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 Background: Environmental enrichment (EE) has a beneficial effect on some neuropsychiatric disorders. In this study, we 
aimed to investigate whether environmental enrichment could improve the spatial learning and memory in 
rats with vascular dementia (VaD) and the mechanism underpinning it.

 Material/Methods: Bilateral common carotid occlusion (2-vessel occlusion [2VO]) was used to develop the animal model of vascu-
lar dementia. Adult male Sprague-Dawley (SD) rats were used in the experiment and were randomly divided 
into 4 groups: sham group, 2VO group, sham+EE group, and 2VO+EE group (n=19/group). The 2VO group and 
2VO+EE group underwent bilateral common carotid occlusion. Two different housing conditions were used in 
this experiment: standard environment (SE) and enriched environment (EE). Rats in the sham group and 2VO 
group were put into SE cages for 4 weeks, while rats in the sham+EE group and 2VO+EE group were put in 
EE cages for 4 weeks. The Morris water maze and Y-maze were used to assess spatial learning and memory. 
Apoptosis was detected by TUNEL. The damage of neurons in the hippocampus was assessed by Nissl stain-
ing. The level of wnt pathway proteins were detected by Western blot.

 Results: Compared with the 2VO group, the rats in the 2VO+EE group had better behavioral performance, fewer apop-
totic neurons, and more surviving neurons. Western blot analysis showed that the levels of wnt pathway pro-
teins were higher in 2VO+EE rats than in the 2VO group.

 Conclusions: Environmental enrichment can improve the spatial learning and memory in rats with vascular dementia, and 
the mechanism may be related to activation of the wnt/b-catenin signal pathway.
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Background

Vascular dementia (VaD) is defined as the loss of cognitive 
function resulting from cerebral vascular diseases and cardio-
vascular pathologic changes [1], and its main manifestation is 
impairment in learning and memory [2]. It is the second most 
common cause of dementia in the elderly, after Alzheimer dis-
ease (AD), and its notable symptom is cognitive loss [1]. To date, 
it is still very difficult to treat the impairment of VaD, except 
by use of drugs approved for AD that might have some bene-
fit in patients diagnosed with VaD [3]. Therefore, the study of 
treatment for VaD is important.

Environmental enrichment (EE), which was first put forward 
by Hebb in 1947, is a rich and stimulating environment. Since 
Hebb’s description, many studies on EE have been performed. 
Early studies have indicated that EE could induce neural and 
synaptic changes, like increased dendritic branching, neural 
density, and neural transmission [4–6]. Recently, Valero et al. 
found that EE has a beneficial effect on memory deficits in an 
AD mouse model [7]. Verret et al. also found that exposure 
to EE before amyloidosis onset improved cognitive functions 
during AD pathology [8]. EE has also been proved to amelio-
rate functional and molecular deficits in many other central 
nervous system disorders, including depression, stroke, trau-
matic brain injury, and schizophrenia [9], but it is still remains 
unknow whether EE has beneficial effects on VaD and what 
the mechanisms are.

The wnt/b-catenin signal pathway has emerged as a crucial 
pathway in neuronal self-renewal, proliferation, differentia-
tion, maturation, and functional integration [10]. It has been 
proved to facilitate long-term potentiation [11] and deregu-
lation of the wnt/b-catenin pathway has been implicated in 
the pathology of AD [12]. It also has been shown to be in-
volved in behavioral modulation and several psychiatric dis-
orders [10,13,14]. Additionally, upregulating of wnt/b-catenin 
is also implicated in the enhancing of cognitive functions of 
adult rats [15,16], but whether activation of wnt/b-catenin is 
a mechanism of EE is still unknown.

In this study, we aimed to investigate whether EE can improve 
spatial learning and memory in rats with VaD and if there is 
any activation of the wnt/b-catenin signal pathway.

