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© 2012 The Japan Society of Histochemistry andPrenatal stress can result in various behavior deficits in offspring. Here we tested the effects

of environmental enrichment during gestation used as a preventive strategy on the behavior

deficits of prenatal-stressed offspring rats as well as the underlying structure basis. We

compared the effect size of environmental enrichment during gestation on prenatal-stressed

offspring to that of environmental enrichment after weaning. Our results showed that

environmental enrichment during gestation partially prevented anxiety and the damage in

learning and memory in prenatal-stressed offspring as evaluated by elevated plus-maze test

and Morris water maze test. At the same time, environmental enrichment during gestation

inhibited the decrease in spine density of CA1 and dentate gyrus neurons and preserved

the expression of synaptophysin and glucocorticoid receptors (GRs) in the hippocampus of

prenatal-stressed offspring. There was no significant difference in offspring behavior between

7-day environmental enrichment during gestation and 14-day offspring environmental en-

richment after weaning. These data suggest that environmental enrichment during gestation

effectively prevented the behavior deficits and the abnormal synapse structures in prenatal-

stressed offspring, and that it can be used as an efficient preventive strategy against prenatal

stresses.
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I. Introduction

The gestation is a sensitive period vulnerable to vari-

ous external stimuli, known as prenatal stress. High-level

prenatal stress exerts profound impacts on the postnatal

development of central nervous system in offspring and

thus induces neurological deficits [2, 9, 20, 29]. Previous

retrospective studies have shown that offspring from preg-

nant women exposed to natural and man-made unpleasant

experience, such as earthquakes, wars or interpersonal rela-

tion disturbances, suffered from mental retardation,

language hypoevolution, attention deficit, and neuropsychi-

atric impairment symptoms including schizophrenia, anx-

iousness and depression [17, 18, 30–32, 34]. Since multiple

pathways are the underlying mechanisms mediating the

effects of prenatal stress on different organs in the offspring,

it is challenging to use single medication to antagonize all

the damages caused by prenatal stress [34].

Environmental enrichment refers to modified experi-

mental housing conditions with enhanced sensory, cognitive

and motor stimulation, and sometimes combined with social

stimulation. The neuroprotective effects of environmental

enrichment have been proved in various experimental brain

injury models including stroke, epilepsy, Alzheimer’s dis-

ease, Parkinson’s disease, Hungtington disease and so on.

The effects of environmental enrichment on rats chal-

lenged with maternal separation and prenatal stresses were
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also investigated. It appears that adolescent exposure to

an enriched environment reduced the activation of HPA

axis in Long-Evans rats encountering maternal separation

[12]. Enriched environment was also tested as potential

therapy for postnatal brain damages [8]. Morley-Fletcher

and colleagues found that prenatal-stressed rats with an

adolescent exposure to enriched environment displayed

improved performance in social behavior, which was

accompanied by less activation of the HPA axis, possibly

through beneficially affecting the basal immune parameters

[19, 24]. Therefore, exposing the filial generation with

enriched environment during adolescent was an effective

way to reduce the brain impairment induced by prenatal

stress. However, it remains to be determined whether

environmental enrichment during gestation can be used as

an efficient preventive strategy against prenatal stress. A

recent study showed that the fetal development of visual

system was accelerated by maternal exposure to enriched

environment [28]. Therefore, in the present study we tested

the effects of environmental enrichment during gestation

on the behavior deficits of prenatal-stressed offspring. In

addition, we compared the effects of 7-day environmental

enrichment during gestation on prenatal-stressed offspring

rats to that of 14-day environmental enrichment after

weaning. Finally, we investigated possible underlying

structural basis. Our results clearly show that environmental

enrichment applied during gestation effectively prevents

behavior deficits and abnormal synapse structures in

prenatal-stressed offspring, and that it can be used as an

efficient preventive strategy against prenatal stress.

