 5. Retinal vasculature analysis on eye fundus and ﬂuorescein angiography images in Meriones shawi. Fundus images and ﬂuorescein angiographs of
retinal vasculature did not show any pattern of vascular abnormalities in the optic nerve (a–h) or in the visual streak (i–p) area neither after 3 months (3 m) nor after
7 months (7 m) of diabetes. Bar: 1 mm.

cholinergic amacrine cells, we noticed a decrease of the intensity of
GAD 65&67 labeling in GABAergic amacrine cells under diabetic conditions. Also, a signiﬁcant decrease in the number of amacrine cells
labeled by diﬀerent calcium binding proteins such the parvalbumin and
calretinin was detectable.

et al., 1993). It has also been shown that the implicit time of photopic
30-Hz ﬂicker ERG is associated with the severity of DR (Bresnick and
Palta, 1987b; Holopigian et al., 1992; Jansson et al., 2015). In M.sh we
have detected a signiﬁcant decrease in the amplitude of 30-Hz ﬂicker
ERG both after 3 and 7 months of diabetes but without any delay in the
latency conﬁrming one more time the major alteration of cone photoreceptors.

4.6. Retinal thickness in diabetic Meriones shawi
Several clinical studies by OCT have shown the thinning of the
retinal ganglion cell layer in diabetic patients with little or no symptoms of vascular retinopathy both in type 1 and type 2 diabetic patients
(van Dijk et al., 2010, 2012). A decrease of approximately 5% was estimated in the early stages of DR. It was assumed to have a clinical
consequence due to its correlation with the functional alterations detected (Biallosterski et al., 2007). Similarly, a signiﬁcant reduction in
the thickness by OCT was also noticed in diabetic M.sh which correlated
well with our histological experiments (Hammoum et al., 2017a,
2017b). A signiﬁcant decrease of retinal thickness was also found in
other animal models, including leptin-deﬁcient mice after 22 weeks
(Zhi et al., 2014), OLETF rat (Yang et al., 2013) and Ins2Akita mice after
3, 6 and 9 months of age (Hombrebueno et al., 2014).

4.5. Scotopic and photopic inner retinal oscillatory potentials in diabetic
Meriones shawi
Many publications have pointed out that the OPs are the most
sensitive electrophysiologic indicators of DR (Hancock and Kraft, 2004;
Holopigian et al., 2000; Juen and Kieselbach, 1990; Vadala et al.,
2002). It has been suggested that OPs originate from amacrine cells and
pharmacologic studies showed that dopamine (Wachtmeister and
Dowling, 1978), γ-aminobutyric acid (GABA), and glycine blockers
(Wachtmeister, 1980) all diminish the OPs. Many studies in diabetic
rodents (Hancock and Kraft, 2004; Sakai et al., 1995) as well as in
human patients (Gliem et al., 1971; Yonemura et al., 1962) have shown
changes in OPs that suggest inner retinal dysfunction. In line with this,
in our study, amplitudes of scotopic OPs of diabetic M. sh were signiﬁcantly lower than controls. Additionally, we found a decrease in four
photopic OPs in diabetic M.sh showing that both rod and cone pathways
are altered in M.sh under diabetic conditions. Results of morphological
examinations parallel with the detected alterations of the OPs. As far as
amacrine cells are concerned, although our previous structural studies
(Hammoum et al., 2017a) showed no change in dopaminergic and

4.7. Vascular alterations in diabetic Meriones shawi
Studies of vascular alterations have been carried out extensively on
transgenic mice models. Although a series of microscopic vascular alterations have been described in diabetic mice (Huber et al., 2011;
McLenachan et al., 2013), these models fail to reproduce the clinical
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Fig. 6. Peripheral retinal alterations after 7 months of diabetes in Meriones shawi. Fundus (a, d, g – left column), OCT (c, f, I – right column) images and
isodensity maps (b, e, h – middle column) from control (upper row) and diabetic M.sh. lower two rows. Diabetic specimens showed vascular abnormalities after 7
months of diabetes with the presence of exudates in the superior periphery (arrows and quadrangle). Isodensity maps (e, h) showed disproportional distribution of
retinal thicknesses in the altered zones. GCL: ganglion cell layer, RPE: retinal pigment epithelium, Bar: 1 mm for left and middle columns and 100 μm for the right
column.

