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1. ABSTRACT

Accumulating evidence suggests that 
the diabetes-induced cognitive dysfunction can be 
alleviated when exposed to the enriched environment. 
However, the impact of the changes of the hippocampal 
plasticity on the cognitive decline and the possible 
effect of an enriched environment in prediabetes 
are still not clearly documented. To explore the 
effect of enriched environment for prediabetes-
induced changes of dendritic structural plasticity in 
hippocampus pyramidal and cognitive deficits, the 
praxiology experiments for evaluating of anxiety, 

spatial learning and memory of prediabetic Wistar 
were performed, and then the dendritic spine density 
was assessed in the hippocampal CA1 pyramidal 
neuronal region. The prediabetic rats demonstrated a 
hyper-anxiety like behavior and significantly decreased 
spatial learning abilities and memory deficits. Exposing 
prediabetic rats to an enriched environment appeared 
to significantly mitigate the above changes in a time-
dependent manner. The enriched environment also 
restored the density of the hippocampal dendritic 
spine which was significantly reduced in prediabetic 
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rats. We found that the enriched environment was 
beneficial in overcoming the prediabetes-induced 
cognitive disorders and diminished dendritic plasticity 
of hippocampus pyramidal.

2. INTRODUCTION

Diabetes mellitus, a systemic condition 
characterized by impaired blood glucose and insulin 
levels, can cause changes in the structure and function 
of various tissues and organs including the brain, which 
is manifested as cognitive dysfunction (1,2). Diabetes 
induced hippocampus atrophy, Aβ accumulation 
in hippocampus and cortex, synaptic deletion, and 
decreased learning and memory capacity has been 
depicted in diabetic models (3). Another similar life 
style associated systemic condition, referred to as 
prediabetes,the subtle balance between glucose 
and insulin has been thrown off kilter. As recently 
reviewed by Buysschaert and Bergman (4), the 
diagnosis of a prediabetic condition, with its symptoms 
of impaired fasting glucose (IFG) and/or impaired 
glucose tolerance (IGT), and insulin resistance is vital 
(5). The exact cause for occurrence of prediabetes 
is not exactly known, however, similar risk factors 
associated with Tyep 2 Diabetes Mellitus (T2DM), 
genetics, obesity, sedentary life style, diet and so on 
are observed related with the prediabetes condition 
as well. Furthermore, epidemiology data claimed that 
prediabetes was indeed a well-known risk factor for 
T2DM (6), and shared similar complications with T2DM, 
including early forms of nephropathy, chronic kidney 
disease, small fiber neuropathy, diabetic retinopathy, 
and cognitive disorders including dementia (5, 7). 

Diabetes-induced cognitive dysfunction 
is a multi-factor, multi-link complex pathological 
process, which is at the intersection of neurology 
and endocrinology (8, 9). The clinical and pathologic 
studies have shown that cognitive dysfunction is 
associated with atrophy and necrosis of hippocampal 
and forehead neurous and undergone hypertrophy 
of amygdala neurons (10). The magnetic resonance 
imaging of the brain of T2DM patients has confirmed 
the atrophy in their hippocampus and amygdala, 
compared to normal subjects (11). Several lines of 
evidence suggest that those with prediabetes, when 
compared with a normoglycemic population, are also 
found to be at an increased risk of cognitive decline 
(6, 12). In fact, a study in prediabetic mice has 
demonstrated the association of the cognitive decline 
with reduced hippocampal microstructure and volume 
(13). However, more studies are essential to establish 
such an association.

Therefore, the current treatment of cognitive 
dysfunction caused by diabetes is still limited and the 
effect is not very obvious. Depending on the degree 
of cognitive decline, the mild cognitive dysfunction 

caused by diabetes is dominated by controlling 
diabetes through drugs and diet adjustment, and 
cognitive function training, while moderate to severe 
cognitive dysfunction are treated with dementia drugs. 
Studies have shown that the enriched environment 
(EE) has a certain effect on the recovery of diabetes-
induced cognitive dysfunction. Enriched environment 
can be operationally defined as an experimental 
strategy in which several research subjects, typically 
rodents, are exposed to multiple objects of various 
shapes and size in a vast living space. Exposure to an 
enriched environment can increase the dentate gyrus 
(DG) volume by inducing morphological changes, 
such as increasing hippocampal thickness, enhancing 
dendritic neuronal branching, and upregulating the 
number of glial cells (14, 15). Furthermore, studies 
have shown that the enriched environment can also 
increase the hippocampal neurons CA1 dendritic 
density and DG in the anterior ventricular area (16, 
17). However, it is unclear whether the enriched 
environment can alleviate the cognitive impairment 
induced by prediabetes.