II. Materials and Methods

1. Animals and experimental design

12 pregnant Sprague-Dawley (SD) rats (the day of

plug was considered as gestation day 1) were provided by

the department of experimental animals, Central South

University. The rats were randomly divided into three

groups: 1) Pregnant rats received no intervention and were

raised under standard pregnant condition (n=4); 2) Pregnant

rats received three times of restraint stress (45 min each

session) per day from gestation day 13 (GD 13) to 19 (GD

19) and were raised under standard pregnant condition

(n=4); 3) Pregnant rats received three times of the restraint

stress per day from GD 13 to GD 19 and were raised under

enriched pregnant condition (n=4) from GD 14 to GD 20.

After birth, litters were culled to 8 pups within 24 h of

birth, preferably with equal numbers of males and females

[15]. Pups were raised by their own mother under the

standard condition for 21 days. All offspring were weaned

on postnatal day 21 (P21). Then, 12 offspring (6 male and

6 female, 3 offspring/litter) born to the rats in group 1 were

randomly selected and regarded as control group (Ctrl); 12

offspring (6 male and 6 female, 3 offspring/litter) born to

the rats in group 2 were randomly selected were regarded

as prenatal stress group (PS); 12 offspring (6 male and 6

female, 3 offspring/litter) born to the rats in group 3 were

randomly selected and regarded as prenatal stress plus

maternal enrichment group (PS+ME). All rats in Ctrl, PS,

and PS+ME group were raised under the offspring standard

condition from P21 to P34. In addition, 12 offspring (6 male

and 6 female, 3 offspring/litter) born to the rats in group 2

were randomly selected and were raised under the offspring

enriched condition from P21 to P34. The 12 rats were

regarded as prenatal stress plus offspring enrichment group

(PS+OE). On P35, the above 48 rats started to be subjected

to elevated plus-maze test and Morris Water Maze test. On

P42, all of the 48 rats were sacrificed and brain samples

were saved for structural and protein studies.

2. Prenatal stress protocol and raise conditioning

2.1 Prenatal stress protocol

The prenatal stress was applied from GD13 to GD19.

The pregnant rat was placed in a plastic transparent restrainer

(6.8 cm in diameter) with vent holes. Each stressed animal

received three restraint sessions (45 min each) with a 15-

min break between each session. Gentle and careful handling

was practiced to avoid abortion. One of the following three

time segments (8:00–11:00 a.m., 11:00 a.m.–2:00 p.m., and

4:00–7:00 p.m.) was randomly selected each day to minimize

the adaptation in the stressed animals.

2.2 Raise conditioning

2.2.1 Standard conditions for pregnant rats and offspring

Pregnant rat was housed in a 16×12×8 cm cage alone.

Four offspring were housed in a 30×20×15 cm cage after

weaning. All cages of standard conditions had no treadmills,

cartoon houses or toys. Food and water were available ad

libitum and a 12-hr light and darkness cycle was used.

2.2.2 Enriched conditions of pregnant rats and offspring

rats

Two pregnant rats were kept in a 40×25×30 cm cage

at the same time. Four offspring rats were kept in a

40×25×30 cm cage. All cages of enriched conditions were

equipped with treadmills, cartoon houses, and plastic toys.

The plastic toys were replaced every day. Food and water

were available ad libitum and a 12-hr light and darkness

cycle was provided.

3. Behavioral tests

3.1 Elevated plus-maze test

Elevated plus-maze test was performed according to

Pellow et al. [27]. The plus-maze used in the present

study consists of two open arms (L×W, 50×10 cm) and

two closed arms (L×W×H, 50×10×40 cm) connected to a

central platform. The plus-maze was fixed on the scaffold

and elevated to 50 cm high. Each animal was placed on the

platform gently and the activity was recorded by a video

camera for 5 min. The number of entries to each arm and

the time spent in the open arms in each rat were counted.

3.2 Morris Water Maze

Rats were tested during the day (light phase). A 60

cm-high and 150 cm-diameter round tank was filled with



Pregnant Enrichments Improve PS Offspring’s Behaviors 159

water at 25±1°C to a depth of 50 cm. A thin-layer of tiny

white plastic foam was placed on the water surface. Ac-

cording to Notenboom et al. [26], the behavior test was

composed of training for 4 days and probe trial. During the

training, the water tank was divided into 4 quadrants and

a hidden platform beneath the water surface was placed in

the center of one of the quadrants. Each animal was placed

in the water tank in every quadrant each day with head

facing the wall of the tank, respectively. Each animal

received four acquisition trials per day. The time for the rat

to find the hidden platform was measured as the indicator

of learning ability. The maximum trial length was 60 s

with an approximately 15-min intertribal interval. If a rat

failed to find the platform within the 60 s, it would be

placed on the platform and remain on the platform for 10 s.

