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Early Visual Deficits in Streptozotocin-Induced Diabetic
Long Evans Rats
Moe H. Aung,1,2 Moon K. Kim,1,3 Darin E. Olson,4,5 Peter M. Thule,4,5
and Machelle T. Pardue1–3
PURPOSE. Although diabetic retinopathy (DR) is clinically
diagnosed based on vascular pathology, diabetic patients
with angiographically normal retinas have been found to
exhibit subtle defects in vision. This has led to the theory that
diabetes-associated metabolic abnormalities directly impair
neural retinal function before the development of vasculopathy, thereby resulting in visual deficits. In this study, we
sought to delineate the temporal relationship between retinal
dysfunction and visual deficits in a rat model of Type 1
diabetes. Moreover, we investigated the relative contribution
of retinal dysfunction versus diabetes-induced lens opacity, to
the visual deficits found in early-stage DR.
METHODS. Pigmented Long Evans rats were rendered diabetic
with streptozotocin (STZ). Control and diabetic rats were
assessed across 12 weeks of hyperglycemia for visual
function with optokinetic tracking weekly visual acuity and
monthly contrast sensitivity, retinal function with darkadapted electroretinograms (monthly electroretinograms
[ERGs]), and cataract formation with slit lamp exam
(biweekly).
RESULTS. Diabetic rats exhibited significantly reduced visual
function and delayed ERG responses by 1 month post-STZ.
Significant cataracts did not develop until 6 weeks postSTZ. Moreover, increases in lens opacity (r ¼ 0.728) and
ERG implicit times (r ¼ 0.615 for rod-dominated response
and r ¼ 0.322 for rod/cone mixed response) showed
significant correlations with reductions in visual acuity in
diabetic rats.
CONCLUSIONS. STZ-induced hyperglycemia reduces visual function, affecting both visual acuity and contrast sensitivity. The
data suggest that visual defects found in early-stage DR may
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initially involve abnormalities of the neural retina and worsen
with later development of cataracts. (Invest Ophthalmol Vis
Sci. 2013;54:1370–1377) DOI:10.1167/iovs.12-10927
iabetic retinopathy (DR) is a common complication of
diabetes mellitus and a leading cause of blindness in
working-age adults.1,2 Progressive vision loss after the diagnosis
of DR has been associated with the severity of lesions in the
retinal vasculature, such as hemorrhages, macular edema, and
neovascularization.3 Unfortunately, by the time these vascular
lesions are identified, vision loss is often advanced and
irreversible. Interestingly, some studies have found that
diabetic (DM) patients with angiographically normal retina
experienced subtle visual dysfunction, including abnormal
color vision and decreased contrast sensitivity.3–7 Because
preventing vision loss is an important therapeutic goal for DM
patients, detecting visual deficits at preclinical stages of DR
may provide an early window for diagnosis and intervention.
To determine the temporal appearance of visual dysfunction in diabetes, it is important to establish to what degree
animal models of diabetes replicate visual defects found in DM
patients. An effective behavioral test of visual performance in
animals is the assessment of optokinetic response, the ability of
an animal to track moving stimuli by moving its head.8,9 Both
visual acuity and contrast sensitivity can be measured by
varying spatial frequency or contrast of the projected gratings.
Assessment of optokinetic tracking (OKT) response with head
movement has been reliably quantified in rodents8–11 and can
readily distinguish mice with normal vision from those with
retinal degeneration.12 A recent report using OKT to evaluate
visual function of streptozotocin (STZ)-induced DM rats found
reduction in visual acuity at 4 weeks post-STZ, which the
authors attributed to reduced expression of visual cycle
enzymes.13 However, it remains unclear how the changes in
visual function correlate with the more commonly reported
changes in electroretinogram (ERG), an indicator of diabetesinduced retinal dysfunction.
Since the observation of diminished and delayed oscillatory
potentials in DM patients in the 1960s, alterations in ERG
responses have been consistently found in both humans and
animals with diabetes, even before the appearance of vascular
lesions.14–25 Moreover, multiple reports have established that
changes in the multifocal ERG are predictive of DR onset and
progression of DR.14,26 Factors underlying ERG changes
associated with DM may include neuronal dysfunction (such
as decrease in synaptic proteins27 or changes in the levels of
neurotransmitters28–30) and cell death in the neural retina.16,31–35 Although visual acuity deficits in early DR may be
secondary to retinal dysfunction, the possibility exists that
induced lens opacity may contribute to visual loss, as
epidemiological studies have revealed increased prevalence
of cataracts in DM patients when compared with the non-DM
population.36 Thus, a better characterization of the roles of
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diabetes-associated cataract formation and retinal dysfunction
on visual impairment is needed. Therefore, the purposes of this
study were (1) to examine longitudinally changes in both visual
acuity and contrast sensitivity in a Type 1 DM rat model, and
(2) to evaluate relative contribution of cataracts and retinal
dysfunction to early visual deficits in our model.