Based on the above knowledge, we 
hypothesized that the insulin-resistance mediated 
prediabetes condition can induce cognitive decline 
while inducing changes in hippocampal pyramidal 
dendritic structural plasticity; and an enriched 
environment may alleviate these changes. This 
hypothesis was proved in the present study using an 
established prediabetic Wistar rat animal model.

3. MATERIALS AND METHODS

3.1. Experimental animals

Thirty male Wistar rats and rat feed were 
obtained from the Fourth Military Medical University 
Animal Center (Xi’an, Shanxi, China). All the animals 
went through a period of adaptation for 3 days, 
under the following conditions: free access to food 
(regular diet) and water, light and dark cycle of 12 h, 
room temperature 20 ~ 26 and humidity 40% ~ 70%. 
On the fourth day, a group of 6 rats were randomly 
assigned to naive control group and were continued 
on a regular diet of food and water. The rest of the 
animals were treated with drinking water containing 
35% sucrose, deemed high sucrose (HSu) group, and 
were exposed to an enriched environment every day 
for 0 h (HSu+0h), 2 h (HSu+2h), 4 h (HSu+4h), 6 h 
(HSu+6h), which formed the four experimental groups. 
The enriched environment cages (52cm×37cm×22cm) 
consisted of two running wheels, a platform, three 
tunnels, a variety of toys, and nesting material. The 
standard environment cages (32cm×20cm×15cm) 
only consisted of nesting material. Food and beverage 
consumption was monitored for each group throughout 
the experiment. The weight of each rat was measured 
weekly, along with their fasting serum glucose and 
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fasting serum insulin level. Morris water maze test was 
started on day 64and continued for 6 days. Behavioral 
experiments, including open field test and elevated 
plus maze test were conducted on day 70. On day 
71, post euthanasia, the brains of the animals were 
subject to morphological studies.

3.2. Biochemical Analysis

The fasting blood sugar (FBS) was 
determined by using the blood sugar meter and test 
strips each week. The fasting serum insulin (FINs) 
was determined by ELISA kit. The HOMA-IR=fasting 
serum glucose ×fasting serum insulin/22.5.the values 
used were obtained after an overnight fasting period. 
All of the parameters were performed according to the 
manufacturer’s instructions. The blood samples and 
viscera organs were stored at -80°C in the refrigerator 
for future research.

3.3. Open field test

Following a previously reported method 
(18), the rats’ behavior in a different environment was 
evaluated by subjecting the animal to an open field 
task. Briefly, the experimental rats were placed in a 
dark open field observation box, of 1.5.m x 1.5.mx 
0.6.m in diameter, and were given an incubation period 
of 10 seconds. Using a camera placed above the open 
field, the activity of the animals was recorded for 15 
min. Post recording, the videos were analyzed for the 
following behavioral indicators: the total distance of 
movement and total time of stay in the center.

3.4. Elevated Plus Maze test

The anxiety level of the rats was assessed 
through elevated plus maze (EPM) task, following the 
method reported by Komada et al. (19). Briefly, the 
experimental rats were placed on the central platform 
of EPM, and the actions were recorded for 5 min (20). 
post incubation time of 5 seconds the videos were 
assessed for the following anxiety indicators: number 
of entries into the open arms and the time spent in the 
open arms.

3.5. Morris Water Maze test

Following a previously reported method (21), 
the spatial learning and memory ability of the rats were 
assessed through Morris water maze (diameter 100 
cm, water depth 35 cm, platform diameter 33 cm) test. 
The system was equipped with a roof mounted digital 
camera 180 cm above the water surface to monitor the 
animal behavior. 

