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Effect of Environmental Enrichment Exposure on Neuronal
Morphology of Streptozotocin‑induced Diabetic and
Stressed Rat Hippocampus
Narendra Pamidi1, Satheesha Nayak2
Background: Environmental enrichment (EE) exposure is known to At a Glance Commentary
influence the structural changes in the neuronal network
of hippocampus. In the present study, we evaluated the ef‑ Scientific background of the subject
fects of EE exposure on the streptozotocin (STZ)‑induced
The neurological consequences of
diabetic and stressed rat hippocampus.
diabetes mellitus in the central nervous
Methods:
Male albino rats of Wistar strain (4-5 weeks old) were system have gained attention in recent
grouped into normal control (NC), vehicle control (VC), times. Previous findings of the research
diabetes (DI), diabetes + stress (DI + S), diabe‑ discovered neuronal alterations and reduced
tes + EE (DI + E), and diabetes + stress + EE (DI + S + E) neuronal proliferation in the diabetic hip‑
groups (n = 8 in each group). Rats were exposed to stress pocampus. Exposure to stress causes severe
and EE after inducing diabetes with STZ (40 mg/kg). Rats neuronal damage in the hippocampus. In
this study we aimed to observe the neuro‑
were sacrificed on Day 30 and brain sections were pro‑
protective effect of environmental enrich‑
cessed for cresyl violet staining to quantify the number ment exposure in the diabetic and stressed
of surviving neurons in the CA1, CA3, and dentate hi‑ rat hippocampus.
lus (DH) regions of hippocampus.
Results:
A significant (p < 0.001) decrease in the number of survived What this study adds to the field
neurons was noticed in DI (CA1, 34.06 ± 3.2; CA3, 36.1 ±
Outcomes of this study may be help‑
3.62; DH, 9.83 ± 2.02) as well as DI + S (CA1, 14.03 ± 3.12; ful in correlating and in understanding the
CA3, 20.27 ± 4.09; DH, 6.4 ± 1.21) group rats compared to complications of the diabetes and stress on
NC rats (CA1, 53.64 ± 2.96; CA3, 62.1 ± 3.34; DH, 21.11 ± the hippocampal neurons of brain. Methods
1.03). A significant (p < 0.001) increase in the number of used in this study may be helpful in the
survived neurons was observed in DI + E (CA1, 42.3 ± 3.66; prevention of neuronal damage in the brain
CA3, 46.73 ± 4.74; DH, 17.03 ± 2.19) and DI + S + E (CA1, with the help of environmental enrichment
29.69 ± 4.47; CA3, 36.73 ± 3.89; DH, 12.23 ± 2.36) group exposure treatment. The data obtained in
the study may be useful to interpret the
rats compared to DI and DI + S groups, respectively.
functional deficits of diabetic patients and
Conclusions: EE exposure significantly reduced the amount of neuronal for the better management of diabetes.
damage caused by complications of diabetes and stress to
the neurons of hippocampus.
(Biomed J 2014;37:225-231)
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D

iabetes mellitus is an endocrine metabolic disorder
and can lead to peripheral neuropathies which include
motor and sensory polyneuropathies, as well as autonomic
neuropathy.[1,2] The neurological consequences of diabetes

mellitus in the central nervous system (CNS) have gained
attention most recently.[3,4] Hippocampal damage causes
episodic memory deficit and prevents the elaboration of
spatial relational memory. Hippocampus is one of the
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central structures of the CNS where diabetic complications
can alter its neuronal structure.[5,6] Depression and anxiet‑
ies are about twofold higher in diabetic patients than in the
general population. Increasing evidence points toward an
association between diabetes mellitus and deficit in learning
and memory.[5,7] Findings of the research and evidences in
the literature revealed reduced neurogenesis in the dentate
gyrus of diabetic hippocampus[8] and decreased dendritic
arborization.[9]
Stress exposure triggered fear memory and anxiety, and
decreased the hippocampal‑dependent memory performance
in mice.[10,11] Numerous studies revealed that the stress expo‑
sure causes alterations in synaptic function and plasticity[12]
in dendritic remodeling of hippocampal neurons.[13]
Environmental enrichment (EE) exposure treatment is
widely used for managing fearfulness, abnormal behaviors,
and stress in laboratory animals.[14] Exposure to EE was
known to enhance spatial memory abilities and synaptic
strength in the hippocampus of the brain.[15] EE exposure is
known to influence the CNS at the functional, anatomical,
and molecular levels, both during the critical period and
during adulthood.[16] It is believed that complex environ‑
mental stimuli induce structural changes in the neuronal
network to enhance synaptic efficacy and improve learning
and memory.[17]