METHODS
Animals and Experimental Design
Male Long Evans rats (200–225 g; Charles River, Wilmington, MA) were
housed in shoe-box cages on a 12:12 light:dark cycle with chow and
water provided ad libitum. All procedures were approved by the
Atlanta Veterans Affairs Institutional Animal Care and Use Committee
and conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.
Hyperglycemia was induced with a single intravenous injection of
STZ (100 mg/kg; Ferro Pfanstiehl Laboratories, Waukegan, IL)
dissolved in citrate buffer (pH 4.0); control (CTRL) rats were
injected with vehicle alone.37 Diabetes was defined as two successive
daily blood glucose levels higher than 250 mg/dL (freestyle handheld
blood glucose meter from tail-prick blood), which routinely occurred
2 to 3 days after STZ injection. Body weights and blood glucose were
monitored two to three times per week. DM rats were treated with
small pellets of sustained-release subcutaneous insulin (Linplant;
Linshin Canada, Scarborough, ON, Canada) at a dose sufficient to
prevent excessive weight loss and catabolic response but insufficient
to control hyperglycemia.37 For our first set of animals (n ¼ 6 per
group), visual acuity threshold was assessed weekly, contrast
sensitivity was measured monthly (61 week), and cataract examination was evaluated biweekly for 12 weeks. A second set of CTRL and
DM animals (n ¼ 8 per group) underwent monthly ERG recordings to
assess retinal function. We also examined their visual acuity weekly
and lens clarity biweekly to ensure we had similar phenotypes as our
first set of animals. As responses were similar for both right and left
eyes, only the responses from the right eye for each animal are
reported here.

Visual Function Tests
Visual function of each rat, without movement restriction, was tested
using the virtual optokinetic system (OptoMotry system; CerebralMechanics, Lethbridge, AB, Canada) as previously described.8 Briefly,
the rat was placed on a platform at the center of a virtual-reality
chamber composed of four computer monitors that display vertical
sine wave gratings rotating at a speed of 12 deg/s. The experimenter
monitored the rat in real time through a video camera positioned
above the animal and noted the presence or absence of reflexive
head movements (tracking) in response to the rotating gratings in the
same direction. The experimenter also manually tracked the head of
the rat to align the center of the virtual cylinder to the viewing
position of the rat. For visual acuity assessment, the grating started at
a spatial frequency of 0.042 cyc/deg with 100% contrast. The acuity
threshold was determined automatically by the OKT software using a
staircase paradigm based on observations of head-tracking movements. Similarly, the contrast sensitivity threshold was determined by
reducing the contrast of the black and white gradients from 100% in
a staircase paradigm until animal head-tracking movements were no
longer observed. Contrast sensitivity was measured at the spatial
frequency of 0.064 cyc/deg for the study. This was the spatial
frequency that elicited the maximum sensitivity obtained from the
rats at baseline when a contrast sensitivity curve was assessed across
five spatial frequencies (0.031, 0.064, 0.092, 0.103, and 0.119 cyc/
deg). The contrast sensitivity was calculated as a reciprocal of the
Michelson contrast from the screen’s luminance (i.e., [maximum þ
minimum] / [maximum  minimum]), as previously described.38
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Cataract Examination and Scoring
After dilating the pupils of unanesthetized animals with 1% tropicamide, lens opacification was observed and graded by a researcher
(blinded to the treatment condition) using slit lamp illumination on a
cataract grade scale as described in Muranov et al.39 Briefly, the
classifications were as follows: Grade 0, a clear lens; Grade 1, swollen
fibers and subcapsular opacities; Grade 2, nuclear cataract in lens and
swollen fibers in lens cortex; Grade 3, severe nuclear cataract with
perinuclear area opacity in lens; Grade 4, total opacity of lens. To
ensure equivalent assessment of the cataract severity for each
observation, the slit lamp illumination was standardized to the same
slit width and light intensity for all examinations.