3.6. Tissue preparation and Golgi staining

Experimental rats were euthanized by 
decapitation under deep pentobarbital anesthesia 

(50 mg / kg; intraperitoneally) and the brain tissue was 
removed immediately. Using the FD Golgi staining kit 
(FD Neurotechnologies, Eliot, MD, USA), the tissue 
was processed, coronal sections from Bregma-3.0.0 to 
Bregma 3.6.0, of 100 μm in thickness, were obtained and 
stained as per the manufacturer instructions. The stained 
tissue was scanned for dendritic segments using a 
phase contrast microscope (DN-107T, AS ONE, Osaka, 
Japan), and fully impregnated and separated 20 CA1 
neuronal cell body with no apparent severed dendrites 
identified in each group for imaging. The images were 
captured at 25X, and the density of the dendritic spine, 
defined as the first branch of the dendritic neurons or the 
main dendrites of the bipolar neurons within a random 
segment of 10 μm in length, was assessed using 
NeuroExplorer software (MicroBrightField, Williston, 
VT, USA). Sholl’s analysis was used to determine any 
changes in spatial distribution of dendritic spines relative 
to the cell body (22). Seven 50-μm-wide spherical bins 
were formed around each cell body, and spine density 
within each bin was averaged for each treatment group. 
For statistical comparison, spine density at dendrite 
branch locations within 50–150 μm (proximal bins) and 
200–350 μm (distal bins) from the cell body were pooled 
and compared across treatment groups.

3.7. Statistical analysis

Data in each test was expressed as mean ± 
standard deviation. Statistical analysis was performed 
using SPSS 17.0. software, and Origin Pro 8.1. 
software was used for the drawing of charts and 
graphs. The variation in the physiological parameters, 
including body weight, FBS values, fasting insulin 
levels and HOMA-IR values, were analyzed with 
unpaired Student’s t-test. The group difference in 
behavioral performance was assessed with two-way 
ANOVA, while the Single factor analysis of variance 
(One-Way, ANOVA) was employed for dendritic density 
analysis. The difference was considered significant 
when p-value was less than 0.0.5.

4. RESULTS

4.1. The prediabetic state of the experimental rats

During the 9 weeks of treatment, the HSu rats, 
including those exposed to the enriched environment, 
showed no changes in their body weight and fasting 
blood glucose (FBS) levels compared to the control 
animals. However, HSu consumption induced an 
elevation on postprandial blood glucose (p<0.0.5) 
(Table 1 and 2) while their fasting insulin levels spiked 
as early as 1 week after starting 35% sucrose diet, 
and continued to rise from then onwards (Table 3), 
thus demonstrating a significant hyperinsulinemia 
(p<0.0.5) in HSu group, compared to control animals. 
The corresponding increase in the HOMA-IR values 
also reached statistical significance (p<0.0.5) in Hsu 
rats compared to control rats (Table 4). Exposing the 
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Group
Time

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9

Total water consumption (mL/day)

Naive 60.4.±2.5. 67.7.±3.8. 76.3.±2.9. 87.2.±2.6. 99.5.±3.1. 113.3.±2.3. 128.3.±2.4. 145.4.±3.2. 162.8.±4.1. 180.5.±3.9.

Hsu+0h 59.6.±3.4. 70.7.±2.7. 93.9.±3.6. 109.2.±4.2.* 129.5.±2.8.* 155.2.±2.9.* 183.7.±1.7.* 213.2.±3.5.* 246.7.±4.1.* 283.3.±4.3.*

Hsu+2h 58.6.±3.6. 68.3.±1.9. 82.6.±4.8. 95.3.±3.6. 113.5.±4.2. 138.2.±2.7.* 164.7.±4.4.* 297.3.±2.6.* 230.8.±3.6.* 265.7.±2.5.*

Hsu+4h 59.5.±2.2. 68.2.±2.8. 79.4.±3.7. 91.6.±2.5. 106.5.±1.8. 125.4.±3.6. 140.8.±3.5. 160.9.±2.7. 190.8.±4.5.* 224.4.±3.6.*

Hsu+6h 60.6.±2.4. 69.7.±4.2. 79.6.±5.1. 90.2.±3.1. 102.6.±2.4. 117.3.±3.7. 136.9.±2.3. 155.2.±3.5. 179.4.±4.8. 201.6.±4.3.

Comparison of the total water consumption between group (Hsu+0h, Hsu+2h,Hsu+4h, Hsu+6h) and Naive group. The data are expressed as 
mean±standard error and the statistical analysis were performed by Students t-test. *p< 0.0.5.