Material and Methods

Animals and timeline of experiments

Adult Sprague-Dawley (SD) male rats (8 weeks old, 240–260 
g) were obtained from the Experimental Animal Center of 
Chongqing Medical University. All animal procedures were 

approved by the Laboratory Animal Management Committee 
of Chongqing Medical University and were in accordance with 
the guidelines of the China Animal Protection Law. During an-
imal procedures, we made efforts to minimize animal suffer-
ing. A total of 84 rats were used (dead or blinded, n=8). Rats 
were randomly divided into 4 groups: sham group, 2VO group, 
sham+EE group, and 2VO+EE group (n=19/group). The study 
timeline is shown in Figure 1.

Surgery

The rats in the 2VO and 2VO+EE groups underwent bilateral 
common carotid occlusion (2VO) surgery, which was used to 
an develop animal model for vascular dementia [17]. Chloral 
hydrate was used for anesthesia. Anesthetized rats were fixed 
supine on a heated pad, then the right common carotid artery 
was exposed. We separated the right common carotid artery 
gently from the right vagus nerve, then ligated it. The left com-
mon carotid artery was ligated in the same way. The rats in the 
sham and sham+EE group underwent the same surgical proce-
dure without carotid occlusion. The survival rate was 82.61% 
(38 out of 46) among 2VO rats and 100% among the sham rats.

Housing conditions

Two different housing conditions were used in this experi-
ment: standard environment (SE) and environmental enrich-
ment (EE). SE was a standard cage (cage size: 52×36×20 cm) 
containing only food and water. EE consisted of a larger cage 
(cage size: 70×45×38 cm) containing many different objects 
besides food and water, including running wheels, a tunnel, 
a small compartment, a balance beam, stairs, and many oth-
er colorful objects (e.g., colorful plastic plate, red ball, wood-
en disks of varied colors and sizes, plastic cups, and hanging 
cubes). Rats were put into the EE cage for 12 h a day (from 9: 

Figure 1.  Timeline for experiments. 2VO group and 2VO+EE 
underwent 2VO surgery. Rats in sham group and 2VO 
group were put into SE cage for 28 days (4 weeks). 
Rats in sham+EE group and 2VO+EE group were put 
into EE cage for 28 days (4 weeks). 2VO – bilateral 
common carotid occlusion; EE – environmental 
enrichment.

Timeline (day) 0 3 31 32 38

Sham surgery, n=38
2VO surgery, n=46 (dead or blinded: n=8) Morris water maze (n=10/group)

Different housing conditions (28 days)

Grouping: sham group (n=19)
     2VO group (n=19)
     sham+EE group (n=19)
     2VO+EE group (n=19)

Y-maze test (n=10/group)
Sacrificed:
TUNEL and Nissl stain (n=4/group)
Western blot (n=5/group)
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00 pm to 9: 00 am), 7 days a week, for 4 weeks. The objects 
in the EE cage were changed every day.

Morris water maze

An open circular pool (160 cm in diameter, 60 cm in height) 
with a camera hanging over it was filled to a depth of 25 cm 
with warm water (temperature was maintained at 22±1°C). 
Nontoxic black paint was added to make the water opaque. 
Four points on the perimeter of the pool were used to deter-
mine 4 quadrants of the pool. A black escape platform was 
placed in the middle of one of the quadrants (submerged 1 
cm below the water level). The animals were faced toward 
the wall of the pool and placed gently into the water from 4 
points for 5 days. If unable to find the platform within 60 s, 
the rats would be guided to the platform by the researcher 
and were left on the platform for 30 s. All rats were subject-
ed to 4 trials per day for 5 consecutive days (n=10/group). On 
day 6, the platform was removed, and animals underwent the 
probe test for 60 s. The MWM performance was recorded by 
a video camera [18].