For the probe trial on the 5th day, the platform was

removed and each rat was allowed to swim for 60 s.

Percent time spent in the target quadrant was utilized as

the measure of learning in the probe trial. The rats’

behavior was recorded by a video camera overhead and

analyzed using video tracking software.

4. Tissue preparations

All experimental offspring were sacrificed under

chloral hydrate anesthesia the day after Morris water maze

test. The brain was dissected out rapidly and cut into two

halves. The right half of the brain was subjected to Golgi

staining, while the left half subjected to western blot and

immunohistochemical staining.

5. Golgi staining and spine analysis

Golgi staining was carried out using FD Rapid

GolgiStain TM kit (FD Neuro-Technologies Inc.). Briefly,

the half brain was immersed in the mixture of Solution A

and B and kept there for 14 days, followed by incubation

in Solution C for 48 hr at 4°C. The tissue was then embedded

and cryosectioned at a thickness of 100 μm. The sections

were collected on gelatin-coated slides and incubated in the

mixture consisting of Solution D and E and distilled water

(Volume: 1:1:2) for 10 min at room temperature. All slides

were dehydrated and covered with resinene.

For spine analysis, the criteria [37] for the inclusion of

dendrites include cell body located in the region of interest

(CA1 or granular cell layer), relatively intact dendritic tree,

and no overlapping with neighboring dendrites. At least

3 cells were studied for each animal. In apical dendrites,

the spine number was counted on five segments (>15 μm)

randomly selected from the 3–5 tertiary apical dendrites

with at least one branch point in a single neuron. In basal

dendrites, the spine number was counted on five segments

(>15 μm) randomly selected from the 2–4 tertiary basal

dendrites with at least one branch point in a single neuron.

The spine density was represented as number/10 μm.

6. Western blot

The hippocampus was quickly dissected out from the

brain and stored at −70°C until use. The frozen tissue was

homogenized in lysis buffer (Sigma, MO, USA) containing

the following protease inhibitors: phenylmethylsulfonyl

fluoride (100 μg/mL), leupeptin (1 μg/mL), pepstatin (1

μg/mL), and aprotinin (1 μg/mL). Lysates were cleared by

centrifugation (16  000 g at 4°C for 20 min) and protein

concentration was determined by BCA assay (Pierce, IL,

USA). An aliquot of 20 μg protein was run on sodium

dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and trans-

ferred to polyvinyldifluoride membranes (Biorad, CA,

USA). The membrane was blocked in TBST (Tris-base

buffer with 0.1% Tween-20) containing 5% skim milk and

incubated with the primary antibody against synaptophysin

(1:5000, Sigma, MO, USA) or glucocorticoid receptor (GR,

1:500, Santa Cruz, CA, USA) at room temperature for 2

hr, followed by 1 hr incubation with secondary antibodies

conjugated to horse radish peroxidase (Biorad, CA, USA).

The immunoreactive bands were detected by a chemolumi-

nescent western blot kit (LumiGLO, USA) and exposed to

Kodak Biomax film (Eastman Kodak, NY, USA). Bands

were quantified by the mean gray value using NIH Image

J 7.0. β-actin was used as internal loading control.

7. Immunohistochemistry

The brain samples were fixed in 4% paraformaldehyde

overnight and placed in 30% sucrose solution at 4°C for 48

hr. The brain was then cryosectioned coronally at a thickness

of 30 μm. The sections were rinsed in 0.01 M PBS and

incubated in 3% hydrogen peroxide solution to neutralize

endogenous peroxydases. The sections were then blocked

in 5% bovine serum solution for 1 hr at room temperature.

