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The estimated prevalence of diabetes in the United 
States has increased from 10.3% in 2001–2004 to 13.2% 
in 2017–2020 (Prevalence of Both Diagnosed and Undi-
agnosed Diabetes, CDC). Globally, 537 million adults live 
with diabetes, a number that is predicted to rise over the 
next 10 years (IDF Atlas, 10th Edition). Less than 10% of 
these individuals have Type I diabetes, which is character-
ized by the autoimmune loss of β-cells in the pancreas and 
a consequent rise in blood glucose levels due to decreased 
insulin production [1,2]. The remaining 90%–95% of these 
individuals suffer from Type II diabetes, which occurs when 
β-cells can no longer produce enough insulin to compensate 
for the development of insulin resistance [1,3]. Additionally, 
the chronic hyperglycemia and inflammation that accompany 
diabetes can result in the development of diabetic retinopathy 
(DR), which is a leading cause of blindness in adults in the 
United States (Common Eye Disorders and Diseases) [4-6], 
affecting over 93 million people worldwide [7]. The high 
prevalence and projected increase in cases of diabetes require 

a better understanding of the mechanisms and impacts of this 
disease to reduce diabetes-related complications.

Animal models have been invaluable tools for further 
understanding the pathology and complexity of diabetes. The 
most common and well established experimental model of 
diabetic retinopathy and neuropathy in Type I diabetes uses a 
systemic injection of high-dose streptozotocin (STZ, 100 mg/
kg) in rats to ablate pancreatic β-cells [8,9]. Streptozotocin 
is a toxic analog of glucose that induces the apoptosis of 
β-cells in the pancreas through DNA methylation and oxida-
tive stress [10,11], resulting in a hyperglycemia model that 
remarkably mimics the complications of Type I diabetes [1]. 
For Type II diabetes, multiple models have been developed, 
including the Goto–Kakizaki (GK) rat [12,13], the Akita 
mouse [14,15], rodents with leptin mutations [16,17], and 
diet-induced obesity models [18,19]. Unfortunately, unlike the 
model for Type I, no such gold standard model exists for Type 
II diabetes. Therefore, a model that replicates the clinical 
symptoms and complications of Type II diabetes, including 
diabetic retinopathy, is needed.

The high-fat diet (HFD) + low-dose STZ (30 mg/kg) 
rodent model recapitulates many of the features of both Type 
II diabetes and consequent DR, including the development 
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of hyperglycemia and inflammation, increased triglyceride 
and cholesterol levels, and decreased retinal function [20-26]. 
Rather than a single high dose of STZ, this model combines a 
HFD (40% kcal from fat) with 1 to 3 low doses of STZ. Long 
Evans rats—an outbred strain developed by breeding Wistar 
female and wild gray male rats—were used in this study. As 
an outbred strain, these rats are easily available, relatively 
inexpensive, and more genetically diverse compared with 
inbred or genetically modified strains like the previously 
used spontaneously-hypersensitive rat (SHR) [20]. Finally, in 
addition to simulating the natural disease progression and 
pathophysiology of Type II diabetes, the HFD-STZ model 
has proven suitable for testing antidiabetic compounds [21]. 
Previous research has identified a time course for retinal 
deficits in a Type II diabetic rodent model [27]. However, 
to our knowledge, only one study to date has used behav-
ioral assessments to evaluate visual function following the 
administration of a high-fat, high-sucrose (HFHS) diet, and 
results indicated no significant changes in spatial frequency 
thresholds [28]. Additionally, no prior research has evaluated 
the time course of cognitive deficits in the HFD-STZ model 
following retinal complications.

The purpose of the present study was to further charac-
terize an HFD plus low-dose STZ Type II model of diabetes 
for early retinal dysfunction and delineate the time course of 
retinal and cognitive disruption associated with the HFD-STZ 
rodent model. Additionally, we assessed serum metabolic 
markers and determined whether these correlated with retinal 
changes. We hypothesized that Type II rats would develop 
significant cognitive, retinal, and visual deficits while 
maintaining a moderate diabetic state with sustained insulin 
secretion.

METHODS

Animals and experimental design: Adult male Long Evans 
rats (Charles River, Wilmington, MA; 42 days old; n=44) 
were housed in shoe-box style cages and had continuous 
access to food and water. The cohort was kept on a 
12:12, light:dark cycle, with light onset at 6:00 AM The 
Atlanta Veterans Affairs Institutional Animal Care and 
Use Committee approved all procedures, and protocols 
conformed to the Association for Research in Vision and 
Ophthalmology (ARVO) Statement for the Use of Animals 
in Ophthalmic and Vision Research and the National Insti-
tutes of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publications, 8th edition, updated 2011). Rats 
were randomly assigned to three groups: naïve control (n=12), 
HFD (n=14), and HFD + low-dose STZ (n=17). Glucose toler-
ance and insulin tolerance tests were performed at 2 weeks 

post-hyperglycemia to evaluate the glycemic response and 
insulin sensitivity, respectively. Optomotor response (OMR) 
was used to assess visual function every 2 weeks from base-
line, and electroretinogram (ERG) recordings were performed 
at 4 and 8 weeks post-hyperglycemia to assess retinal func-
tion. Y-maze was used to assess cognitive function every 4 
weeks from the baseline. Rats were euthanized at 10 weeks 
post-hyperglycemia, and retinas and serum were taken for 
multiplex analysis of metabolic biomarkers. Figure 1 outlines 
the schedule of diet and assessments.

HFD + STZ model: Rats were assigned to one of the following 
groups: naïve control, HFD, or HFD+STZ, 1 week after 
animal delivery. The HFD groups were fed an adjusted fat 
diet with a 40% kcal formula from fat (Envigo, Madison, WI). 
Naïve control rats were fed a standard rat diet with 18% kcal 
from fat. Normally, 100 mg/kg of STZ is used to create a Type 
I diabetic rat model [29]. In this study, after 4 weeks of HFD, 
the HFD+STZ group received a single dose of STZ (30 mg/
kg) once a week for 1–3 weeks. Rats with a blood glucose 
level of <140 mg/dl after the first injection were given a 
second injection. Rats with a blood glucose level of <140 mg/
dL after the second injection were given a third injection. Of 
the rats that became diabetic, this smaller amount of STZ in 
combination with the HFD yielded 9 of 18 Type II diabetic 
rats and 8 of 18 Type I diabetic rats (Type I versus II clas-
sification methodology has been provided below). One rat did 
not become hyperglycemic and was excluded from the study.