Y-maze test

The Y-maze is a horizontal maze consisting of 3 arms at an an-
gle of 120° with respect to each arm. Each arm is 40 cm long, 
30 cm high, and 15 cm wide. Rats were first placed within one 
arm and were allowed to explore the maze freely for an 8-min 
period. The sequence and the total number of arms entered 
were recorded by Behavioral Video Tracking System for each 
rat (n=10/group). An arm entry was counted when all 4 paws 
were in the arm [19]. After each trial, the Y-maze was thor-
oughly cleaned and wiped with alcohol to eliminate residu-
al odors and residues. The spontaneous alternation behavior 
was defined as consecutive entries into all 3 arms (ABC, BCA, 
or CAB but not ABA, or BCB). The percentage (%) of spontane-
ous alternation behavior was calculated according to the fol-
lowing equation: The percent of alternation = (number of al-
ternations)/(total number of arm entries – 2) ×100 (%) [20,21]. 
In addition, total number of arm entries was regarded as an 
index of motor activity [19].

Terminal Deoxynucleotidyl Transferase (TdT)-Mediated 
dUTP Nick-End Labeling (TUNEL)

Cell apoptosis in rat brain was detected by TUNEL according 
to the manufacturer’s protocol (TUNEL Detection Kit, Roche, 
USA). Briefly, the paraffin sections were heated and dewaxed, 
rehydrated, and washed 3 times in phosphate-buffered saline 
(PBS). Proteinase K was used to digest tissues at 37°C for 15 
min. The sections were then incubated with 50 µL of TUNEL 
reaction mixture at 37°C for 1 h. Sections were incubated with 
Converter-POD solution at 37°C for 30 min. Positive cells (brown 

staining) and total cells in the hippocampal CA1 region were 
counted under a light microscope by 2 independent individuals 
who were blind to the experimental condition [22]. At least 5 
representative CA1 fields were randomly counted per section 
and 3 sections were counted per brain (n=4/group). Apoptotic 
index (positive apoptotic cells/total cells ×100%) was used to 
measure apoptotic severity [23].

Nissl staining

Rats were perfused with 0.9% saline followed by 4% parafor-
maldehyde after being anesthetized. The brains were removed 
and postfixed overnight in 4% paraformaldehyde. Then the 
brains were embedded in paraffin, and cut into paraffin sec-
tions, which was performed with Nissl staining according to 
standard protocols to observe the histopathological changes 
of neurons. Neurons with a round cell body, Nissl substance 
in the cytoplasm, and visible nucleoli were considered normal 
neurons, while neurons with loss of Nissl substance, cavitation 
around the nucleus, and indiscernible nuclei were considered 
damaged neurons [24]. The population of normal neurons in a 
CA1 subfield were counted at 400× magnification by 2 indepen-
dent investigators who were blind to the experimental condi-
tion in this study. The mean number of neurons was obtained 
by counting 3 sections per brain and 5 representative fields 
were randomly selected to count per section (n=4/group) [25].

Western blot

The rat hippocampus was homogenized in RIPA lysis buffer 
(P0013B, Beyotime, Jiangsu, China) containing PMSF. Nuclear 
extracts were used for the measurement of b-catenin lev-
els (n=5/group). Protein concentrations were detected using 
a bicinchoninic acid protein assay kit (Beyotime, Shanghai, 
China). The proteins were separated by 10% gel electropho-
resis and transferred to polyvinylidene fluoride (PVDF) mem-
branes (250 mA for 90 min). The membranes were blocked 
with 5% milk at room temperature for 1 h and then incubat-
ed with rabbit anti-wnt3a antibody (1: 100, #bs-1700R, Bioss 
Inc., China), rabbit anti-GSK-3b antibody (1: 1000, #YT2082, 
Immunoway, USA), rabbit anti-p-GSK-3b (Ser9) antibody (1: 
1000, #YP0124, Immunoway, USA), rabbit anti-b-catenin an-
tibody (1: 2000, #NBP1-32239, Novus, USA) overnight at 4°C. 
After that, the membranes were exposed to secondary anti-
bodies at 37°C for 1 h. The visualization was performed us-
ing the ECL (Beyotime Institute of Biotechnology, China) PLUS 
system and protein levels were measured and analyzed us-
ing Image J software.