After rinsing with 0.01 M PBS, the sections were incubated

in primary antibody containing either anti-synaptophysin

(1:2000) or anti-GR (1:500) at 4°C overnight and biotiny-

lated goat anti-mouse antibody (1:200, vector, CA, USA)

for 1 hr at room temperature, followed by incubation with

avidin conjugated to horse radish peroxidase for 1 hr at

room temperature. Finally, the sections were incubated in

0.01 M PBS solution containing 0.05% diaminobenzidine

and 0.3% hydrogen peroxide. The reaction was stopped

when the appropriate. Sections were dehydrated and covered

and stored at 4°C until studied.

8. Statistic analyses

Quantitative data are expressed as mean±SEM. Statis-

tical analyses were performed using SPSS 13.0. Three-way

ANOVA and one way ANOVA were used as indicated.

Student-Newman-Keuls test (SNK-q) was used to test

homogeneity of variance and Kruskal Wallish Test was

used to analyze the data with heterocedasticity. A P<0.05

was considered significant.

III. Results

1. Environmental enrichment during gestation partially 

prevented anxiety-like behavior in prenatal-stressed offspring

In the elevated plus-maze test, the longer time in

open arms and the higher frequency entering the open arms
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represent less anxiety. In this study, three way ANOVAs

analysis showed that prenatal stress significantly reduced

the average time staying in the open arm in rats in PS group

which were offspring from a stressed rat (F (1, 36)=19.495,

P=0.000). Moreover, Environmental enrichment either

during gestation or after weaning exhibited significant ef-

fects on time in open arms, respectively (F (1, 36)=6.264,

P=0.017; F (1, 36)=11.831, P=0.001). As shown in Figure

1A, rats from the Ctrl group, who received no prenatal

stress and were raised in the standard condition, spent

20.99±2.23  s in the open arms, while rats in the PS group

spent 4.50±0.58  s (P<0.01 vs. control). Environmental en-

richment significantly increased the time staying in the

open arm for the rats in the PS+ME group (13.85±1.08  s)

and in the PS+OE group (17.35±1.74  s), as compared to the

PS group (Fig. 1A). However, the average time staying the

open arms both in the PS+ME group and the PS+OE group

was still lower than that in the Ctrl group, respectively

(Fig. 1A). Prenatal stress had obvious effects on the

frequency of rats entering the open arms in the PS group

(Fig. 1B). No changes were observed in the frequency of

entering the closed arms among the four groups (Fig. 1B).

The above results indicated that prenatal stress greatly

increased anxiety-like behavior in the offspring, which could

be significantly alleviated by environmental enrichment

during gestation or after weaning. However, there was no

significant difference in the size of protective effect between

7-d environmental enrichment during gestation and 14-d

environmental enrichment after weaning.

2. Environmental enrichment during gestation partially 

reduced the damage in learning and memory in prenatal-

stressed offspring

The Morris Water Maze is widely used to test the spatial

learning capability and memory in experimental animals.

We recorded the latency in finding the hidden platform

in the four groups of rats for 4 consecutive days. On day 1,

rats in the PS group showed the longest latency (F (1, 36)

=13.408, P=0.001, Fig. 2A). The prenatal tress also sig-

nificantly increased the latency in the PS group on day 3

and 4, respectively (Day 2, F (1, 36)=2.479, P=0.124; Day 3,

F (1, 36)=9.301, P=0.004; Day 4, F (1, 36)=8.992, P=0.005,

vs. the Ctrl group). No significant difference in the latency

was observed either in the PS+ME group or in the PS+OE

group compared to the PS group (Day 1: ME F (1, 36)=

5.034, P=0.031, OE F (1, 36)=4.972, P=0.032; Day 2: ME

Fig. 1. Environmental enrichment during gestation reduced anxiety-like behavior in prenatal-stressed offspring. Compared to the Ctrl group, the

time in open arms (A) and the frequency entering the open arms (B) were both decreased in the PS group (P<0.05). Environmental enrichment

during gestation and after weaning both increased the time in open arms (A) in offspring rats (P<0.05 vs the PS group). There was no difference

between prenatal enrichment and offspring enrichment (A and B, P>0.05). (n=12/group). Black bar: Ctrl group, white bar: PS group, white bar

with black dot: PS+ME group, White bar with black Oblique line: PS+OE group. * P<0.05, vs the Ctrl group, # P<0.05, vs the PS group.