Retinal Function Test with ERG
Rats were dark-adapted overnight and then prepared under dim red
illumination as previously described.40 In brief, rats were anesthetized
(ketamine [60 mg/kg] and xylazine [7.5 mg/kg]), pupils dilated (1%
tropicamide), and the corneal surface anesthetized (0.5% tetracaine
HCl). Using a custom made DTL fiber electrode, responses were
recorded to flash stimuli presented in order of increasing luminance
using a signal-averaging system (UTAS BigShot; LKC Technologies,
Gaithersburg, MD). ERG stimuli consisted of a 12-step dark-adapted
series (3.4–2.1 log cd s/m2) to isolate rod-dominated and rod/cone
mixed responses. After testing, rats received yohimbine (2.1 mg/kg) to
reverse the effects of xylazine and prevent corneal ulcers.41
Amplitudes and implicit times were measured for both a- and bwaves. Oscillatory potentials (OPs) were digitally filtered using the ERG
system software (75–500 Hz; EM Version 8.1.2, 2008; LKC Technologies). The amplitudes and implicit times of individual OP1 through OP4
were determined, but only OP2 and OP4 results are reported here.

Statistical Analysis
Statistical analysis was performed using statistical software (SigmaStat
3.5; Aspire Software International, Ashburn, VA). Two-way repeatedmeasures ANOVA was used to compare treatment groups across time
points after STZ injection. Post hoc multiple comparisons were
performed when appropriate using the Holm-Sidak method. All
statistics reported are the two-way repeated-measures ANOVA interaction effect, unless otherwise noted. For correlation analysis, relationship between visual acuity and ERG implicit time was determined
using Pearson’s product-moment correlation coefficient, whereas
relationship between visual acuity and cataract score was determined
using Spearman’s rank correlation coefficient. All analyses were
performed with significance set at P less than 0.05.

RESULTS
Average weight and blood glucose levels for both CTRL and
DM groups at baseline and by the end of the 12-week study are
summarized in the Table. Although the two treatment groups
were indistinguishable at baseline, DM rats were smaller than
CTRL rats (post hoc analysis, P < 0.001) and had higher blood
glucose levels (post hoc analysis, P < 0.001) at the 12-week
time point. Moreover, DM rats were hyperglycemic (all values
>250 mg/dL) throughout the 12-week study (data not shown).

Effects of Hyperglycemia on Visual Function
To assess the effects of sustained hyperglycemia on visual
function, we measured visual acuity weekly and contrast
sensitivity monthly. Although CTRL and DM groups had similar
visual acuity thresholds at baseline to those reported previously in Long Evans rats,8 DM rats had a significant reduction in
their visual acuity as early as 3 weeks post-STZ compared with
CTRL rats (Fig. 1A: F9,119 ¼ 6.802, P < 0.001). The deficit in
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TABLE. Average Weight and BG Levels of the Two Treatment Groups (6 SEM) for the Two Sets of Experiments
Baseline
Set

12 wk post-STZ

Treatment Group

n

Weight, g

BG, mg/dL

Weight, g

BG, mg/dL

1

CTRL
DM

6
6

340 6 15
319 6 16

129 6 6
128 6 1

587 6 23
392 6 15

120 6 6
557 6 22

2

CTRL
DM

8
8

211 6 5
226 6 5

144 6 8
131 6 3

578 6 18
382 6 13

119 6 2
538 6 32

In both sets of experiments, both treatment groups gained significant weight by the end of the study (Main Duration Effect: P < 0.001), but DM
rats were significantly smaller than CTRL rats and had significantly higher BG levels (P < 0.001). BG, blood glucose; n, sample size.

visual acuity thresholds worsened with duration of hyperglycemia, starting with 22% reduction at 3 weeks post-STZ and
increasing to 70% reduction at 12 weeks post-STZ. Additionally,
DM rats showed a significant decrease in contrast sensitivity
after 9 weeks post-STZ (Fig. 1B: F3,47 ¼ 4.426, P ¼ 0.011).
Similarly, the decline in contrast sensitivity increased with
hyperglycemic duration, starting with 34% reduction at 5
weeks post-STZ and reaching 72% reduction by the end of the
study.