Our methods for classifying the rats as Type I, Type II, 
or nondiabetic are described here and in the flowchart in 
Figure 2. Rats with an average blood glucose level greater 
than 250 mg/dL were considered to model Type I diabetes 
and remained in this study for comparison. Rats with a blood 
glucose level of less than 250 mg/dL but greater than 140 mg/
dL were considered to model Type II diabetes. Weights, 
glucose and insulin tolerance, and serum insulin levels were 
used to confirm the rats’ status as Type I or Type II. Weights 
and insulin levels were useful in confirming whether rats in 
the 200–250 mg/dL range were Type I or Type II. Rats in 
this range that had a large drop in weight and severely low 
insulin levels were considered Type I. A glucose tolerance 
test was useful in confirming whether rats in the 105–150 mg/
dL range were Type II or nondiabetic. Rats in this range with 
a similar glucose tolerance response to the confirmed Type 
II rats were considered Type II as well.

Weights and average blood glucose level: Throughout the 
study, the rats were weighed on a benchtop scale (PM2000, 
Mettler-Toledo, Columbus, OH) and blood glucose levels were 
checked weekly. The blood glucose measurements were taken 
by a handheld blood glucose meter (FreeStyle Lite, Abbott 
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Figure 1. Timeline of treatments and assessments. After baseline measurements, a high-fat diet (HFD) was given to the rats that would 
comprise the HFD and the HFD+streptozotocin (STZ) groups. After 4 weeks on HFD, the HFD+STZ group received 2–3 injections of 
STZ over the course of 2–3 weeks. The rats were then followed for 8 weeks with assessments performed as depicted above. The rats were 
euthanized at 10 weeks post-hyperglycemia. The assessments were optomotor response (OMR), Y-maze performance, glucose tolerance 
test (GTT), insulin tolerance test (ITT), and electroretinograms (ERG). 

Figure 2. Flowchart for how diabetic rats were classified as Type I or Type II or non-diabetic. Biweekly blood glucose measurements were 
averaged post-euthanasia. If the average blood glucose level was less than 105 mg/dl, the rat was classified as nondiabetic. If the average 
blood glucose level was between 105 and 150 mg/dl, the glucose tolerance test results were used to determine if the rat’s response was closer 
to the control group or the Type II group. If the average blood glucose level was between 150 to 200 mg/dl, the rat was classified as Type 
II. If the average blood glucose level was between 200 to 250 mg/dl, the insulin levels and weight data were used. If the insulin levels were 
less than 1 ng/ml and the rat had a significantly lower bodyweight, they were classified as Type I. However, if insulin levels and bodyweight 
did not significantly change the rat was classified as Type II. 
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Diabetes Care, Alameda, CA) and test strips. Preceding this, 
the tail was wiped to remove urine and then pricked with a 
small syringe. The average was calculated from 1 week after 
the last STZ injection through the week of euthanasia.

ELISA for serum insulin levels: Rats were euthanized at 10 
weeks post-hyperglycemia and blood samples were obtained. 
Blood samples were centrifuged at 10,000 g for 10 min, and 
the serum was transferred to a new tube and stored at −80 °C 
until use. A bicinchoninic acid (BCA) protein assay kit 
(Pierce BCA Protein Assay Kit, Catalog No. PI23225) was 
used to measure total protein concentration, and a plate reader 
(BioTek Synergy 2, Agilent Technologies, Santa Clara, CA) 
was used to measure the absorbance at 562 nm.

Serum insulin levels were evaluated using an ELISA kit 
tailored to insulin (Rat Ultrasensitive Insulin, Alpco, Catalog 
No. 80-INSRTU-E01). Standards and samples (5 µl) were run 
in triplicates according to the manufacturer’s instructions. A 
plate reader (BioTek Synergy 2, Agilent Technologies, Santa 
Clara, CA) was used to measure the absorbance at 450 nm. 
The standard concentration and absorbance measurements 
were used to determine the sample concentration with a 
four-parameter nonlinear regression using image analysis 
software (BioTek Gen5, Agilent Technologies, Santa Clara, 
CA). Results were expressed as the concentration of insulin 
(ng/mL).

Glucose and Insulin tolerance tests: At 2 weeks post-hyper-
glycemia, glucose tolerance tests (GTT) and insulin tolerance 
tests (ITT) were used to gauge hyperglycemia and insulin 
resistance, respectively. Before the assessment, the rats were 
fasted for 6 h. An intraperitoneal injection of glucose (2 mg/
kg bodyweight) in dH2O was given to the rats for GTT. Blood 
glucose levels (mg/dL) were monitored at 0, 15-, 30-, 60-, 
and 120 min using test strips via a tail prick and handheld 
blood glucose meter (FreeStyle Lite, Abbott Diabetes Care, 
Alameda, CA). For ITT, an insulin injection (0.35 units/kg 
bodyweight) was given to the rats intraperitoneally. There-
after, blood glucose levels were monitored at 0, 15-, 30-, and 
60- min.

Optomotor response (OMR): To assess visual function, 
an optomotor response system (OptoMotry; Cerebral-
Mechanics, Lethbridge, AB, Canada) was used, as previ-
ously described [29]. Rats were placed on a pedestal in the 
middle of a virtual reality chamber made of four flatscreen 
monitors that display vertical sine wave gratings rotating at a 
speed of 12 deg/s The rats were monitored in real time by the 
experimenter with a video camera. Rats exhibited either the 
presence or absence of a reflexive head movement (tracking) 
in response to the rotating gratings moving in a clockwise 
or counter-clockwise direction. The OptoMotry software 

automatically calculates the spatial frequency (SF) and 
contrast sensitivity (CS) thresholds using a staircase para-
digm. When assessing SF, initial gratings had an SF of 0.042 
cyc/deg with 100% contrast, and the SF changed over time 
based on the rat’s tracking response (or lack thereof) while 
the contrast remained constant. When assessing CS, initial 
gratings had 100% contrast, which decreased or increased 
based on the rat’s tracking. SF was held constant during CS 
assessments at 0.064 cy/deg, which is peak SF for rats at 
baseline [30]. Contrast sensitivity values reported here were 
calculated as a reciprocal of the Michelson contrast using the 
screens’ luminance (i.e., [maximum + minimum] / [maximum 
– minimum]), as described previously [31].