Table 1. Total water consumption corresponding to the observed hyperinsulinemia in high sucrose fed male 
Wistar rats

Group
Time

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9

Postprandial blood glucose level (mg/dL)
Naive 126.2.±3.3. 127.3.±4.2. 126.8.±3.4. 125.9.±4.5. 127.3.±3.2. 127.2.±5.1. 126.9.±3.5. 128.1.±4.8. 126.8.±4.9. 127.1.±5.7.

Hsu+0h 127.5.±4.6. 128.1.±4.5. 129.3.±4.7. 132.8.±5.5. 135.4.±5.4. 140.6.±4.2. 145.6.±3.8.* 151.5.±4.7.* 157.8.±5.3.* 163.9.±4.2.*

Hsu+2h 126.6.±3.8. 127.5.±5.5. 128.9.±3.4. 131.1.±4.8. 134.2.±4.3. 138.7.±4.6. 142.3.±3.3. 146.4.±5.4.* 150.9.±5.2.* 155.6.±3.5.*

Hsu+4h 127.3.±4.5. 127.5.±3.5. 128.8.±4.5. 129.9.±3.5. 130.5.±4.9. 133.5.±4.7. 135.6.±4.7. 139.4.±4.8. 140.2.±3.6. 140.8.±4.3.

Hsu+6h 127.1.±4.6. 126.9.±4.5. 127.6.±6.1. 127.8.±4.2. 128.5.±4.7. 128.9.±4.5. 129.3.±3.8. 129.5.±4.4. 129.8.±5.3. 131.2.±4.4.

Comparison of the postprandial blood glucose level between group (Hsu+0h, Hsu+2h,Hsu+4h, Hsu+6h) and Naive group. The data are expressed as 
mean±standard error and the statistical analysis were performed by Students t-test. *p< 0.0.5.

Table 2. Postprandial blood level observed in male Wistar rats fed with high sucrose for 9 weeks

Group
Time

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9

Fasting Insulin level (μg/L)
Naive 3.2.±1.1. 3.6.±0.9. 3.8.±1.5. 3.4.±0.7. 3.9.±0.5. 3.6.±1.7. 3.7.±1.3. 3.9.±1.0. 3.8.±0.4. 3.7.±1.3.

HSu+0h 3.4.±1.7. 6.7.±1.7.* 4.2.±1.8. 6.3. ±2.0.* 7.4.±2.3.* 9.1.±1.9.* 9.2.±0.4.* 8.7.±1.7.* 10.1.±1.1.* 10.9.±0.3.*

HSu+2h 3.4.±2.9. 5.9.±1.7. 4.9.±2.1. 7.1.±1.8.* 7.0.±3.1.* 9.0.±2.6.* 8.8.±2.4.* 9.1.±2.1.* 9.8.±3.0.* 11.5.±3.5.*

HSu+4h 3.4.±2.4. 4.6.±2.9. 4.0.±3.8. 7.5.±4.6.* 6.9.±4.2.* 7.7.±2.4.* 9.1.±3.7.* 10.2.±2.8.* 10.0.±1.8.* 9.5.±4.6.*

HSu+6h 3.4.±2.2. 7.2.±3.7.* 5.8.±3.3. 5.3.±2.6. 7.9.±1.1.* 5.9.±0.3.* 8.9.±1.2.* 9.0.±2.6.* 9.9.±3.8.* 10.5.±1.4.*

* Comparison of the fasting insulin level between group (Hsu+0h, Hsu+2h,Hsu+4h, Hsu+6h) and Naive group. Data are expressed as mean±standard 
error and the statistical analysis were performed by Students t-test. *p< 0.0.5.