Effects of Cataract on Visual Function
To evaluate the possibility of early cataract formation
contributing to the diminished vision, each rat was examined
for lens opacity biweekly. Although some DM rats developed
mild cataracts starting at 4 weeks, the average cataract score of
the DM group was not significantly greater than the CTRL
group until 6 weeks post-STZ (Fig. 2: F8,107 ¼ 7.136, P <
0.001). The clarity of the lens also worsened with the duration
of hyperglycemia, gradually increasing from a score of 0.83 at 6
weeks post-STZ to a score of 1.92 at 12 weeks post-STZ.
To determine the relative contribution of cataracts to visual
deficits of the DM rats, we stratified the DM animals based on
the presence or absence of cataracts at 4 and 8 weeks postSTZ. No stratification was done at 12 weeks post-STZ, as all DM
rats developed significant cataracts by that time point. Figure
3A shows that the three groups had significantly different
visual acuity thresholds (Main Treatment Effect: F2,23 ¼ 49.186,
P < 0.001). DM rats with any form of cataracts had the worst

acuity (post hoc analysis, P < 0.001). More importantly, DM
rats without cataracts also had significantly lower visual acuity
than CTRL animals (post hoc analysis, P < 0.001), but higher
than those with cataracts (post hoc analysis, P < 0.01). Figure
3B shows that the three groups also had significantly different
contrast sensitivity levels (Main Treatment Effect: F2,23 ¼ 6.263,
P ¼ 0.02). CTRL rats had the highest sensitivity when
compared with the two stratified DM groups (post hoc
analysis, P < 0.05). Interestingly, cataract development in DM
rats did not seem to further reduce contrast sensitivity, as there
was no significant difference in the sensitivity between DM rats
that did develop cataracts and those that did not (post hoc
analysis, P ¼ 0.788).

Retinal Dysfunction as Potential Contributor to
Visual Deficit
ERG responses, cataract formation, and visual acuity values
were measured in a different set of CTRL and DM animals to
further correlate retinal dysfunction to early visual deficits in
DM rats. DM rats in this group also showed a significant
reduction in their visual acuity starting at 1 month post-STZ
and developed significant cataracts by 6 weeks post-STZ (data
not shown). Serial ERGs obtained in this second set of rats
revealed that both amplitudes and implicit times of a- and bwaves did not differ consistently between CTRL and DM
animals over the experimental period (data not shown).
However, consistent with previous ERG studies, DM animals
displayed robustly delayed OP responses starting at 4 weeks

FIGURE 1. Reduced visual function due to hyperglycemia over the 12-week study. (A) Significantly reduced visual acuity (22%) was observed in DM
rats (red, n ¼ 6) starting at 3 weeks post-STZ (P < 0.001) when compared with CTRL rats (blue, n ¼ 6), and continued to decrease with disease
duration. (B) Contrast sensitivity at 0.064 cyc/deg spatial frequency was reduced in DM rats (red, n ¼ 6) starting at 9 weeks post-STZ (P ¼ 0.011)
when compared with CTRL rats (blue, n ¼ 6), and worsened with disease progression. Although the deficit seemed to appear at 5 weeks post-STZ,
the change was not statistically significant. Data shown are mean 6 SEM. Asterisks represent significant post hoc comparisons, P < 0.05.
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Figure 5 presents correlation analyses of the visual acuity
of each animal against its corresponding cataract score and
OP4 responses (elicited with either dim or bright flash) over
the course of the study. Regardless of treatment conditions,
cataract severity correlated strongly with visual acuities (Fig.
5A: Spearman Rank Order, r ¼ 0.728, P < 0.0001). More
interestingly, changes in visual acuity also correlated significantly with OP4 latency (Figs. 5B, 5C), whether collected
from rod-dominated responses (Pearson Product, r ¼0.615,
P < 0.0001) or mixed rod/cone responses (Pearson Product,
r ¼ 0.322, P ¼ 0.04). However, it is important to note that
only DM rats, not CTRL rats, maintained the correlation
between OP4 implicit times and visual acuities when we
separated animals based on their disease state (data not
shown). Moreover, it is interesting to note the segregation of
the two treatment groups (CTRL versus DM) on all the
scattered plots, demonstrating the effects of hyperglycemia
on cataract formation, retinal function, and OKT responses
(Fig. 5).