Statistical analysis

All the data are expressed as means ± standard error of the 
mean (SEM). Time latency and swimming speed were analyzed 
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by two-way repeated measures analysis of variance (ANOVA) 
followed by a post hoc least significant differences (LSD) multi-
ple-comparison test. The data of probe test (time spent in tar-
get quadrant), Y-maze test (the percent of alternation), TUNEL 
(percent of TUNEL-positive cell), Nissl staining (number of sur-
vival cells), and Western blot (quantifications of band densi-
ties) were analyzed using oneway ANOVA followed by the 
Students-Newman-Keuls (SNK) multiple comparisons test. 
A value of P<0.05 was considered statistically significant. All 
statistical analyses were performed using SPSS, version 22.0 
(Chicago, IL, USA).

Results

Effects of EE on learning and memory

Escape latency in the 2VO group was significantly longer than 
in the sham group [F(3,36)=11.42; P<0.05]. Escape latency in 
the 2VO+EE group was significantly shorter than in the 2VO 
group (P<0.05, Figure 2A). These results mean that the impair-
ment of learning ability caused by 2VO could be reduced by EE.

In the probe test, rats in the 2VO group showed significant-
ly less time spent in the target quadrant compared to sham 
rats (P<0.05). Rats in the 2VO+EE group showed more time 
spent in the target quadrant compared to 2VO rats (P<0.05). 
Compared to sham rats, rats in the sham+EE group showed 
better performance in the probe test. (P<0.05, Figure 2B). All 
these results indicate that 2VO surgery impaired the memo-
ry of rats and EE could improve the memory, not only in 2VO 
rats, but also in sham rats.

Swimming speed was also recorded and we found that there 
was no significant difference in swimming speed among groups 
[F(3,36)=0.372, Figure 2C].

In the Y-maze test, the percent of alternation in the 2VO group 
significantly decreased compared to the sham group (P<0.05, 
Figure 2D). EE significantly increased the percent of alternation 
decreased by 2VO (P<0.05, Figure 2D). Compared to sham rats, 
rats in the sham+EE group showed higher percent of alterna-
tion (P<0.05, Figure 2D). There was no significant difference in 
total number of arm entries among groups (P>0.05 Figure 2E).

Effects of EE on apoptosis and survival of neurons

To detect apoptosis of neurons, the percent of TUNEL-positive 
cells in the hippocampus CA1 region was measured. The TUNEL-
positive cells had brown staining in the nucleus. As shown in 
Figure 3A, in SE condition, carotid occlusion increased the per-
centage of TUNEL-positive cells compared to sham animals 
(sham vs. 2VO, n=4, P<0.05). EE rescued this apoptosis and had 

a lower percentage of TUNEL-positive cells (2VO vs. 2VO+EE 
P<0.05). Rats in the sham+EE group had a lower percentage 
of TUNEL-positive cell compared to sham animals (P<0.05).

As shown in Figure 3B, Nissl staining showed a mass of neu-
rons with shrunken cytoplasm and karyolysis in hippocampal 
CA1 of 2VO rats. We measured the number of surviving neu-
rons in hippocampal CA1 to assess the loss of neurons in each 
group and found that 2VO rats had fewer surviving neurons 
in CA1 compared to sham rats (P<0.05). However, 2VO+EE 
rats had more surviving neurons than in 2VO rats (P<0.05). 
Sham+EE rats also had more surviving neurons compared to 
sham animals (P<0.05).

Effects of EE on the wnt/b-catenin signal pathway

Western blot analysis was used to investigated the level of 
expression of wnt3a,p-GSK-3b(ser9) and b-catenin. As shown 
in Figure 4, we found that after 4 weeks, the sham+EE group 
and 2VO+EE group showed significant increases in the ex-
pression of wnt3a compared to sham and 2VO rats (P<0.05), 
and the expression of wnt3a is higher in 2VO+EE rats than in 
2VO rats (P<0.05). There were no significant differences be-
tween 2VO and sham rats (P>0.05). We also found that after 
4 weeks, rats in the 2VO group had no significant increase in 
expression of p-GSK-3b and b-catenin compared to sham rats 
(P>0.05). However, the rats in the sham+EE and 2VO+EE group 
both showed significant increases in expression of p-GSK-3b 
and b-catenin compared to the rats in SE condition (includ-
ing sham and 2VO groups) (p<0.05). The expression of total-
GSK-3b did not have any significant change among groups.