Electroretinogram: Electroretinogram was used to measure 
the response of retina to light, as previously described [32,33]. 
Rats were dark adapted overnight. Under red light, rats were 
anesthetized with ketamine (60 mg/kg) and xylazine (7.5 mg/
kg). The corneal surface was anesthetized with 0.5% tetra-
caine and pupils dilated with 1% tropicamide. Reference elec-
trodes made of platinum were placed in the tail and in each 
cheek. Custom-made gold loop recording electrodes were 
placed on each cornea. A signal-averaging system (UTAS 
BigShot; LKC Technologies, Gaithersburg, MD) was used to 
record the retinal response to different flash stimuli. A six-
step protocol of flash stimuli presented in order of increasing 
luminance was used, and five dark-adapted responses were 
recorded (scotopic: −3.0 to 2.1 log cd s/m2). Following the 
dark-adapted steps, rats were light-adapted for 10 min at 30 
cd/m2 to saturate rod photoreceptors. Afterwards, flicker 
stimuli (2.0 log cd s/m2 at 6 Hz) were presented in the pres-
ence of background light to measure cone pathway function. 
Finally, to reverse the effects of xylazine, rats were given 
atipamezole after the ERGs [34].

The responses from the left and right eye were averaged. 
Amplitudes and implicit times were measured for a- waves, 
b- waves, and oscillatory potentials (OPs), and flicker ERG 
waveforms. The OPs were filtered digitally (75–500 Hz; 
EM Version 8.1.2, 2008; LKC Technologies) using the ERG 
system software and analyzed (flash stimuli: −1.9 log cd s/
m2).

Y-Maze: Cognitive ability and exploratory behavior were 
assessed using a Y-maze (San Diego Instruments, San Diego, 
CA) [35]. To conduct this test, rats were placed one at a time 
in the same arm of the maze. Each rat had a period of 8 min 
to explore the maze. Exploratory behavior was measured by 
the total number of times a rat entered an arm during its trial. 
Cognitive ability was assessed through spontaneous alterna-
tion—a measure of spatial memory. An alternation occurs 
when a rat enters the three arms consecutively. Spontaneous 
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alternation was calculated by the number of alternations (A) 
divided by (the total arm entries (E) minus 2), that is, A/(E−2).

Multiplex assay: A multiplex assay was used to assess meta-
bolic biomarkers, including brain-derived neurotrophic factor 
(BDNF), connecting peptide (C-Peptide), fibroblast growth 
factor 21 (FGF-21), ghrelin (active and total), glucagon-like 
peptide 1 (GLP-1; active, inactive, and total), glucagon, 
insulin, leptin, and peptide tyrosine-tyrosine (PYY; total). 
Serum samples were assayed through a multiplex kit as per 
the manufacturer’s instructions (U-PLEX Rat Metabolic 
Combo 1, Meso Scale Delivery, Rockville, MD). The detec-
tion antibody solution was made by combining 60 µL of 
each detection antibody, 180 µL of MSD Blocker D-R, and 
5.1 ml of eluent 11 to bring the total volume to 6 ml. Once 
the detection antibody solution was made, 50 µl of calibrator 
standard was added to each well of a 96-well plate and sealed. 
The plate was then incubated for 2 h at room temperature 
(approximately 21 °C) while being shaken. Once incubated, 
each well was washed 3 times with 150 µl of 1XPBS-T, and 
50 µl of the detection antibody solution was added. The plate 
was sealed again and incubated for 1 h at room temperature 
(approximately 21 °C) while shaking. The 3 final wash steps 
were performed with 150 µl of 1XPBS-T per well. Lastly, 
150 µl of MSD GOLD Read Buffer B was added to each well 
and the plate was analyzed on a MESO Quickplex SQ 120 
(Meso Scale Delivery, Rockville, MD).

Statistical analysis: Results are represented as mean ± 
standard error of the mean (SEM). Weight, GTT, ITT, OMR 
(spatial frequency and contrast sensitivity), ERG (a-wave 
and b-wave), and Y-maze (spontaneous alternation and the 
number of entries) results were analyzed using a two-way 
repeated-methods (RM) ANOVA followed by the Holms−
Sidak tests for individual comparisons. Average blood 
glucose results over time, ELISA for serum insulin levels, 
OPs, and multiplex results were analyzed using a one-way 
ANOVA followed by the Holms−Sidak tests for individual 
comparisons. Correlations of visual and retinal changes to 
the metabolic biomarkers were analyzed using Pearson’s 
correlation. Outlier tests were performed using the ROUT 
method on the multiplex data. Two outliers were removed 
in the multiplex data for leptin and one was removed for 
glucagon. For multiplex results and correlations, comparisons 
were performed with the α level corrected for false discovery 
rate (p<0.026) [36], which is why a more stringent α criterion 
than the commonly used 0.05 is employed here.

RESULTS

Type II rats exhibited a different metabolic phenotype than 
Type I, HFD, or naïve control rats: As expected, average 
blood glucose levels for Type I rats (391.70±20.59 mg/dL) 
were significantly higher than those for every other group 
(p<0.0001; Figure 3A). In contrast, blood glucose values 
for Type II rats (163.37±15.42 mg/dL) were more moderate, 
showing averages that were significantly higher than HFD 
(88.16±1.61 mg/dL) and naïve control rats (82.62±1.93 mg/
dL) as well as significantly lower than Type I rats (p<0.0001 
for all three comparisons; ANOVA, F3,39=178.3; p<0.0001; 
Figure 3A). Type II rats showed similar serum insulin levels 
(3.76±0.50 ng/mL) to control (4.68±0.24 ng/mL) and HFD rats 
(4.72±0.36 ng/mL). Meanwhile, Type I rats had significantly 
lower serum insulin levels (0.43±0.098 ng/mL) compared 
to every other group (p<0.0001; ANOVA, F3,37=26.84; 
p<0.0001; Figure 3B).