METHODS
Animal groups
Male albino rats of Wistar strain, 4-5 weeks old, were
housed under 12:12 h dark: light environment in institutional
animal house. Animals were given water ad libitum and
the standard pellet (Hindustan Lever, India) was used for
feeding. The study was approved by the institutional animal
ethical committee (IAEC/KMC/07/2007-2008). Animals
were maintained in accordance with the guidelines of Gov‑
ernment of India for use of laboratory animals. Rats in the
experiment were divided into normal control (NC), vehicle
control (VC), diabetes (DI), diabetes + stress (DI + S), dia‑
betes + EE (DI + E), and diabetes + stress + EE (DI + S + E)
groups (n = 8 in each group). Rats in the VC group were
given vehicle solution (citric acid buffer, pH 4.5) and were
continued in their home cage throughout the experimental
period (Day 30).

Preparation of fresh STZ solution and creating
an experimental hyperglycemic model
Streptozotocin (STZ) powder (Sigma, St. Louis, MO,
USA) was dissolved in citrate buffer (pH 4.5). STZ solution
was maintained in ice‑cold tray to prevent decomposition by
external temperature. Rats in DI, DI + S, DI + E, and DI + S
+ E groups were fasted overnight and made hyperglycemic
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with a single intraperitoneal injection of STZ solution at
a dose of 40 mg/kg body weight. They were fed with 5%
glucose solution to overcome drug‑induced hypoglycemia.

Blood glucose levels and body weight
measurement
Blood was collected from orbital plexus and tail
vein, and glucose levels were measured with a glucom‑
eter (Accu‑Chek Advantage Glucose Monitor) before STZ
injection, 2 days after STZ injection, and on the day of
sacrifice (Day 30). Rats having blood glucose levels more
than 225 mg/dl (after STZ injection) were considered as
diabetic and were used for the experimentation. Body
weight of all the rats in different groups was verified at the
beginning of experiment, 2 days after STZ injection, and
before sacrifice (Day 30).

Restraint stress method
A wire mesh restrainer cage was prepared with 12 cm
length, 5.5 cm height, and 5.5 cm width. It had a wooden
base and a stainless steel wire mesh restrainer provided
with air holes for ventilation to the rat. The restraint stress
paradigm was initiated for rats in DI + S and DI + S + E
groups from the 2nd day of STZ injection. Rats were made
to undergo 6 h of stress period daily. After the stress ses‑
sion, rats were reserved in their home cages for access to
food and water. After the last stress session on Day 30, the
rats were sacrificed and brains were removed for fixation.

EE method
EE wood cage was made with dimensions of 50 cm
length, 50 cm width, and 29 cm height. To allow the animals
to explore and interact with many different objects, the cage
was filled with a large variety of objects such as rotating
wheels, plastic tubes, and toys of different dimensions. EE
exposure was initiated for the rats in DI + E and DI + S + E
groups daily for 6 h. The number and types of toys or objects
were different every day to create a different environment
for the animals. Three to four animals were housed in the
enriched cages at one time for free movement and social
interaction and were given access to food and water in the
cage. EE exposure was continued till the end of the experi‑
mental period (Day 30).

Microscopic study of rat hippocampus
Tissue fixation, processing, and sectioning
Rats were sacrificed by perfusion method (by pumping
100 ml of heparinized saline and 300 ml of 4% parafor‑
maldehyde to the left ventricle of the heart) and the brains
were fixed in the paraformaldehyde solution for 48 h. Brain
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tissues were processed through different grades of alco‑
hol (50% for 24 h, 70% for 24 h, 90% for 12 h, and 100%
for 12 h) and were immersed in xylene for 1-2 h. Paraffin
blocks were made in an embedding bath. Using a rotary
microtome (Leica RM 2245, Nussloch, Germany), coronal
sections of 5 µm thickness were cut from the dorsal part
of hippocampus. Twenty‑five to thirty sections from each
animal were mounted serially on air‑dried gelatinized slides.