Fig. 2. Environmental enrichment during gestation partially reduced the damage in learning and memory of prenatal-stressed offspring. A: The

latency to find the hidden platform gradually decreased in the four groups during the study process. In the first four days, the latency of PS group

was significantly longer than other three groups (P<0.05). B: The time in the target area was significantly decreased in the PS group, compared

to the Ctrl group (P<0.05). The time for the PS+ME and the PS+OE groups both was partially increased compared to the PS group (n=12 rats

per group). Black bar: Ctrl group, white bar: PS group, white bar with black dot: PS+ME, White bar with black Oblique line: PS+OE. # P<0.05,

vs. with the PS group.
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F (1, 36)=0.543, P=0.466, OE F (1, 36)=2.838, P=0.101;

Day 3: ME F (1, 36)=4.168, P=0.049, OE F (1, 36)=3.045,

P=0.090; Day 4: ME F (1, 36)=1.803, P=0.188, OE F (1, 36)

=5.682, P=0.023) in the late stage of study. The data

showed that prenatal stress greatly impaired the learning

ability in the offspring, while environmental enrichment

during gestation or after weaning both were able to reduce

the impairment of the learning ability.

The time that each animal spent in the target quadrant

where the hidden platform was previously placed was

summarized in Fig. 2B. There was significant decrease in

the time for that rats in the PS group as compared to that

in the Ctrl group (P<0.05). The time in the area of interest

increased in the PS+ME group when compared to the PS

group (P>0.05). The data suggest environmental enrichment

during gestation partially reduced the memory damage

caused by the prenatal stress.

3. Environmental enrichment during gestation partially 

inhibited the damage of synaptic plasticity in hippocampus 

of prenatal-stressed offspring

To study the dendritic and synaptic morphology of

hippocampal neurons, we used Golgi staining to outline the

spines on neuronal processes as described in previous study

[37]. Figure 3A–D showed the representative Golgi-stained

pyramidal neurons in the hippocampal CA1 from the Ctrl,

the PS, the PS+ME and the PS+OE group, respectively. The

quantitative analysis showed that prenatal stress greatly

decreased the spine density on apical dendrites in the PS

group as compared to controls (P<0.05, Fig. 3E). The spine

density on apical dendrites in both the PS+ME group and

the PS+OE group was significantly higher than that in the

PS group (P<0.05, Fig. 3E), but still lower than that in the

Ctrl group (Fig. 3E). In basal dendrites, no significant

change in the spine density was observed among the four

different groups (P>0.05, Fig. 3F).

Fig. 3. Environmental enrichment during gestation increased the spine density of hippocampal CA1 neurons in prenatal-stressed offspring.

A–D: Representative Golgi-stained neurons in hippocampal CA1 from the Ctrl, the PS, the PS+ME and the PS+OE groups, respectively. The

black process in neuronal branches is the spine. E: The spine density of apical dendrites in the PS group was significantly lower than that of

the Ctrl group (P<0.05). The spine density of apical dendrites in the PS+ME group and the PS+OE group were significantly increased when

compared to the PS group (P<0.05). F: In basal dendrites, no significant change in the spine density was observed among the four different

groups (n=6/group). * P<0.05, vs the Ctrl group, # P<0.05, vs the PS group. Bar=20 µm.
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Figure 4A–D are typical morphological images of the

spines on dendrites of granular cells in the dentate gyrus in

all four groups. Quantitative data showed there was no

change in the spine density in inner granular cell layer among

the four different groups (P>0.05, Fig. 4E). In contrast, for

the dendrites of granular cells in the outer granular cell layer,

the spine density in the PS group was greatly reduced by

the prenatal stress (P<0.05 vs. the Ctrl group, Fig. 4F). Rats

in the PS+ME group and the PS+OE group displayed a

tendency for higher average spine density than that in the

PS group, although the changes were not significant (P>0.05,

Fig. 4F). The data suggested that environmental enrichment

during gestation or after weaning both increased the spine

density in the CA1 and the dentate gyrus in the prenatal-

stressed rats.