Table 3. Hyperinsulinemia observed in male Wistar rats fed with high sucrose for 9 weeks 

Group 
Time

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9

HOMA-IR values

Naive 2.1.×10-5± 
5.2.×10-6

2.5.×10-5 ± 
1.8.×10-5

2.1.×10-5 ± 
9.3.×10-6

2.4.×10-5± 
7.6.×10-6

2.8.×10-5± 
1.0.×10-5

2.5.×10-5± 
8.3.×10-6

2.9.×10-5± 
1.3.×10-5

2.9.×10-5± 
6.7.×10-6

2.5.×10-5± 
1.1.×10-5

2.5.×10-5 ± 
1.5.×10-5

HSu+0h 2.9.×10-5± 
1.8.×10-5

4.2.×10-5± 
1.1.×10-5

3.9.×10-5± 
7.3.×10-6

5.7.×10-5± 
1.0.×10-5

4.9.×10-5± 
1.5.×10-5

8.8.×10-5± 
1.9.×10-5*

6.9.×10-5± 
7.9.×10-6*

7.4.×10-5± 
8.5.×10-6*

8.1.×10-5± 
1.0.×10-5*

7.9.×10-5 ± 
1.5.×10-5*

HSu+2h 2.5.×10-5± 
1.9.×10-5

2.8.×10-5± 
2.5.×10-5

5.1.×10-5± 
1.0.×10-5

3.8.×10-5± 
2.7.×10-5

6.9.×10-5± 
1.4.×10-5*

7.6.×10-5± 
1.8.×10-5*

8.3.×10-5± 
6.2.×10-6*

7.5.×10-5± 
2.1.×10-5*

9.0.×10-5± 
1.2.×10-5*

9.1.×10-5 ± 
4.1.×10-5*

HSu+4h 3.0.×10-5± 
0.5.×10-6

3.9.×10-5± 
4.0.×10-6

3.2.×10-5± 
2.2.×10-5

5.7.×10-5± 
1.1.×10-5

7.0.×10-5± 
1.2.×10-6*

8.9.×10-5± 
3.5.×10-6*

7.9.×10-5± 
1.5.×10-5*

8.0.×10-5± 
1.6.×10-6*

7.9.×10-5± 
2.3.×10-5*

8.4.×10-5 ± 
0.7.×10-5*

HSu+6h 2.6.×10-5± 
1.5.×10-5

3.0.×10-5± 
9.3.×10-6

4.5.×10-5± 
1.3.×10-5

6.5.×10-5± 
8.8.×10-6

6.4.×10-5± 
1.8.×10-6

7.0.×10-5± 
1.6.×10-5*

7.9.×10-5± 
9.4.×10-6*

8.0.×10-5± 
1.9.×10-5*

7.6.×10-5± 
2.0.×10-5*

7.0.×10-5 ± 
1.9.×10-5*

Comparison of the HOMA-IR values between group (Hsu+0h, Hsu+2h,Hsu+4h, Hsu+6h) and Naive group. The data are expressed as mean±standard 
error and the statistical analysis were performed by Students t-test. *p< 0.0.5.

Table 4. HOMA-IR values corresponding to the observed hyperinsulinemia in high sucrose fed male Wistar ats
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sucrose fed rats to enriched environment had no effect 
on the observed hyperinsulinemia (Table 3) and thus 
HOMA-IR values (Table 4). Considering the fasting 
normoglycemia and hyperinslinemia, and the HOMA-
IR values indicative of insulin resistance, the HSu 
rats were considered prediabetic before undergoing 
behavioral and morphological assessments (26).

4.2. Enriched environment ameliorates 
prediabetes-induced anxiety behaviors in the 
open field (OF) in a time-dependent manner

In the open field test, the high sucrose 
fed rats showed a significant decrease in the total 
distance traveled (p<0.0.1; Figure 1A and 1B) 
within the dark open field, while also showing a 
significantly decreased total time of stay at its center 
(p<0.0.01; Figure 1A and 1C), as compared to the 
naive rats, demonstrating anxiety-like behavior in 
these prediabetic rats. However, the prediabetic rats 
exposed to the enriched environment demonstrated 
lower anxiety levels, which was directly proportional 
to the duration of exposure. The HSu+6h group 
managed to reach statistical significance in terms of 
both total distance traveled (p=0.0.03; Figure 1A and 
1B)) and total time of stay at the center of the box 

(p=0.0.04; Figure 1A and 1C). We also calculated the 
EC50 of the enriched environment, which was found to 
be 3.6.50h and 3.9.82h for a total distance traveled 
and a total duration of time spent at the center of the 
open field box, respectively. 