FIGURE 2. Cataract scores for CTRL (blue, n ¼ 6) and DM (red, n ¼ 6)
groups over time. At 6 weeks post-STZ, DM animals had significantly
higher cataract scores in comparison with CTRL rats (P < 0.001).
Moreover, the cataracts worsened over the course of the study. Data
shown are mean 6 SEM. Asterisks represent significant post hoc
comparisons, P < 0.05.

DISCUSSION

post-STZ (Fig. 4).20,24 Figure 4 shows a summary of OP2 and
OP4 implicit times from 4 to 12 weeks after hyperglycemia at
representative dim (1.8 log cd s/m2) and bright (0.6 log cd
s/m2) flash stimuli. Significant delays in OP2 (Fig. 4C) and OP4
(Fig. 4E) implicit times were found under dim stimulus
stimulation, as early as 8 weeks post-STZ for OP2 (F2,42 ¼
5.417, P ¼ 0.012) and 4 weeks post-STZ for OP4 (F2,42 ¼ 3.809,
P ¼ 0.037). Moreover, the deficit worsened significantly with
the duration of hyperglycemia, especially for OP4, increasing
from 7% delay in comparison with the CTRL group at 4 weeks
post-STZ to 19% delay at 12 weeks post-STZ. In contrast, we
observed no difference between CTRL and DM responses for
OP2 in response to bright stimuli (Fig. 4D) and OP4 revealed a
nonprogressive delay (on average 8%) due to DM treatment
(Fig. 4F, Main Treatment Effect: F1,43 ¼ 9.060, P ¼ 0.008).

The present study detected abnormalities in visual acuity and
contrast sensitivity in STZ-induced DM rats before expected
onset of diabetes-associated retinal vascular lesions (Fig. 6),
such as vascular leakage, pericyte dropout, and acellular
capillaries (based on published studies).33,42,43 Some of this
early visual loss can be attributed to the development of
cataracts; however, significant decreases in visual acuity and
contrast sensitivity were also found in DM rats with no signs
of cataracts, suggesting that other factor(s) contributed to
decreased visual function. We hypothesize that early visual
deficits may result from retinal dysfunction due to STZinduced hyperglycemia or hypoinsulinemia. Supporting this
hypothesis, we found that DM rats have delayed ERG
responses, specifically in OP implicit times (indicative of
inner retinal dysfunction), at 4 weeks post-STZ, which was
the time point when the DM rats first displayed visual
deficits. Similar to our previous findings, the ERG abnormal-

FIGURE 3. Stratification of visual acuity (A) and contrast sensitivity (B) of DM animals based on the presence or absence of cataracts. For visual
acuity (A), a significant difference between the groups was found (Main Treatment Effect: P < 0.001), such that visual acuity decreased with the
presence of hyperglycemia (DM-CT group) and was further reduced by the addition of cataracts (DMþCT group). These results indicate that other
factor(s) besides optical opacities due to diabetes contribute to the reduction of visual function. For contrast sensitivity (B), CTRL rats have the
highest thresholds among the three groups examined (Main Treatment Effect: P ¼ 0.02). We did not observe a further reduction in contrast
sensitivity of DM rats due to cataract formation. Data shown are mean 6 SEM. CT, presence of cataracts.
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FIGURE 4. Retinal dysfunction due to diabetes. (A, B) Representative OP waveforms to a dim-flash ([A], 1.8 log cd s/m2) or bright-flash ([B], 0.6
log cd s/m2) stimulus from a CTRL rat (blue) at 4-week time point and a DM rat (red) at 4-week, 8-week, and 12-week time points. The gray lines
indicate the peak of OP1 in the CTRL rat, whereas the gray arrows indicate the peak of OP1 in the diabetic rat when delayed. (C, D) Average OP2
implicit times (6 SEM) in response to dim flash (C) and bright flash (D) over the 12-week study. As early as 8 weeks post-STZ, OP2 of the DM group
shows a significant delay in comparison with that of the CTRL group in response to only dim stimulus (P ¼ 0.012). (E, F) Average OP4 implicit times
(6 SEM) in response to dim flash (E) and bright flash (F) over the 12-week study. OP4 of DM group in response to dim flash displays a significant
delay at 4 weeks post-STZ (P ¼ 0.037). In contrast, OP4 elicited with bright flash shows only a main treatment effect between CTRL and DM groups
(Main Treatment Effect: P ¼ 0.008). Data shown are mean 6 SEM. Asterisks represent significant post hoc comparisons, P < 0.05.