For Type II rats (619.5±36.65 g), there was no signifi-
cant weight difference in comparison to the control rats 
(580.75±15.44 g, 6.67%), or in comparison to the HFD rats 
(655.0±26.31 g, −5.42%; Figure 3C). The Type I rats, however, 
weighed significantly less (417.6±8.96 g, −28.09%) than the 
other three groups (p<0.05 at 9 weeks, p<0.001 at 10 weeks, 
and p<0.0001 at 11 through 16 weeks compared with Type 
II rats) from week 9 through the rest of the experiment (RM 
ANOVA interaction effect, group*time point, F42,555=3.821; 
p<0.0001; Figure 3C). Additionally, the HFD rats weighed 
significantly more (12.79%) than the controls (p<0.05 to 
p<0.01 for weeks 8 and 10–16).

Type II rats exhibited moderate glucose and insulin intoler-
ance: During the GTT, Type II rats exhibited a significantly 
higher blood glucose level (203.3%) at the 30-, 60-, and 
120-min time points when compared to control rats (p<0.01 
at 30 min, p<0.0001 at 60 min, and p<0.01 at 120 min; RM 
ANOVA main effect of group, F3,130=29.87; p<0.0001; 
Figure 4A). Type II rats had a significantly increased blood 
glucose level at the 30- and 60-min time points in comparison 
to the HFD rats (p<0.05 at 30 min and p<0.01 at 60 min; 
Figure 4A). Type II rats also showed a significantly lower 
blood glucose level at all time points when compared to the 
Type I rats (p<0.001 at 0 min, p<0.0001 at 15-, 30-, and 120 
min, and p<0.01 at 60 min; Figure 4A). Type I rats showed a 
significant increase in blood glucose level (299.4%) at all time 
points when compared to control rats (p<0.0001 at 0, 15-, 30-, 
60-, and 120 min; Figure 4A). The HFD rats had a significant 
increase in blood glucose level only at the 60-min time point 
in comparison to the control rats (p<0.05; Figure 4A).

During the insulin tolerance test, Type II rats had a 
significantly higher blood glucose level at the 0- and 15-min 
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Figure 3. Type II rats maintained a normal bodyweight, were moderately hyperglycemic, and had no significant drop in serum insulin 
levels. A: Average blood glucose levels from weekly measurements. B: Serum insulin levels detected by an ELISA from serum collected 
post-euthanasia. C: Weights of rats taken weekly. The colored asterisks correspond to a significant difference with the group that shares the 
color of the asterisks. Black asterisks mean a significant difference with every other group. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
Results expressed as mean ± SEM. 
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time points when compared to the control rats (p<0.0001 at 
0 min and p<0.05 at 15 min; RM ANOVA interaction effect, 
group*time post-insulin, F9,108=17.08; p<0.0001; Figure 4B). 
Type II rats also had a significantly higher blood glucose level 
compared to the HFD rats at the 0-min time point but did 
not have a significant difference for the other time points 
(p<0.05 at 0 min; Figure 4B). Type I rats had a significantly 
higher blood glucose level compared to all other groups at 
the 0-, 15-, and 30-min time points (p<0.0001 at 0 and 15 
min, p<0.01 to p<0.001 at 30 min; Figure 4B). However, at 
the 60-min time point, the blood glucose level of Type I rats 
was only significantly higher than that of the control group 
rats (p<0.05; Figure 4B).

Reduced visual function was observed in diabetic and HFD 
rats: Type II rats showed significant reductions in spatial 
frequency beginning at 4 weeks post-HFD/0 weeks post-STZ 
(p<0.05) compared with control rats (RM ANOVA interac-
tion effect, group*time point, F15,230=10.56; p<0.0001; 
Figure 5A). Similar deficits were observed in Type I rats 
beginning at 6 weeks post-HFD/2 weeks post-STZ (p<0.05). 
Smaller, but still significant, deficits were observed in HFD 
rats beginning at 6 weeks post-HFD (p<0.05). For contrast 

sensitivity, significant reductions were observed in Type II, 
Type I, and HFD rats compared with controls (RM ANOVA 
interaction effect, group*time point, F15,230=2.446; p<0.01; 
Figure 5B) with different times of onset for each group. 
Specifically, Type II rats showed reductions beginning at 
8 weeks post-HFD/4 weeks post-STZ (p<0.05), Type I rats 
showed reductions beginning at 6 weeks post-HFD/2 weeks 
post-STZ (p<0.05), and HFD rats showed reductions begin-
ning at 8 weeks post-HFD (p<0.05).

Type II rats showed delayed electroretinogram (ERG) implicit 
times, while Type I rats showed reduced ERG amplitudes: 
For Type II rats, a significant delay in oscillatory poten-
tial implicit times (IT) at 8 weeks post-STZ was observed 
in response to dim stimuli when compared to control rats 
for OP2 (ANOVA, F3,38=4.123; p<0.05; Figure 6B), OP3 
(ANOVA, F3,38=5.886; p<0.01; Figure 6C), and OP4 
(ANOVA, F3,38=4.146; p<0.05; Figure 6D). Meanwhile, Type 
I rats had reduced a-wave (RM ANOVA main effect of group, 
F3,136=5.811; p<0.001; Figure 7A), b-wave (RM ANOVA 
main effect of group, F3,190=17.44; p<0.0001; Figure 7B), 
and flicker amplitudes (ANOVA, F3,38=4.019; p<0.05; Figure 
7C) at 8 weeks post-STZ (Figure 7). No significant findings 

Figure 4. Type II diabetic rats express moderately worse glucose and insulin tolerance. A: Glucose response curves from glucose tolerance 
tests performed at 2 weeks post-hyperglycemia. B: Glucose response curves from insulin tolerance tests performed at 2 weeks post-
hyperglycemia. The colored asterisks correspond to a significant difference with the group that shares the color of the asterisks. Black 
asterisks correspond to a significant difference with every other group. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Results expressed 
as mean ± SEM. 
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were observed for OP1 implicit time (Figure 6A) in response 
to dim stimuli, for OP1–4 amplitudes in response to dim or 
bright flash stimuli, for OP1–4 implicit times in response to 
bright flash stimuli, or for a-wave and b-wave implicit time 
(data not shown).

No changes in cognitive behavior were observed through 8 
weeks: Type I, Type II, and HFD rats did not show deficits in 
cognitive (spontaneous alternation) or exploratory behavior, 
as measured by Y-maze, during the time points assessed here 
(Figure 8).