4.3. Enriched environment ameliorates 
prediabetes-induced depressive behaviors in the 
elevated plus maze (EPM) in a time-dependent 
manner 

Similar to the increased anxiety behavior, 
the prediabetic rats also demonstrated depressive 
behavior, as demonstrated by a significantly decreased 
number of entries into (p=0.0.04; Figure 2A and 2B) 
and the total time of stay (p<0.0.01; Figure 2A and 2C) 
in the open arm within the elevated plus maze test. 
The enriched environment, however, could overcome 
this prediabetes induced depressive behavior in 
a dose dependent manner. Rats which received 
enriched environment treatment showed increased 
entries into open arms and staying there for a longer 
period of time. The HSu+6h group reached statistical 
significance in both the number of entries (p=0.0.36; 
Figure 2A and 2B) and total time of stay (p<0.0.01; 
Figure 2A and 2C) in the open arms compared to the 

Figure 1. Enriched environment ameliorates prediabetes induced anxietylike behavior in the open field (OF), in a time-dependent manner. (A) indicates 
the average of the total distance (mm) travelled by study rats in the dark open field box and total time of their stay at the center of the dark open field box; 
(B) indicates the median of the total distance (mm) travelled by study rats in the dark open field box; (C) indicates the median of the total time of stay by 
the study rats at the center of the dark open field box; (D) indicates the EC50 of the enriched environment for the total distance travelled and total time of 
stay at the center of the dark open field box; ** p<0.0.1; * p <0.0.5, compared with HSu+0 h.
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HSu+0h group, while the HSu+4h group managed to 
reach significance in terms of total time of stay analysis 
(p=0.0.26). The EC50 of the total number of entries 
into the open arms of the elevated plus maze and the 
total time of stay in the same by the study rats was 
determined to be 3.3.91h and 3.4.42h, respectively.

4.4. Enriched environment ameliorates 
prediabetes-induced impairment in the spatial 
learning/memory in the morris water maze (MWM) 
test in a time-dependent manner 

In order to evaluate the effect of enriched 
environment on impaired spatial learning, a learning 
test was performed. On the 5th day of MWM training, 
compared to naive group rats, we observed that the 
prediabetic rats took a significantly longer path to 
reach the platform (p<0.0.05), with a corresponding 
increase in their escape latency (p<0.0.05), 
demonstrating reduced learning abilities (Figure 3A 
and 3B). However, the prediabetic rats exposed to an 
enriched environment showed better learning abilities 
compared to the HSu+0h group rats, as demonstrated 
by a significant reduction in the path length to find the 
platform by the HSu+6h (p<0.0.05) and the HSu+4h 
(p<0.0.5) group rats, and in escape latency by the 

HSu+6h (p<0.0.05), the HSu+4h (p<0.0.5) and the 
HSu+2h (p<0.0.5) group rats (Figure 3A and 3B). 
Within the target quadrant, the traveled path length 
was not significantly different among any of the 
assessed groups of rat. 

In order to detect spatial learning and 
memory ability after training trial, memory test was 
used to perform probe trial. The high sucrose fed rats 
spent a significantly lower amount of time in the target 
quadrant (p<0.0.05), added by a significantly lower 
number of platform crosses (p<0.0.01), revealing an 
impaired memory in these prediabetic rats. However, 
the prediabetic rats exposed to 6 hours of the enriched 
environment spent significantly more time in the target 
quadrant (p<0.0.1) with an increased number of 
platform crossings (p<0.0.1), demonstrating a better 
memory function compared to the HSu+0h group rats.

4.5. Enriched environment restored the 
descreased hippocampal pyramidal dendritic 
structural plasticity in a time-dependent manner

Considering the observed behavioral 
changes in the high sucrose fed rats, we looked for 
any changes in the plasticity of the hippocampal 

Figure 2. Enriched environment ameliorates prediabetes induced anxietylike behavior in the elevated plus maze (EPM) test, in a time-dependent 
manner. (A) indicates the average of the percentage (%) of the number of times the study rat enters open arm and the total time of stay in the open arm 
of the elevated plus maze; (B) indicates the median of percentage (%) of the number of times the study rat enters the open arms of the elevated plus 
maze (C) indicates the median of the percentage (%) of the total time of stay in the open arm by study rats in the elevated plus maze (D) indicates the 
EC50 of the total number of entries into the open arm of the elevated plus maze and the total time of stay in the same by the study rats; ** p<0.0.1; * p 
<0.0.5, compared with HSu+0 h.
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pyramidal dendrites. The HSu+0h group rats showed 
a significant decrease in the dendritic spine density 
(p<0.0.01), compared to that of the naive group rats 
(Figure 4A and 4B). Long-term exposure of these 
prediabetic rats to an enriched environment was able 
to retain a significantly higher density of dendritic 
spines compared to the HSu+0h group, especially in 
the HSu+4h (p<0.0.01) and the HSu+6h (p<0.0.01) 
groups (Figure 4A and 4B).