well. Some exudates however, were found in the superior peripheral
retina of 7 months diabetic animals conﬁrming that clinically detectable vascular alterations appear only at an advanced stage of DR well
preceded by other structural and functional alterations.

symptoms that appear in the advanced stages of DR. A work performed
on the SHR/N-cp rat, a spontaneously hypertensive animal model developing type 2 diabetes, showed the absence of detectable vascular
alterations by ﬂuorescein angiography and also the absence of all
clinical signs such as exudates by ophthalmoscopy after 4 and 8 months
of age (Huber et al., 2011). Similarly, no vascular changes were observed by ﬂuorescein angiography in the Ins2Akita mouse even after 25
weeks of age (McLenachan et al., 2013). In other animal models of
diabetes, like in STZ-induced diabetic rats, the ﬁrst clinically detectable
vascular alterations (dilatation of venules and arterioles) appear only
after 24 weeks (Kumar Gupta et al., 2013). Today therefore, exclusively
VEGF overexpressing animals are used to model clinically detectable
diabetic vascular alterations. Kimba mouse show retinal neovascularization after 3–4 weeks of age with hemorrhage, retinal detachment and
microaneurysms (Rakoczy et al., 2010). Similarly, the presence of hemorrhages, decreased ﬂuorescein in the capillaries and neovascularization has been shown in the Akimba mouse (Ali Rahman et al., 2011;
Rakoczy et al., 2010; Wisniewska-Kruk et al., 2014). Not surprisingly
therefore, in M.sh, no clinically detectable vascular symptoms where
found after 3 months of diabetes neither in the periphery nor in the
central retina.
Furthermore no sign of edema was detected in the visual streak area
even after 7 months of untreated diabetes. This parallels previous
morphologic ﬁndings (Hammoum et al., 2017b) and indicates that 7
months – the longest observation period used in this study – is not
suﬃcient to develop macular pathology like alterations in this species.
Further studies are on the way to examine if longer periods of diabetes
will induce speciﬁc pathological alterations in the visual streak area as

4.8. Glutamate metabolism and presynaptic proteins in diabetic Meriones
shawi
Several studies suggest that retinal glutamate metabolism may be
compromised by diabetes, and could explain the glial reactivity, neuronal apoptosis and impairment of retinal function; key proteins of
glutamate metabolism and their possible connection with functional
alterations have not been studied previously in M.sh. Increased glutamate is found under pathological conditions in various neurological
disorders and in neurodegenerative diseases including DR (Lau and
Tymianski, 2010; Lewerenz and Maher, 2015; Lieth et al., 1998;
Sheldon and Robinson, 2007). Excitotoxic neurodegeneration occurs
due to the presence of glutamate excess in the synaptic space that may
be the consequence of the defect in glutamate disposal pathways within
Müller cells (Lieth et al., 1998, 2000). Diabetes reduces the ability of
explant retinas to convert [14C] glutamate into [14C] glutamine, possibly because of a reduction in the content of the glial enzyme, glutamine synthetase (Lieth et al., 1998). Downregulation of GS was also
reported here in diabetic M.sh both after 3 and 7 months of diabetes and
similarly in diabetic Psammomys obesus after 7 months (Saidi et al.,
2011a; 2011b). GS inhibition by using L-methionine sulfoximine leads
to a reduction of the b-wave amplitude (Barnett et al., 2000; Bui et al.,
2009). In addition, inhibition of glutamate uptake using
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Fig. 7. Diabetes induces impairment in glutamate metabolism. Representative pictures of Müller cells labeled with glutamine synthetase (GS, a-e) and glutamatergic nerve terminals with vesicular glutamate transporter-1(VGluT-1, f-j) in control and diabetic retinas. GS expression was seen in Müller cells vertically
throughout the retina in controls at 3 months (3 m, a) and at 7 months (7 m, d). A decrease of GS staining intensity was detected in diabetic animals after 3 and 7
months (b and e respectively) compared to age-matched controls. Quantiﬁcations revealed a signiﬁcant decrease in staining intensity for both time points (k). A
strong staining of VGluT-1 was seen in the plexiform layers in control animals (f, i). A decrease in the VGluT-1 expression was detected in diabetic animals (g, j) which
again proved to be signiﬁcant with quantiﬁcation (l) both at 3 m and 7 m. DAPI staining is used to delineate retinal layers (c, h). ONL: outer nuclear layer, INL: inner
nuclear layer, GCL: ganglion cell layer, A.U: arbitrary unit, ****p < 0,0001, Bar: 40 μm.