Diabetic rats displayed alterations in metabolic biomarkers 
that correlated with retinal and visual changes: Serum altera-
tions in multiple metabolic biomarkers were observed in blood 
collected post-euthanasia, particularly in Type I rats (Figure 
9A). Specifically, Type I rats showed significant reductions 
in serum levels of BDNF (ANOVA, F3,36=2.913; p<0.026; 
Figure 9B), C-Peptide (ANOVA, F3,36=7.704; p<0.001; 
Figure 9C), and leptin (ANOVA, F3,34=2.937; p<0.01; 
Figure 9D). The HFD rats showed a significant decrease in 
serum levels of PYY (ANOVA, F3,36=4.607; p<0.01, Figure 
9E). Additionally, a main effect of group was observed for 
FGF-21 (ANOVA, F3,36=4.028; p<0.026, Figure 9F), with 
higher levels appearing in HFD and Type II rats. Trends for 

reductions in glucagon were observed in Type I and Type II 
rats (p=0.0657, Figure 9G).

Serum changes showed mild correlations with visual 
changes. Specifically, changes in spatial frequency at 8 
weeks correlated with serum levels of C-Peptide (R2=0.1655; 
p<0.01; Figure 10B), PYY (R2=0.1534; p<0.026; Figure 10C), 
and glucagon (R2=0.1899; p<0.01; Figure 10D), with a trend 
for changes in leptin (R2=0.1221; p=0.0315; Figure 10A). 
Changes in contrast sensitivity at 8 weeks correlated with 
serum levels of PYY (R2=0.2624; p<0.001; Figure 10E) and 
glucagon (R2=0.1552; p<0.026; Figure 10F). For details on 
statistical analysis, including why an α level of 0.026 rather 
than 0.05 was used, please see the Methods section.

DISCUSSION

Type I and Type II HFD+STZ rats exhibited distinct diabetic 
metabolic phenotypes: Our use of the HFD + low-dose STZ 
model resulted in two distinct diabetic metabolic phenotypes, 
with Type II rats exhibiting a moderate diabetic state as 
demonstrated by moderate increases in blood glucose and 
moderate impairment in glucose tolerance, in addition to 
weights and serum insulin levels similar to naïve controls. 
In contrast, rats classified as Type I in this study showed 
large increases in blood glucose and impairment in glucose 

Figure 5. Type II rats showed deficits in both spatial frequency and contrast sensitivity. A: Spatial frequency and (B) contrast sensitivity 
assessed through optomotor response at baseline, pre-STZ, 2-, 4-, 6- and 8-weeks post-hyperglycemia. The colored asterisks correspond to 
a significant difference with the group that shares the color of the asterisks. Black asterisks correspond to a significant difference with every 
other group. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Results expressed as mean ± SEM.
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tolerance coupled with decreases in bodyweight and very low 
insulin levels.

Type II rats had no significant differences in their 
weights compared to the control rats, which is revealing 
about their overall condition, as more severe diabetic animals 

tended to lose weight throughout the course of the study [21]. 
The moderate hyperglycemia observed in Type II rats in 
conjunction with little to no drop in serum insulin was also 
observed in previous studies [20,21]. Type II rats also had 
both impaired glucose and insulin tolerance, a finding which 

Figure 6. Type II rats showed delayed OP implicit times in OP2 through OP4 in response to dim stimuli. Oscillatory potentials taken at 
−1.9 log cd s/m2 showing implicit times for OP1 (A), OP2 (B), OP3 (C), and OP4 (D) at 8 weeks post-hyperglycemia. The colored asterisks 
correspond to a significant difference with the group that shares the color of the asterisks. Black asterisks correspond to a significant differ-
ence with every other group. * p<0.05, ** p<0.01. Results expressed as mean ± SEM. 



248

Molecular Vision 2024; 30:239-259 <http://www.molvis.org/molvis/v30/239> © 2024 Molecular Vision 

is expected as animals on an HFD develop insulin resistance 

[37-39]. The diabetic state seen in these rats aligns with 

what is seen in humans who have Type II diabetes in terms 

of hyperglycemia and cells becoming resistant to insulin 

without a significant decrease in serum insulin [23,40].

In contrast, rats classified as Type I showed a significant 
loss in weight, severe hyperglycemia, and severe impairments 
in glucose tolerance. All of these features are commonly seen 
in models of Type I diabetes with increased dosage of injected 
STZ [29,41] and more closely resemble Type I diabetes in 
people.

Figure 7. Type I rats showed reduced dark-adapted a- wave and b- wave amplitudes, and light-adapted flicker amplitudes. Quantification of 
dark-adapted a-wave (A) and b-wave (B) amplitudes and light-adapted flicker amplitudes (C) at 8 weeks post-hyperglycemia. The colored 
asterisks correspond to a significant difference with the group that shares the color of the asterisks. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. Results expressed as mean ± SEM. 

Figure 8. Differences in cognitive and exploratory behavior were not observed. Through the time points observed here, there were no 
significant changes observed for either spatial alternation (A) or exploratory behavior (B). Results expressed as mean ± SEM.
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Figure 9. Type I rats showed the 
most prominent changes in serum 
biomarkers. A: Heatmap of z-scores 
for all 12 biomarkers assessed, (B) 
Serum brain-derived neurotrophic 
factor (BDNF) levels, (C) Serum 
C-peptide levels, (D) Serum leptin 
levels, (E) Serum PYY levels, (F) 
Serum FGF-21 levels, and (G) 
Serum glucagon levels evaluated 
by multiplex from serum collected 
post-euthanasia. The colored aster-
isks correspond to a significant 
difference with the group that 
shares the color of the asterisks. 
Black asterisks correspond to a 
significant difference with every 
other group. * p<0.026, ** p<0.01, 
*** p<0.001. Results expressed 
as mean ± SEM. For details on 
statistical analysis, including why 
an α level of 0.026 rather than 0.05 
was used, please see the Methods 
section.
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Type I and Type II HFD+STZ rats exhibited visual and retinal 
function changes typical of diabetes: Development of a Type 
II diabetic rat model that emulates human Type II diabetes 
and the retinal changes typically observed with diabetic reti-
nopathy is necessary to better study the disease. This study 

is among the first to look at visual (OMR) and retinal (ERG) 
changes in rats being maintained on an HFD with multiple low 
doses of STZ. While Type II rats exhibited a more moderate 
diabetic state than Type I rats, they developed typical visual 
deficits associated with diabetic retinopathy. Type II rats 