5. DISCUSSION

Type-2 diabetes mellitus (T2DM), a life-style 
related systemic condition, can cause changes in the 
structure and function of multiple tissues and organs, 
including the brain resulting in various behavioral and 
psychological disorders (23). Studies have revealed a 
high incidence and a high recurrence rate of behavioral 
disorders in T2DM (24). In diabetic rat models, 

Figure 3. Enriched environment ameliorates prediabetes induced impairment in the spatial learning/memory in a time-dependent manner as demonstrated 
by the morris water maze (MWM) test. (A) indicates the total distance covered by the study rats to reach the platform; (B) indicates the escape latency of 
the study rats; (C) indicates the total distance covered by the study rats to reach the platform within the target quadrant; (D) indicates the percentage of 
time spent in the target quadrant and the number of times the study rats cross the platform zone; ** p<0.0.1; * p<0.0.5, compared with HSu+0 h.

Figure 4. Enriched environment restores abnormal hippocampal pyramidal dendritic structural plasticity in a time-dependent manner. (A) indicates 
the hippocampal CA1 neuronal dendrites and their dendritic spines; (B) indicates the hippocampal CA1 neuronal dendritic spine density; ** p <0.0.1; * 
p<0.0.5, compared with HSu+0 h.
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the association of the occurrence of anxiety and 
depression like behavior with impaired spatial learning 
abilities and diminished memory has been established 
and extensively studied (25). Research studies have 
shown that diabetes-induced Aβ aggregation can 
cause the loss of neuronal synapses and neurons 
themselves, leading to impaired cognitive function 
(26). Furthermore, Tan et al. found that diabetes and 
prediabetic states characterized byinsulin resistance, 
hyperinsulinemia, and hyperglycemia, when present 
in late middle age, were related to decreased brain 
volume and lower cognitive performance on executive 
function and memory tasks (27). It is noteworthy that 
the cognitive dysfunction, psychological and emotional 
disorders associated with the development of diabetes 
are multi-factorial, involving a complex pathogenesis, 
making it a robust field of research (28). 

However, these effects are seldom studied 
in the prediabetic condition, a high-risk malady for 
developing T2DM exhibiting a normal fasting blood 
glucose level, an impaired post prandial blood 
glucose level, an impaired glucose tolerance and 
hyperinsulinemia. This was addressed in a current 
study using a prediabetes rat model, male Wistar rats 
were fed with a high sucrose diet (35%) for 9 weeks 
(29).The HSu-diet as a rat model of prediabetes with 
impaired glucose tolerance and insulin resistance, 
associated with hippocampal alterations represent 
some of the early brain complications (30). At the end 
of the 9 weeks, the prediabetic condition of the study 
rats was confirmed by increased insulin resistance 
which was indicated by the significantly increased 
HOMA-IR index values (31). The behavioral tests were 
executed on the prediabetic rats and the control rats. 
In agreement with a recent report, in our open field 
test, the prediabetic rats ventured less into the central 
anxiogenic zone, also spending significantly less 
time whenever they did so, demonstrating a hyper-
anxiety like behavior compared to normal control 
rats (32). This hyper-anxiety like behavior in the rats 
was further clarified by the elevated plus maze test, 
where the prediabetic rats preferred to enter and stay 
in the closed arm as opposed to the open arm, when 
compared to the normal control rats. Soares E et al. 
(30) showed spatial memory impairment in prediabetic 
rats, demonstrated by the water maze test. Confirming 
this report, the prediabetic rats that were challenged 
with the water maze task in our study showed severe 
decline in spatial learning and memory abilities, 
explained by a significant increase in path length and 
escape latency.