To confirm the changes in synaptic structure in the

hippocampus, we studied the expression of synaptophysin,

a synaptic vesicle protein, in the hippocampus of four

groups. Synaptophysin staining in the hilus of PS groups

(Fig. 5B) was weaker compared to that of the Ctrl, the PS+

ME and the PS+OE groups (Fig. 5A, C, and D). Further-

more, the expression of synaptophysin in hippocampus

was quantitated by western blot, showing decrease in the

PS group (P<0.05 vs. the controls, Fig. 5E and F). The

decreased expression of synaptophysin in hippocampus was

rescued in both the PS+ME group and the PS+OE group

(P<0.05, Fig. 5E and F). In summary, the restoration of

spine density and synaptophysin expression indicated that

the maternal environmental enrichment was able to reduce

synaptic structure damage in hippocampus induced by

prenatal stress.

4. Environmental enrichment during gestation partially 

inhibited the decrease of GR expression in the hippocampus 

of prenatal-stressed offspring

GRs play a critical role in the modulation of hippo-

campus synaptic function [14, 36]. Therefore, the expres-

sion of GRs in the hippocampus was measured by

immunohistochemistry and western blot. As shown in

Figure 6, the staining of GR in the CA1 of PS group (Fig.

Fig. 4. Maternal environmental enrichment during gestation increased the spine density of granular cells of the dentate gyrus of prenatal-stressed

offspring. A–D: Representative Golgi-stained neurons in dentate gyrus of the Ctrl, the PS, the PS+ME and the PS+OE groups, respectively. E:

In granular cell dendrites of the inner part of dentate gyrus, no change was detected in the spine density among the four groups. F: The spine

density in the granular cells of the outer part of dentate gyrus in the PS group was greatly reduced when compared to the Ctrl group (P<0.05, *)

and the PS+MS group and the PS+OS group (P>0.05) (n=6/group). Bar=20 µm.
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6B) was weaker than that of the other three groups (Fig.

6A, C, and D). Similar changes in GRs expression in

hippocampus were confirmed by western blot (Fig. 6E and

F). The expression of GRs in the PS group was significantly

lower than those in the other three groups (P<0.05 Fig.

6E and F). There was no significant difference in the GRs

expression between PS+ME group and the PS+OE group

(P>0.05) (Fig. 6E and F). The above data indicated that

prenatal stress was able to decrease the expression of GRs

in the hippocampus in the offspring, while environmental

enrichment during gestation as well as after weaning showed

a rescuing effect.

IV. Discussion

The present study was designed to test the effects of

environmental enrichment during gestation on behavior

deficits of prenatal-stressed offspring as well as the

underlying structural basis and eventually to be used as a

preventative strategy. Our results demonstrated that envi-

ronmental enrichment during gestation effectively prevented

the anxiety behavior, as well as the impairment in learning

and memory in prenatal-stressed rats. Environmental enrich-

ment during gestation also partially alleviated the decrease

in spine density and the expression of synaptophysin and

GRs in the hippocampus of prenatal-stressed rats.

1. Environmental enrichment during gestation can be an 

efficient preventive strategy against behavior deficits in 

prenatal-stressed rats

Prenatal stress is one of the critical factors affecting

the brain development in offspring [7]. In the present study,

restraint stress three times a day for 7 days was used to

mimic maternal stress in female pregnant rats and several

behavior tests were performed in the offspring. Our data

showed that restraint stress caused reduced entries in the

elevated plus-maze test, longer latency and reduced time

spent in the target quadrant in the Morris Water Maze. All

the above behavioral changes indicated that prenatal stress

increased level of anxiety and impaired spatial learning and

memory in offspring. The finding is consistent with previ-

ous studies showing that prenatal stress greatly increased

anxiety-like and depression-like activities and compromised

learning and memory abilities in rodents [6, 11, 12, 35].