ities were most prominent and consistent under scotopic
condition, suggesting rod pathways are most susceptible to
diabetic insults (Kim MH, et al. IOVS 2008;49:ARVO EAbstract 2212). In addition, according to our correlation
analyses, visual acuity declines among DM rats were
associated with ERG changes elicited by both dim and bright
flashes. Interestingly, we also observed that early scotopic
ERG changes were associated with diminished scotopic OKT
responses, with scotopic visual function declining 1 week
earlier than photopic visual function (data not shown).
Collectively, the results of this study suggest that visual
deficits in the early-stage DR rat model are initially related to
retinal dysfunction, then subsequently worsen with the
formation of cataracts.
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Cataracts and Visual Dysfunction in Early-Stage DR
The effects of cataracts on early visual loss in diabetes have
been observed in insulin-dependent diabetic (IDDM) patients
without clinically diagnosed retinopathy.7,44 In these studies,
the authors noted that color discrimination is abnormal in
uncomplicated IDDM patients before the onset of vascular
retinopathy. More interestingly, although IDDM patients with
increased lens optical density had the worst visual deficit,
IDDM patients with clear lenses also had abnormal color
discrimination when compared with age-matched control
subjects, suggesting underlying retinal dysfunction. Although
diabetes-induced cataracts and their effects on visual function
are well-documented,45 findings from this study reinforce the
importance of other underlying factor(s) in contributing to the
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FIGURE 5. Scatter plots of visual acuity value against corresponding (A) cataract score, (B) dim-flash OP4 latency, and (C) bright-flash OP4 latency
for CTRL (n ¼ 7–8) and DM (n ¼ 5–8) rats at 4 weeks, 8 weeks, and 12 weeks postinjection. As expected, the visual acuities of our animals
significantly correlate to cataract scores (Spearman Rank Order, P < 0.0001). More interestingly, changes in visual acuity also significantly correlated
with OP4 implicit times elicited from rod-dominated response (Pearson Product, P < 0.0001) and mixed rod/cone response (Pearson Product, P ¼
0.04) conditions. The blue circle symbols represent data points for CTRL animals and the red square symbols represent data points for DM animals.
CS, cataract score; IT, implicit time; r, correlation coefficient; VA, visual acuity.

early visual deficits in an STZ-induced DM rat model. Further
studies are needed to determine the exact contribution of
ocular opacities on visual function, independent of diabetesinduced neuronal defects.

Current OKT Findings on Animal Models of
Diabetes
A report by Kirwin et al.13 similarly found decreased visual
acuity in STZ-induced DM rats at 4 weeks post-STZ. Kirwin et
al.13 performed microarray analysis over several time points
post-STZ and revealed that expression levels of several genes
encoding visual cycle proteins, such as retinal pigment
epithelium-specific protein 65 kDa, were downregulated. They
concluded that OKT deficits in their animals were most likely
due to direct hyperglycemic insult on the neural retina. Further
supporting the hypothesis of a neuronal pathology in early
stages of DR, we found similar onsets of inner retinal
dysfunction, as measured with ERG alterations, and decreasing
visual function. Interestingly, Kirwin et al.13 also observed
some rats with cataracts at 6 weeks post-STZ; although
contrary to our results, they did not find that cataracts
significantly affected visual acuity. It is possible that the impact
of cataracts on visual acuity may have reached significance if
these DM rats had been examined at later time points.

FIGURE 6. Chronological summary of the functional deficits found in
our study. The onsets of clinically significant vascular lesions listed
were estimates based on published reports on an STZ-induced diabetic
rat model.33,42,43
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A more recent study that examined both visual acuity and
contrast sensitivity in a different Type 1 DM model, Ins2Akita
mice, showed reduction in both aspects of vision after
developing diabetes for 4 to 5 months.46 Similar to our study,
the authors also found progressive worsening of visual
dysfunction with duration of hyperglycemia. Although the
authors did not conduct further functional or mechanistic
experiments, they also hypothesized retinal pathology as a
major contributor for the early visual deficits in Ins2Akita mice.
The finding of visual deficits in Ins2Akita mice has been
replicated in a separate study that examined the changes in
visual function and ocular blood flow in this diabetic mouse
model.47