Figure 10. Serum biomarkers correlated with visual function changes, though effect sizes were small. Serum levels of metabolic biomarkers 
correlated with visual function data acquired at 8 weeks post-hyperglycemia. Correlation of spatial frequency with leptin (A), C-Peptide 
(B), PYY (C), and glucagon (D). Correlation of contrast sensitivity with PYY (E) and glucagon (F). Individual data points are shown for 
Type I HFD+STZ (blue), Type II HFD+STZ (pink), HFD only (yellow), and naïve control (gray) groups.
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showed a significant decrease in visual acuity relative to 
naïve control (>7.45% p<0.0001) and HFD (>4.28% p<0.01) 
rats starting at 4 weeks post-hyperglycemia. Similarly, Type 
II rats showed reduced contrast sensitivity compared to naïve 
control (>15.64% p<0.05) rats from 4 weeks post-hypergly-
cemia onward. These results align with the previous literature 
on high-dose STZ Type I models [29,30], in which diabetic 
animals exhibited a significant decrease in visual acuity and 
contrast sensitivity. Interestingly, the HFD alone affected 
both spatial frequency and contrast sensitivity as well as 
metabolic measurements. Visual changes with an HFD have 
been reported in other studies such as an HFD increasing 
retinal vessel permeability [19,42,43]. Additionally, HFD-
induced metabolic disruption is known to negatively impact 
retinal health through alterations to retinal fat composition, 
which makes the retina vulnerable to oxidative stress and 
inflammation [43-48].

In the case of dim oscillatory potentials, Type II rats 
showed a significant delay in implicit times compared to 
naïve controls. Delays in OP implicit times have been previ-
ously described as a marker of early diabetic retinopathy in 
Type I animals [25,30] as well as a sign of preclinical diabetic 
retinopathy in humans [25,49]. Delays in OP implicit time 
were not significant for Type I rats, which showed a trend for 
OP delays (4.35% for OP2, 7.14% for OP4), whereas signifi-
cant delays have been recorded previously starting at 4 weeks 
in OP4 and 8 weeks in OP2 [30]. A significant delay would 
likely be observed with the addition of more Type I rats or 
later time points. There were no significant differences in 
implicit time for bright flash OPs, which agrees with previous 

findings seen in high-dose STZ Type I rats [25,30]. However, 
it is important to highlight that this Type I model is very 
different from the original high-dose Type I model (Table 
1); therefore, differences in the timeline of visual and retinal 
impairments are not unusual. Additionally, it is possible that 
an HFD may actually provide a benefit to the Type I animals 
by helping them maintain their bodyweight.

Type I and Type II HFD+STZ rats exhibited visual changes 
before cognitive changes: During the time frame measured 
(up to 8 weeks post-STZ), no significant changes were 
observed in cognition or exploratory behavior as measured 
by spontaneous alternation and number of entries on Y-maze, 
respectively. The fact that visual and retinal changes occurred 
during this time frame suggests that retinal function changes 
occur before cognitive changes in diabetes. This result 
confirms previous findings in the Goto-Kakizaki model of 
Type II diabetes, in which after hyperglycemia (4 weeks), 
Goto-Kakizaki rats exhibited retinal function changes first, 
before cognitive changes, which began at 7 weeks [12]. 
Together, these results suggest that the retina could be useful 
as an early biomarker for other complications in diabetes, 
including cognitive changes.

The lack of cognitive changes during the time period 
measured could be due to two factors. First, this study 
followed the animals for 8 weeks post-hyperglycemia, which 
could be too early to detect the cognitive decline in this more 
moderate model of diabetes. While high-dose STZ Type I rats 
did show changes in Y-maze at 8 weeks post-hyperglycemia 
[29], the high-dose model is more severe, even compared with 

Various GK rat (Type II)
HFD+STZ rat 
(Type II) HFD+STZ rat (Type I) STZ rat (Type I)

Hyperglycemia moderate moderate high high
Source of hyperglycemia polygenic diet + low dose STZ diet + low dose STZ high dose STZ
Insulin dependent? No No Occasionally Often
ERG changes at 4 weeks 8 weeks 8 weeks 4–8 weeks

ERG amplitude greatly increased same as control slightly decreased same or slightly 
decreased

ERG implicit time delayed delayed trend for delay delayed
Optomotor response changes at NA (albino) 2–4 weeks 2–4 weeks 2–4 weeks
Cognitive deficits at 6 months —- —- 8 weeks
Exploratory deficits at 8 weeks —- —- 8 weeks

Vascular function deficits not observed by 8 
months —- —- 2 weeks

Vascular pathology not observed by 1 
year —- —- 6–8 months (varies by 

strain)

Retinal dopamine Increased Not reduced (at 10 
wks) Reduced Reduced



252

Molecular Vision 2024; 30:239-259 <http://www.molvis.org/molvis/v30/239> © 2024 Molecular Vision 

the HFD+STZ Type I rats in this study. In our experience, 
HFD+STZ Type I rats are less likely to die or to need insulin 
supplementation than high-dose STZ Type I rats. In general, 
they appear “less sick.” Second, in this study, Y-maze perfor-
mance was assessed at baseline and at the 4- and 8-week 
post-hyperglycemia time points. In our previous study in 
GK rats showing cognitive deficits at 7 weeks of age, the 
Y-maze activity was undertaken weekly instead of monthly 
[12]. We believe that the Y-maze performance is more sensi-
tive when it is administered weekly, which is likely due to 
the rats developing a familiarity with the test. In the Goto−
Kakizaki study, the control rats exhibited a small increase in 
spatial alternation scores from weeks 4 to 8 [12], which was 
not observed using monthly testing in the control rats in this 
study. A future direction would be to follow the animals for a 
longer period as well as to test Y-maze performance weekly.

HFD+STZ rats showed changes in serum levels of metabolic 
markers that correlated with retinal changes: We next exam-
ined several serum metabolic biomarkers in this model. Of 
the 12 biomarkers assessed, Type I HFD+STZ rats showed 
decreases in BDNF, C-Peptide, and leptin. Brain-derived 
neurotrophic factor is a factor that has a role in supporting 
neuronal function and homeostasis [50,51]. The release of 
BDNF is inhibited by high levels of glucose and is lower 
in concentration in both humans and animals with Type II 
diabetes [52-54]. The Type I group was the only one to show 
a significant decrease in BDNF levels, which could be due to 
the significantly higher level of hyperglycemia in this group. 
This decrease in BDNF has been seen in previous studies of 
diabetes [55,56], in both Type I [55,56] and Type II models 
that have drastically higher serum glucose levels than our 
Type II group [57,58].