streptozotocin induced diabetic rats (Baptista et al., 2011). These results are in agreement with our ﬁndings in diabetic M. sh, in which
VGluT-1 expression was signiﬁcantly decreased in diabetic retinas. This
decrease in VGluT-1 might result in altered rates and amounts of glutamate loading, aﬀecting the magnitude of signal transmission from
photoreceptors to bipolar cells and between post-receptoral neurons (Ly
et al., 2014).
Reduced synaptophysin content, a presynaptic protein, is also a
recurrent ﬁnding in several studies on diabetic rats (D'Cruz et al., 2012;
Duarte et al., 2009; Gaspar et al., 2010; Jiang et al., 2010; Kurihara
et al., 2008; Sasaki et al., 2010). Similarly, a decrease in synaptophysin
expression was detected in diabetic M.sh which correlates with abnormal ERG retinal responses noticed in diabetic animals. Many

threohydroxyaspartic acid and D-aspartate (Winkler et al., 1999) selectively attenuates the depolarizing-bipolar cell dominated b-wave
(Stockton and Slaughter, 1989). These results conﬁrm once more the
possible correlation between structure and function in M.sh, since a
decrease of both GS expression and the amplitude of scotopic and
photopic b-wave was reported.
VGluT1 is the major transporter responsible for loading glutamate
into synaptic vesicles, and is expressed at ribbon synapses in photoreceptors in the outer plexiform layer and ON bipolar cells in the inner
plexiform layer (Sherry et al., 2003). VGluT-1 was shown to be decreased in the retina of 10-week-old diabetic db/db mouse (Ly et al.,
2014) and a signiﬁcant decrease in the content of both VGLUT-1 and -2
was observed in retinal synaptosomes as early as after two weeks in
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Fig. 8. Diabetes induces changes in presynaptic protein expression. Representative pictures of synaptic terminals labeled with synpatophysin protein 38 KDa
(SVP38) in control (a, d) and diabetic retinas (c, f). SVP38 expression was intense in the plexiform layers in 3 months (3 m) and 7 months (7 m) control animals.
Diabetes induced a decrease in the SVP38 staining both in 3 and 7 months diabetic animals. Quantiﬁcation for the IPL revealed signiﬁcant diﬀerences in staining
intensities at both time points (g). DAPI staining is used for orientation (b, e). ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer, A.U:
arbitrary unit, ****p < 0,0001, Bar: 40 μm.
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A decrease of the intensity of GAD 65&67 labeling in
GABAergic amacrine cells. A signiﬁcant decrease in the number
of amacrine cells labeled by diﬀerent calcium binding proteins
such the parvalbumin and calretinin was detectable.
Amplitude decrease and
delay in the implicit
time

publications showed that a loss of synaptophysin might disrupt photoreceptor synapse and neurotransmitter release, signiﬁcantly aﬀecting
retinal function (Singleton et al., 1997; Spiwoks-Becker et al., 2001;
Stenius et al., 1995).
Overall the detected changes in glutamate metabolism and synaptophysin immunoreactivity correlate well with the detected functional alterations.
5. Conclusion
The present results show a remarkable retinal dysfunction induced
by diabetes in M.sh with evidence that the disease alters both the rod
and the cone pathways early. Results suggest that the function of the
photoreceptors, represented by the a-wave, was more severely aﬀected
by diabetic conditions. Furthermore, functional results show high correlation with the results of retinal histological studies conducted here
and previously (Hammoum et al., 2017a, 2017b). We conﬁrmed also in
M.sh that neurodegeneration and retinal dysfunction occur before the
clinically detectable vascular alterations would be present. Hence, the
necessity of the early detection of the early changes in DR such as
retinal structural and functional alterations that may help for preventing vision loss.
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