Discussion

Bilateral common carotid occlusion (2-VO), which causes glob-
al cerebral hypoperfusion rather than serious stroke, is a pop-
ular method to develop a rat model of vascular dementia [26]. 
In our study, testing with the Morris water maze and Y-maze 
showed that 2VO rats had worse learning and memory ability 
compared to sham rats. TUNEL and Nissl staining showed more 
apoptosis and fewer neurons in 2VO rats than in sham rats. 
These results are consistent with previous research [27–30] and 
show that the rat model of VaD used in this study is reliable.

EE consists of 3 major parts: sensory stimulation, cognitive 
activity, and physical exercise. Compared to rats housed in 
standard cage, rats housed in EE cage had more motor, sen-
sory, and cognitive stimulation [31]. Since learning and spa-
tial memory are 2 major facets of cognitive function [32], the 
Morris water maze was used to evaluate the effect of EE on 
cognitive function [33]. The Morris water maze test showed 
that the escape latency in the EE group was significantly 
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shorter than in the SE group, which indicated learning abili-
ty of EE rats was better than that of SE rats. The results from 
time spent in the target quadrant showed the spatial memo-
ry of EE rats was better than that of the SE group. Swimming 

speed of each group was also recorded and we found there 
was no significant difference among groups, which showed 
that swimming ability of rats in each group did not affect our 
results. The same conclusion could be drawn from the Y-maze 
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Figure 2.  Effects of EE on behavioral test. (A) Escape latency of 1–5 days in the sham, 2VO, sham+EE, and 2VO+EE groups. * p<0.05 
versus sham rats, # p<0.05 versus 2VO rats. (B) Time spent in target quadrant in the sham, 2VO, sham+EE, and 2VO+EE 
groups. * p<0.05 versus sham rats, # p<0.05 versus 2VO rats, & p<0.05 versus sham+EE rats. (C) Swimming speed in Morris 
water maze in each group. (D) The percent of alternation in the sham, 2VO, sham+EE, and 2VO+EE group. * p<0.05 versus 
sham rats, # p<0.05 versus 2VO rats, & p<0.05 versus sham+EE rats. (E) Total number of arm entries of each group. Data are 
expressed as mean ±SEM, n=10/group. 2VO – bilateral common carotid occlusion; EE – environmental enrichment.
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experiment. The Y-maze test is based on the rat’s innate dis-
position to alternates (a natural tendency to explore novel 
environment), which requires use of spatial working mem-
ory [34,35], so the Y-maze test is always used to access the 
spatial working memory in rats [36]. In this study, we found 
that 2VO surgery significantly impaired spatial working mem-
ory in rats and EE improved spatial working memory in 2VO 
and sham rats. There were no significant differences in total 
number of arm entries among groups that could eliminate the 
interference of motor activity.

However, EE consists of 3 major parts and each part may have 
different effects and mechanisms. We wondered which part is 
the most important in improving the spatial learning and mem-
ory and whether each part of EE has different mechanisms. 
Recently, Choi et al. found that exercise could delay cognitive 
decline by enhancing neurogenesis and increasing BDNF ex-
pression in the context of VaD [37]. Rogers et al. found exer-
cise (Ex) and EE (without exercise) had different effects in a 
mouse model of anxiety with cognitive impairment, and cor-
rected long-term spatial memory deficits are related to Ex, but 
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sham+EE, and 2VO+EE group. * p<0.05 versus sham rats, # p<0.05 versus 2VO rats, & p <0.05 versus sham+EE rats. All images 
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Figure 4.  Effects of EE on the expression of wnt3a,GSK-3b and b-catenin. (A) Representative protein bands of wnt3a from Western 
blot and quantifications of band densities (means ±SEM) are expressed as densitometric ratios of wnt3a to GAPDH. 
(B) Representative protein bands of p-GSK-3b and total-GSK-3b from Western blot, quantifications of band densities (means 
±SEM) are expressed as densitometric ratios of p-GSK-3b to total-GSK-3b, and quantifications of band densities (means 
±SEM) are expressed as densitometric ratios of total-GSK-3b to GAPDH. (C) Representative protein bands of b-catenin from 
Western blot and quantifications of band densities (Means±SEM) are expressed as densitometric ratios of b-catenin to 
Lamin B1. * p<0.05 versus sham rats, # p<0.05 versus 2VO rats, & p<0.05 versus sham+EE rats. Data are expressed as mean 
±SEM, n=5/group. 2VO – bilateral common carotid occlusion; EE – environmental enrichment.
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not the 2 other parts of EE [38]. Sozda et al. demonstrated that 
exposing TBI rats to any of the 3 components individually may 
be more advantageous than no enrichment, but only exposure 
to typical EE yields optimal benefits. These findings may help 
clinical rehabilitation and maximize benefits, but the mecha-
nisms of each part of EE still need to be clearly defined [39].