C-peptide is a part of proinsulin that connects the A and 
B chain and is cleaved in the formation of insulin. C-peptide 
also binds to neuronal cells and upregulates both eNOS and 
Na+/K+ ATPase activity [59,60]. As C-peptide and insulin are 
formed in a 1:1 ratio, the levels of C-peptide share a similar 
trend to what was seen in the insulin levels as measured by 
ELISA. The Type I group was the only one to show a signifi-
cant reduction in both. This aligns with what is seen in the 
literature [61], as Type I diabetes is marked by a loss of β-cell 
function [1]. A limitation of the C-peptide results is that the 
serum was obtained from fed and not fasting animals with 
the timespan between last meal and sample collection not 
accounted for. There are fewer confounding variables asso-
ciated with a fasting C-peptide test [62]; however, random 
C-peptide tests have been shown to be more advantageous 
in distinguishing between Type I and Type II diabetes than 
fasting tests [63].

Leptin is a hormone that regulates energy metabolism 
and energy levels and also has a role in food motivation 
and satiety [64]. Considering leptin is produced by adipose 
tissue [65,66], leptin levels have been found to be roughly 
proportionate to adipose content [66]. In our study, the HFD 
group had the highest leptin levels, with the Type I group 
having significantly reduced levels. This trend follows what 
was seen in previous literature showing higher leptin levels 
in HFD rats and lower leptin levels in Type I rats [67,68]. 
The HFD group in this study was the heaviest of the groups, 
whereas the Type I group had a significant drop in weight. 
These weight data follow previous literature as well [29,67]; 
however, some studies show a significant increase in weight 
among Type II rats [21] but not among others [20]. The combi-
nation of decreased BDNF, C-peptide, and leptin in the Type 
I group is interesting as these changes in metabolic markers 
have been previously seen in the high-dose STZ Type I model 
[55,56,61,68]. In Type II models, a decrease in each of these 
markers has previously been seen [57,58,69,70], which differs 
somewhat from the data presented here as the Type II rats in 
this study only had a significant decrease in BDNF. However, 
trends for differences in multiple markers were observed in 
the Type II rats here, and it is possible that with a larger n or a 
longer time course of hyperglycemia, significant differences 
would be observed.

While BDNF, C-Peptide, and leptin were reduced in 
Type I rats, PYY, which is a pancreatic polypeptide that helps 
regulate appetite in animals and has restorative effects on 
pancreatic islet function [71,72], was reduced in HFD rats. 
Circulating PYY levels have been shown to be decreased in 
GK rats [73]. Both Type I and II groups here had a nonsig-
nificant decrease of PYY levels.

There were also two biomarkers with nonsignificant but 
interesting trends. Fibroblast growth factor 21 has a role in 
the uptake of glucose in adipocytes [74] and is elevated in 
people who are insulin-resistant [75]. In our study, a main 
effect of group was observed with the HFD and Type II 
groups having a nonsignificant elevation of FGF-21 levels. 
As for the Type I group, there was no increase. This could 
be due to the Type I group having more substantial damage 
to the liver-an off-target effect of STZ [76]—which is one 
of the primary locations of FGF-21 production [77]. While 
the Type I group experienced insulin resistance, there might 
have been no increase due to the elevated damage to the liver. 
Additionally, glucagon levels in Type I and II groups had a 
nonsignificant reduction. This could be due to the Type II 
group having less damage to the β-cells allowing the regula-
tion of glucagon production by the α-cells [78]. Interestingly, 
the Type I diabetic group did not have hyperglucagonemia, 
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which goes against what has been seen previously [78]. This 
could be due to researchers in previous studies giving a 
higher dosage and thus causing more damage to the β-cells, 
impairing their regulatory relationship.

In addition to serum metabolic biomarkers showing 
changes in HFD+STZ animals, these changes correlated 
with visual and retinal changes. Specifically, serum levels 
of C-Peptide, PYY, and glucagon correlated with spatial 
frequency and serum levels of glucagon and PYY correlated 
with contrast sensitivity. While the effect sizes of the correla-
tions are small, the fact that serum levels of these markers of 
interest correlate with the visual changes that characterize 
early diabetic retinopathy suggests that serum levels of 
C-Peptide, glucagon, and PYY could be used as biomarkers 
for diabetic retinopathy, potentially to identify an earlier 
window for treatment. However, it is important to qualify our 
findings in an animal model by noting that previous research 
in humans has shown a complicated relationship between 
some of these markers and diabetic retinopathy [79-81]. For 
instance, some human studies have shown that C-peptide has 
a negative relationship with vessel density [79], whereas other 
studies have found that residual C-peptide levels are benefi-
cial against DR [80] and that average 30-min postprandial 
C-peptide levels are negatively correlated with DR progres-
sion [81]. More research is needed to assess the utilization 
of C-Peptide, glucagon, and PYY as biomarkers for various 
aspects of diabetic retinopathy.

Use of the HFD+STZ rat as a model of Type II diabetes: 
The high-dose STZ (100 mg/kg) model is the gold standard 
in modeling Type I diabetes, with its use reported in over 
9,000 publications since 1963 [9,82]. The development of 
an inexpensive and directly analogous Type II diabetic rat 
model is imperative to address the growing impact of Type II 
diabetes throughout the world. Other commonly used Type 
II rodent models were considered for this study, in addition 
to HFD+STZ rats, but we opted not to use models that hinge 
on a single mutation (e.g., a leptin mutation), as they may 
not be as generalizable to people with diabetes. We also 
opted not to use the GK or Zucker diabetic fatty rats, as these 
animals were generated via continuous inbreeding, which we 
are concerned caused supernormal ERGs, increased retinal 
dopamine levels, and a lack of retinal vascular pathology in 
GK rats [12,83]. Additionally, the Zucker diabetic fatty rats 
exhibit alterations in nerve function that do not appear to be 
related to diabetes [84].