Cresyl violet staining procedure
Brain sections were processed in xylene, ascending
grades of alcohol (absolute alcohol: 1 min, 90% alcohol:
2 min, 70% alcohol: 2 min, and 50% alcohol: 2 min), and
distilled water. Sections were stained with 0.1% cresyl
violet stain for 25-30 min at 60°C and were mounted with
Distyrene Plasticizer Xylene

Quantification of neurons
Neuron quantification was carried out with help of a
light microscope under –40 (Magnus; Olympus Pvt Ltd,
New Delhi, India). Ten sections from each rat were selected
for quantification. The numbers of neurons that survived
with a clear and distinct nucleus in the CA1, CA3, and DH
regions of the hippocampus were quantified [Figure 1].
Neurons that were darkly stained and had shrunken cell
body with irregular nuclei were avoided for quantification.

Data analysis
Data were analyzed using analysis of variance (ANO‑
VA) with Bonferroni’s multiple comparison test as post‑hoc
test (GraphPad Prism 2.01 software, GraphPad Software,
Inc. USA). Values are represented as mean ± standard error
of mean (SEM), with a probability level of p < 0.05 as the
criterion for statistical significance expression.
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of the experimental period (Day 30) (NC: 92.33 ± 4.2, VC:
94 ± 5.12, DI: 455 ± 36.23, DI + S: 398.2 ± 25.22, DI + E:
472.44 ± 37.8, and DI + S + E: 555.42 ± 45.32).

Body weight
The body weights of rats in all the groups did not dif‑
fer significantly in the beginning of the experiment (NC:
92.14 ± 3.11, VC: 93.6 ± 4.02, DI: 91.82 ± 4.4, DI + S:
92.16 ± 3.5, DI + E: 93.35 ± 3.72, and DI + S + E:
94.55 ± 4.15). A decrease in body weight was observed in
the DI, DI + S, DI + E, and DI + S + E groups on the 2nd day
of the experiment (after STZ injection) compared to rats in
the NC group, but was not significant (NC: 108.22 ± 2.5,
VC: 105.7 ± 2.66, DI: 98.5 ± 3.25, DI + S: 103.4 ± 3.55,
DI + E: 102 ± 2.2, and DI + S + E: 99.22 ± 3.16). A highly
significant (p < 0.001) decrease in body weight was observed
in DI, DI + S, DI + E, and DI + S + E groups compared to
NC group rats before sacrifice (Day 30) (NC: 218.5 ± 8.5,
VC: 212.3 ± 6.13, DI: 87 ± 4.11, DI + S: 73 ± 5.62, DI + E:
88.2 ± 8.3, and DI + S + E: 71.59 ± 6.63).

Effect of EE on diabetic rats and on the
combined action of diabetes and stress on rat
hippocampus [Figures 2‑6]
Surviving neurons in CA1 of the hippocampus
DI (34.06 ± 3.2) and DI + S (14.03 ± 3.12) groups
showed a significant decrease (p < 0.001) in the number of
surviving neurons compared to NC group (53.64 ± 2.96), and
a significant increase (p < 0.001) in the number of surviving
neurons was observed in DI + E (42.3 ± 3.66) and DI + S +
E (29.69 ± 4.47) groups compared to DI and DI + S groups,
respectively [Figures 2 and 5].

RESULTS
Blood glucose levels
Blood glucose levels were not significantly different
in all the experimental groups at the commencement of
the experiment (NC: 93.2 ± 4.12, VC: 91.16 ± 5.22, DI:
92.07 ± 3.10, DI + S: 90.66 ± 4.18, DI + E: 93.44 ± 2.33,
and DI + S + E: 92.24 ± 3.54). Two days after the STZ injec‑
tion, the blood glucose levels of rats in the diabetic groups
were elevated and were significant (p < 0.001) in com‑
parison to the levels of rats in the NC group (blood glucose
more than 250 mg/dl; NC: 94.25 ± 4.26, VC: 92.48 ± 3.67,
DI: 306.63 ± 33.16, DI + S: 267.54 ± 30.29, DI + E:
314.6 ± 27.06, and DI + S + E: 277.82 ± 33.56). The blood
glucose levels were significantly increased (p < 0.001) in
diabetic groups in comparison to the NC group by the end