The mechanism by which enriched 
environment ameliorates behavioral deficits and 
reduced spine density remain unclear. In our study, 
the cognitive decline induced by HSu-diet correlated 
with the changes in the plasticity of hippocampal 
dendritic spines, as observed where there was a 

severe decrease in the dendritic spine density. This 
result was supported by Stranahan AM et al. in a 
T2DM rat model (33). Many lines of evidence support 
that enriched environment increases the availability 
of trophic factors, which in turn mediate changes to 
neurons and their supporting network (34). Several 
attempts have been made to prove that BDNF is 
one of the key factors involved in the brain protection 
incluced by enriched environment (35,36). Such a 
decrease in hippocampal dendritic spine density has 
been previously attributed to the decrease in the 
expression of PSD-95 protein in a prediabetic mice 
model (13). Furthermore, Soares E. et al. (30) studied 
the prediabetes induced biochemical changes in 
the hippocampus of a Wistar rat model. The results 
revealed an alternation in hippocampal glutamatergic 
neurotransmission and abnormal glucocorticoid 
signaling, demonstrated by decreased insulin and 
glucocorticoid receptors and increased GluA1 and 
GLUN1 subunits. All of these changes can be attributed 
to the observed prediabetes induced cognitive decline. 
Microglia surveys the CNS environment under normal 
conditions, and promptly responds to neural damage 
through proliferative, hypertrophic, morphological, and 
migratory changes (37,38). Under normal quiescent 
conditions, immune mechanisms are also activated 
by environmental/psychological stimuli and positively 
regulate the remodeling of neural circuits, promoting 
memory consolidation, hippocampal LTP and 
neurogenesis (39). The enriched environment is able 
to prevent and/or delay the development of memory 
deficits caused by diabetes in rats, possibly by 
attenuating harmful microglial activation, thus helping 
to ameliorate the cognitive comorbidities associated 
with disease. In addition, alterations in vasculature, 
oxidarive stress, lipid peroxidation, mitochondrial 
function, neuroinflammation, and other pathways have 
been implicated in diabetes-induced cognitive deficits.

Recalibrating life style is a prime therapeutic 
model to treat the clinical prediabetic condition. 
Several reports have shed light on the positive 
effects of an enriched environment on diabetes 
induced cognitive deficits, while also increasing 
hippocampal neurogenesis and dendritic extension 
(40). However, to the best of our knowledge, the 
effect of an enriched environment in the prediabetic 
condition has not yet been reported, which was 
addressed comprehensively in this study. Exposing 
the animals to different durations of an enriched 
environment for over 9 weeks did not influence the 
development of a prediabetes-like condition in the 
HSu fed Wistar rats. However, at longer exposure 
hours, the enriched environment certainly influenced 
the prediabetes induced cognitive changes in these 
study rats. The prediabetic rats exposed to 6 hours of 
the enriched environment (HSu+6h group) every day, 
scored significantly better in their anxiety levels and 
were more explorative in the assigned open field and 
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elevated plus maze tasks, compared to the prediabetic 
rats which received no such exposure. These rats also 
demonstrated a significantly better spatial learning 
and memory abilities too, as evidenced through the 
water maze test. Under the microscope, despite the 
rats being prediabetic, the hippocampal microstructure 
was found to be well retained in the HSu+6h group 
rats, as demonstrated by their significantly better 
dendritic density compared to the unexposed group. 
The prediabetic rats that were exposed to 4 hours of 
the enriched environment also performed better than 
the naive rats, with their scores reaching significance 
in a few of the assessments. All of this demonstrated 
a dose dependent effect of the enriched environment 
on the cognitive performance of the prediabetic rats. 
The ability of the enriched environment to increase 
neurogenesis, synaptic branching and dendritic spine 
generation in diabetic rats, may explain its positive 
effects in prediabetes induced cognitive and behavioral 
disorders, and impaired hippocampal plasticity (41-
43). However, it is essential to unveil the underlying 
molecular mechanisms, the results of which should be 
helpful in designing the better-targeted therapies.

In summary, the results of this investigation 
confirmed our hypothesis. Prediabetes as an impaired 
metabolic condition inflict the cognitive/behavioral 
disorders in Wistar rats, as well as significantly 
reduces the hippocampal dendritic spine density, 
while providing these rats a long-term exposure to an 
enriched environment can overcame this phenomenon 
in a dose dependent manner. However, the underlying 
molecular mechanisms need to be unveiled which 
would warrant future studies.
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