While no Type II diabetes model is as well characterized 
as the high-dose STZ model of Type I diabetes, the HFD+STZ 
rat makes an attractive model for diabetes research for the 
following reasons: 1) it has been widely used; 2) it relies 

on diet rather than a single mutation, which may be more 
similar to Type II diabetes in patients; 3) it models the Type 
II diabetic phenotype metabolically, exhibiting a moderate 
diabetic state with worsened glucose and insulin tolerance 
and higher blood glucose levels without the weight loss and 
insulin dependency observed in a Type I model; 4) HFD and 
low-dose STZ can be used in an outbred model such as Long 
Evans rats, allowing OMR testing, which is not possible in 
the albino GK strain [85,86]; and 5) the HFD+STZ rat shows 
retinal deficits and pathology typical of diabetes, including 
contrast sensitivity deficits, spatial frequency deficits, and 
oscillatory potential delays without the supernormal ERG 
amplitudes of the GK rat [12,83,87,88]. In Table 1, we provide 
a detailed comparison of HFD+STZ Type II rats, HFD+STZ 
Type I rats, GK rats, and high-dose STZ Type I rats. While 
we have not yet completed a long-term study showing retinal 
vascular pathology in the HFD+STZ rat, others have shown 
acellular capillaries in the retina at 9 months [87]. Following 
HFD+STZ Type II rats to a further time point will permit the 
assessment of vascular pathology and Y-maze performance.

In the high-dose STZ Type I diabetic model, visual and 
retinal changes have been reported that are similar to what 
we observed here in our Type II rats. Spatial frequency and 
contrast sensitivity deficits have been observed beginning 
at 3–4 weeks post-STZ in Type I rats [29,30] which aligns 
with the deficits seen in our model appearing at 2 and 3 
weeks, respectively. Delays in OP implicit time are present 
at 3–4 weeks post-STZ [29,30,89] in the Type I model in dim 
conditions, while our Type II rats had significant delays at 8 
weeks. This could be due to our model of Type II diabetes 
being a moderate diabetic state presenting with delays in OP 
implicit times later. The Type II animals in our study had an 
upper bound for blood glucose level of 250 mg/dL, whereas 
the Type I animals in these studies had blood glucose values 
above 250 mg/dL [29,30,89].

In terms of retinal vasculature, evidence of vascular 
function deficits at 2 weeks [90] and vascular pathology 
(acellular capillaries) at 6–8 months is present in the high-
dose STZ Type I model [91]. Retinal vascular changes are 
brought on by hyperglycemia [92], and high- dose STZ rats 
typically exhibit higher levels of blood glucose than the rats 
in our study. However, acellular capillaries have also been 
observed in the retina of Type II rodent models, such as the 
db/db mouse at 11 months [93] and the Zucker diabetic fatty 
rat at 8 months [94]. Future studies should follow Type II 
HFD+STZ rats up to 8–12 months to investigate vascular 
pathology. Despite the Type I model being a strong model, 
it produces hyperglycemia through β-cell death and a subse-
quent drop in insulin rather than hyperglycemia being caused 
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by insulin resistance [9]. Although vascular pathology was 
not assessed in this study, following the Type II rats to a later 
time point and including methods such as OCT, histology, 
and functional hyperemia would allow us to evaluate when 
changes in vascular pathology occur. It is possible that 
morphological vascular changes will take longer to occur in 
this model, given the more moderate levels of hyperglycemia.

Similar studies using an HFD with multiple low doses 
of STZ have been reported; however, several of these studies 
used a higher blood glucose range for inclusion as Type II 
diabetic rats [70,95]. Our inclusion criteria allowed a signifi-
cant increase in blood glucose levels while sustaining a larger 
portion of pancreatic β-cells, which is more analogous to 
persons with Type II diabetes [21,96]. In comparison, the 
Type I rats in our study, which exceeded an average blood 
glucose level of 250 mg/dL, had a significant and drastic 
reduction in their serum insulin levels, indicating more 
damage to the pancreas [9].

Limitations: As there are a wide range of glycemic responses 
to STZ [97], it is difficult to ensure that all rats fall into the 
Type II criteria that we used. In this study, there was a 94.4% 
diabetic induction rate overall, with only one rat not reaching 
hyperglycemia and being removed from the study. However, 
of the remaining rats, roughly 52.9% resulted in Type II rats. 
Reduction in the dosage of STZ may result in an increased 
number of Type II rats, but an increase in the number of 
injections might be needed to avoid a decline in the diabetic 
induction rate [95].

Streptozotocin has several off-target effects that should 
be considered when choosing its use in a diabetic study 
[76,98]. With STZ being transported by glucose transporter 
2 (GLUT2) receptors [99,100], the kidneys and liver can 
be damaged due to the presence of these receptors and the 
subsequent uptake of STZ [101,102]. However, using low 
dose injections, as in this study, lowers the risk of off-target 
toxicity [76].

The low dose of STZ used in this model may also ablate 
a small number of islet cells in the pancreas, potentially being 
responsible for the lack of elevated insulin levels in the Type 
II HFD+STZ rats. Elevated C-Peptide levels would also be 
expected in Type II rodent models but were not observed 
in the Type II HFD+STZ rats. Future studies could address 
this limitation by assessing pancreatic β-cells for a Type I or 
Type II phenotype. This future direction could elucidate the 
lack of elevated insulin and C-peptide levels in the Type II 
HFD+STZ rats as well as the lack of elevated FGF-21 in the 
Type I HFD+STZ rats.

Additionally, this study only assessed male rats. This is 
due to the model using intravenous injection via the penile 
vein as the route of administration for STZ, which limits the 
use of the model to male animals. Experiments that charac-
terize the HFD+STZ model and even the gold standard high-
dose STZ Type I model in female rats via alternate routes of 
intravenous injection such as tail vein injection are critically 
needed in the field of diabetes research.

Conclusions: A high-fat diet together with multiple low-dose 
injections of STZ leads to two distinct phenotypes, with Type 
II rats exhibiting a moderate diabetic state characterized by 
moderate hyperglycemia and moderate impairment in glucose 
and insulin tolerance with no significant weight loss or drop 
in insulin levels. Despite this moderate diabetic state, Type II 
rats exhibited significant retinal deficits with a drop in spatial 
frequency, contrast sensitivity, and delayed implicit times in 
dim oscillatory potentials. The appearance of early visual 
and retinal function deficits observed here in Type I and 
Type II rats agrees with earlier studies showing early retinal 
neuronal changes before retinal vascular changes in animals 
and humans with diabetes. Additionally, we identified serum 
biomarkers that showed mild correlation with visual function 
changes, which could lead to their use in earlier detection and 
treatment of diabetic retinopathy.
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