Retinal Origins of Visual Defects in Diabetes
OKT is a reflex response that does not rely on the visual
cortex,8 but rather depends on the accessory optic system
(AOS).48 The AOS originates from the retina, with directionselective and velocity-selective ganglion cells projecting to
various nuclei in the midbrain region.9,48,49 The goal of AOS is
to detect slip of the visual world on the retina, which then
triggers corrective eye and head movements to stabilize the
images.48 Therefore, it is not surprising that defects in OKT
response occur at a similar time point as OP abnormalities, as
retinal ganglion cells and amacrine cells are potential
generators of OPs.22,50
The observed OP changes in our study also agree with other
published studies on the effects of diabetes on inner retina.
From a molecular biology standpoint, diabetes has been shown
to alter the levels and receptors of several inner retinal
neurotransmitters (most notably dopamine and gamma-aminobutyric acid [GABA]), as early as 4 weeks post-STZ.30,51,52
Cellularly, increased cell death of amacrine and ganglion cells
has been observed within weeks of STZ injection.28,33
Functionally, other ERG studies have reported dysfunction in
amacrine- and ganglion cell-dominated OPs and scotopic
threshold response (STR) at 4 weeks post-STZ.5,21,22,24,53,54
Among these pathological changes, disruption of the retinal
dopamingeric system is a highly plausible underlying factor
that can lead to both ERG changes and OKT defects, as retinal
dopamine has been shown to directly modulate OP generation50 and visual function.55 It is intriguing that other studies
have detected a-wave losses as the major feature of DR
neuronal dysfunction, although the difference in the ERG
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findings may be due to difference in animal strains, extent of
glycemic control (i.e., frequency and dosage of insulin
treatment), duration of hyperglycemia, or stimulation protocol.16,56
Aside from direct hyperglycemic insult on the retinal
neurons, it is possible that retinal dysfunction may be
secondary to hypoxia due to vascular dysfunction. Numerous
studies have found defective vascular function at early stages of
DR.42,57–59 More importantly, a recent report has not only
demonstrated hypoxia in diabetic rat retina (at the retinal
ganglion cell layer) at 4 weeks post-STZ, but also detected
corresponding functional ganglion cell deficits with ERG
(reduced STR amplitude).19 This hypothesis of hypoxiainduced retinal dysfunction leading to visual defects in diabetes
was also supported in an earlier study in which breathing 100%
oxygen improved contrast sensitivity of DM patients with
minimal retinopathy.60
Taken together with these reports, our findings provide
evidence of early inner retinal dysfunction due to diabetes,
either directly or indirectly, which can then result in defects in
different aspects of vision, including visual acuity and contrast
sensitivity. However, it is important to recognize the possibility
that defects in OKT response could also be due to disturbances
in postretinal connections, such as downstream components
of AOS.

Future Implications
It is intriguing that we were able to detect substantial reduction
in OKT responses in our DM rats following such a short duration
of hyperglycemia, since visual acuity determined with acuity eye
charts as a diagnostic and clinical trial end point in humans has
been insensitive to early-stage DR.3,5 This suggests that certain
aspects of vision are selectively affected in early-stage DR (e.g.,
contrast sensitivity, scotopic vision, or optokinetic response),
and may serve as better diagnostic and screening tools.
Furthermore, the present study provides a temporal relationship
of the observed visual defects in STZ-induced DM rats with
corresponding ERG alterations and cataract development.
Further research is warranted to establish the causal relationships
between these pathologies and determine the best way to detect
the pathologies in diabetic patients in which detection can be
confounded by other factors, such as aging and other ocular
diseases. Nonetheless, STZ-induced DM rats can serve as a
valuable model to investigate the underlying mechanisms for the
visual dysfunction in early-stage DR, in hope of revealing a
potential therapeutic target to ameliorate such deficits. Moreover, the reproducibility of the visual deficits in this model can
allow us to reliably test the efficacy of future treatment options
to prevent or delay vision loss in DR. Last, as DR is a multifaceted
disease, it is important to study DR with a multidisciplinary
approach. Therefore, future studies to elucidate the underlying
causes of vision loss should consider how diabetes differentially
affects the neuronal and vascular tissues of the retina, and
ultimately vision.
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