Figure 1: Photomicrograph showing the subdivisions of rat
hippocampus (×4, cresyl violet stain) (CA1, cornu ammonis 1; CA2,
cornu ammonis 2; CA3, cornu ammonis 3; DH, dentate hilus; DG,
dentate gyrus).
Biomed J Vol. 37 No. 4
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Surviving neurons in CA3 of the hippocampus
A significant decrease (p < 0.001) in the number of
surviving neurons in DI rats (36.1 ± 3.62) was observed
compared to NC group (62.1 ± 3.34). Rats in the DI + S
group (20.27 ± 4.09) also showed a significant de‑
crease (p < 0.001) in the number of surviving neurons com‑
pared to NC group rats. Rats in DI + E group (46.73 ± 4.74)
showed a significant (p < 0.001) increase in the number of
surviving neurons compared to the rats in the DI group.
DI + S + E (36.73 ± 3.89) group rats showed a signifi‑
cant (p < 0.001) increase in the number of surviving neurons
when compared to the DI + S group rats [Figures 3 and 6].

Surviving neurons in DH of the hippocampus
Compared to NC rats (21.11 ± 1.03), DI (9.83 ± 2.02)
and DI + S (6.4 ± 1.21) rats showed a significant de‑
crease (p < 0.001) in the number of surviving neurons.
DI + E rats (17.03 ± 2.19) showed a significant (p < 0.001)
increase in the number of neurons compared to the DI
rats. DI + S + E (12.23 ± 2.36) rats also showed a signifi‑
cant (p < 0.001) increase in the number of neurons when
compared to the DI + S group rats [Figures 4 and 7].

DISCUSSION
Uncontrolled hyperglycemia in diabetes can lead to
altered neurochemical profiles, cerebral blood flow with
structural abnormalities, which may involve direct neuronal

Figure 2: Photomicrograph of CA1 region of hippocampus (×40,
cresyl violet stain) showing the effect of environmental enrichment on
diabetes and combined actions of diabetes and stress on the pyramidal
neurons. Decreased number of surviving neurons (marked with
arrow, clear rounded cells having distinct nucleus) and cell shrinkage
were observed in DI and DI + S groups compared to NC group.
A significantly increased (p < 0.001) number of surviving neurons
was observed in DI + E and DI + S + E groups compared to DI and
DI + S group rats, respectively. Bar 20 µm.
Biomed J Vol. 37 No. 4
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damage in the brain.[18] Within the CNS, the hippocampus
is considered as a special target for alterations associated
with diabetes.[19] The process of nerve injury in STZ‑induced
diabetes mellitus is very similar to the nerve injury in hu‑
man diabetic neuropathy.[20] Diabetes results in increased
formation of free radicals by cellular glucose autoxidation
with decreased antioxidant potential. In animals and in vitro
models of diabetes, hyperglycemia, along with the other
complications of diabetes causes damage by activating the
key pathways of glucose metabolism such as advanced
glycation end product formation, increased hexosamine
pathway, and superoxide overproduction.[2,21,22] Free radical
production results in neuronal injury by initiating apoptosis.
In addition to the oxidative stress, impaired insulin signaling
pathway and reduced level of brain‑derived neurotrophic
factors may also be involved in the development of neu‑
ropathy.[23,24]
Restrain stress exposure decreases food intake and body
weight gain in rats.[25,26] Excessive cortisol produced under
stress causes damage to arteries in the brain, with subsequent
increased risk of stroke and damage to the brain regions by
initiating apoptosis.[27,28] In the aftermath of stress[29] and
recurrent depression,[30] the hippocampus undergoes atrophy.
Previous studies had shown decreased cell proliferation in
the hippocampus in post‑stress period.[31]
According to Reagan et al. (1999), hippocampus of hy‑
perglycemic rat is extremely susceptible to additional stressful
events, which in turn can lead to severe hippocampal dam‑
age.[3] Accordingly, the present study was designed to assess