There are 3 major subfields of the hippocampus: dentate gy-
rus, CA1, and CA3. Previous studies have found that the CA1 
region is an important area that correlates with spatial memo-
ry impairment and is vulnerable to the effects of 2VO [40–42]. 
Therefore, in the present study, the CA1 region was chosen as 
a major region to identify the apoptosis and neuronal survival 
conditions in this test. We found 2VO rats had more apoptot-
ic neurons and less surviving ones compared to sham rats in 
the CA1 region, which was in accordance with previous stud-
ies [40,41,43]. 2VO+EE rats had fewer apoptotic neurons and 
more surviving ones compared to 2VO rats in the CA1 region, 
which indicates that EE can attenuate the apoptosis and in-
crease the number of neurons in rats with VaD. We also ob-
served the CA3 and DG region of each rats and found that there 
were no significant differences in apoptosis and the number of 
neurons among the 4 groups (P=0.378, data not shown). These 
results demonstrate that the CA1 region is more vulnerable to 
ischemia compared to CA3 and DG regions, and the effect of 
EE mainly depends on increasing the number of CA1 neurons.

The wnt/b-catenin signal pathway is one of the key signaling 
pathways involved in the regulation of cell proliferation, dif-
ferentiation, and survival [44–47]. Song et al. found that hip-
pocampal astrocytes have an active regulatory role in the ma-
ture central nervous system [48]. Lanosa et al. found that EE 
can increase the number of astrocytes [49]. Lie et al. reported 

that wnt3a, which is released by astrocytes, is expressed in 
the hippocampus. These studies indicate that wnt3a may play 
an important role in the mechanism of EE [50]. However, it 
has never been determined whether the stimulation of EE is 
accompanied by activation of the wnt/b-catenin signal path-
way. In this study, Western blot analysis showed that the level 
of wnt3a,p-GSK-3b and b-catenin is significantly increased in 
sham+EE and 2VO+EE rats. Compared to sham rats, the level 
of wnt3a,p-GSK-3b and b-catenin in 2VO rats did not signif-
icantly increase after 4 weeks in the standard environment. 
These results showed that wnt/b-catenin signal pathway was 
activated in EE rats, which indicates that activating the wnt/b-
catenin signal pathway may be an internal mechanism of the 
effect of EE. In addition, EE is a relative term. Compared to EE 
rats, SE rats, which did not have a chance to do exercise and 
did not have much environmental stimulation, were relative-
ly sedentary [51]. After 4 weeks of being sedentary, the wnt/
b-catenin signal pathway in 2VO rats did not to significantly 
increase compared to sham rats, but if the level of wnt3a,p-
GSK-3b and b-catenin changed over a shorter time (e.g., 1 day, 
3 days, or 1 week, not 4 weeks) still need more study.

Conclusions

The results of our study support the hypothesis that environ-
mental enrichment has a beneficial effect on vascular demen-
tia, and its molecular mechanisms may be related to the acti-
vation of the wnt/b-catenin signal pathway.
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