Figure 3: Photomicrograph of CA3 region of hippocampus (×40,
cresyl violet stain) showing the effect of environmental enrichment on
diabetes and combined actions of diabetes and stress on the pyramidal
neurons. Decreased number of surviving neurons (marked with
arrow, clear rounded cells having distinct nucleus) and cell shrinkage
were observed in DI and DI + S groups compared to NC group.
A significantly increased (p < 0.001) number of surviving neurons
was observed in DI + E and DI + S + E groups compared to DI and
DI + S group rats, respectively. Bar 20 µm.
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Figure 5: Bar graph showing the number of survived neurons
in the CA1 region of hippocampus of rat brain. Bars represent
mean ± SEM (NC vs. DI, ***p < 0.001; NC vs. DI + S, ###p < 0.001;
DI vs. DI + E, aaap < 0.001; DI + S vs. DI + S + E, bbbp < 0.001).

the damage inflicted to hippocampal neurons of experimental
diabetes with restraint stress. Highly significant Nissl body
damage was seen in the subregions of the hippocampus (CA1,
CA3, and DH) in DI + S rats compared to NC group rats.
Significant neuronal shrinkage and degenerated nuclei in the
DI + S rats might be due to alterations in the volume of the
hippocampus caused by discharge of serotonin and adrenal
steroid to increase the effectiveness of stressful events.[32‑34]
Colorful objects of different shapes, sizes, textures, and
bold shapes are known to stimulate brains to the greatest
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Figure 6: Bar graph showing the number of survived neurons
in the CA3 region of hippocampus of rat brain. Bars represent
mean ± SEM (NC vs. DI, ***p < 0.001; NC vs. DI + S, ###p < 0.001;
DI vs. DI + E, aaap < 0.001; DI + S vs. DI + S + E, bbbp < 0.001).
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Figure 4: Photomicrograph of dentate hilus of hippocampus (×40,
cresyl violet stain) showing the effect of environmental enrichment on
diabetes and combined actions of diabetes and stress on the pyramidal
neurons. Decreased number of surviving neurons (marked with
arrow, clear rounded cells having distinct nucleus) and cell shrinkage
were observed in DI and DI + S groups compared to NC group.
A significantly increased (p < 0.001) number of surviving neurons
was observed in DI + E and DI + S + E groups compared to DI and
DI + S group rats, respectively. Bar 20 µm.
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Figure 7: Bar graph showing the number of survived neurons in
the dentate hilus region of hippocampus of rat brain. Bars represent
mean ± SEM (NC vs. DI, ***p < 0.001; NC vs. DI + S, ###p < 0.001;
DI vs. DI + E, aaap < 0.001; DI + S vs. DI + S + E, bbbp < 0.001).

extent possible. They provide entertainment and enhance
cognitive behavior and stimulate creativity.[35] EE exposure
brings about changes from the molecular to structural level
for improving the functions of intact and lesioned brain.[36,37]
EE exposure assists in the survival of brain networks by ac‑
celerating synaptogenesis, axon sprouting,[38‑40] and helps in
the survival and differentiation of newborn cells of stressed
rat hippocampus.[41] In a study by Beauquis et al. (2010),
10 days of EE exposure to diabetic mice resulted in increased
neurogenesis, vascular network, and dendritic complexity
in the hippocampus.[42]
Relief from uncontrolled diabetes and stressors is
thought to be absolutely necessary in order to improve the
overall condition of hippocampal neurons. Considering this
fact, we exposed the rats in DI and DI + S groups to EE.
Upon EE exposure, degeneration of neurons was prevented
Biomed J Vol. 37 No. 4
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in DI + E and DI + S rats. The observed changes in the num‑
ber of surviving neurons of DI and DI + S hippocampus after
EE exposure might be due to the increased neural trophic
factors such as brain‑derived neurotrophic factor, nerve
growth factor, and vascular endothelial growth factor,[43‑45]
which are involved in structural reorganization of brain
after an injury caused by the uncontrolled hyperglycemic
and stress conditions.

Conclusions
EE exposure significantly reduced the quantity of neu‑
ronal damage caused by hyperglycemic effects of diabetes
as well as by the combined actions of diabetes and stress to
the neurons of hippocampus. The results of the study may be
helpful in correlating and understanding the complications of
diabetes and stress on the hippocampal neurons of diabetic
patients and in the prevention of the neuronal damage with
the help of EE exposure.
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