To antagonize the negative effects of prenatal stress on

offspring, the environmental enrichment during gestation

Fig. 5. Environmental enrichment during gestation increased synaptophysin expression in hippocampus in prenatal-stressed offspring. A–D:

Representative synaptophysin staining in the hilus of the Ctrl, the PS, the PS+ME and the PS+OE groups, respectively. Synaptophysin staining

in PS group (Panel B) was weaker than that of the other three groups (Panel A, C, and D). E: Synaptophysin expression in hippocampus

was detected by western blot. The relative mean grey value ratio in the PS group was significantly higher than that of the other three groups

(*: P<0.05, vs the PS group, n=6/group). Bar=50 µm.
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was studied in the present study. Our results showed that

environmental enrichment from GD14 to GD20 dramatically

increased the number of entries in the open arms and the

time spent there in the offspring, reduced the latency in

finding the platform and prolonged the stay in the target

quadrant in the Morris Water Maze, alleviating behavioral

changes induced by prenatal stress. Bastani and co-workers

reported [3] that in clinical settings, the application of

relaxation training to pregnant women reduced anxiety and

perceived stress and decreased the occurrence of low birth

weight infant. Both Bastani’s data and our present data

proved that maternal intervention could be a preventive and

therapeutic strategy to effectively reduce the developmental

deficits caused by prenatal stress.

Moreover, we compared the beneficial effects of en-

vironmental enrichment during gestation on offspring with

that of the offspring environmental enrichment to achieve

better outcome. Our results did not show any difference in

the elevated plus-maze test and the Morris Water Maze

(Figs. 1 and 2). However, the maternal environmental en-

richment only lasted 7 days, whereas the offspring environ-

mental enrichment lasted 14 days in the present study.

This argues in favor of maternal environmental enrichment

during gestation, since it achieved similar end effects with

a shorter period of intervention. The maternal intervention

was applied before any of the behavioral abnormalities

actually showed up so that it could be regarded as a more

powerful preventive strategy than the offspring environ-

mental enrichment, which functioned more in a damage

control fashion.

2. The effects of environmental enrichment during gestation 

on the synaptic plasticity of offspring hippocampus underlied 

the improvement in the behavior deficits of prenatal-stressed 

offspring

The hippocampus is the major structure regulating the

mood and the formation of spatial memory. Most external

input comes from the adjoining entorhinal cortex (EC), via

the axons of the so-called perforant path and terminates in

the dentate gyrus and CA3. In the end of the loop, pyramidal

cells of CA1 send their axons to the subiculum and deep

layers of the EC. This loop is named the trisynaptic circuit

by Per Andersen [1]. Therefore, the granular cells receiving

most input in the hippocampus and the pyramidal cells in

charge of the output of hippocampus in the CA1 region were

studied by Golgi staining. The expression of synaptophysin

in hippocampus was tested to confirm the staining result.

We showed that prenatal stress significantly reduced the

spine density of CA1 pyramidal cells and granular cells

located in the outer part of the granular cell layer. Spine is

Fig. 6. Environmental enrichment during gestation partially inhibited the decrease of GR expression in the hippocampus of prenatal-stressed

offspring. A–D: Representative GR staining in the CA1 of the Ctrl, the PS, the PS+ME and the PS+OE groups respectively. GR staining in PS

group (Panel B) was weaker than that of the other three groups (Panel A, C, and D). E: The expression of GRs in hippocampus was detected

by western blot. F: The relative mean grey value ratio in PS group was significantly higher than that of the other three groups (*: P<0.05,

n=6/group). Bar=50 µm.
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a specialized postsynaptic protrusion in dendrites where the

signal is received by postsynaptic neurons. Synaptophysin,

a 38 kD transmembrane glycoprotein, is located in the

presynaptic site in all kinds of neurons. Synaptophysin is a

key protein in regulating the release of neurotransmitter in

the presynaptic site [5]. Our immunohistochemical staining

data revealed decreased expression of synaptophysin in the

hippocampus. Our findings suggest that the prenatal stress

undermines the hippocampal trisynaptic connections. The

decreased spine number indicated impaired signal receiv-

ing, while reduced expression of synaptophysin suggested

impaired output in hippocampal circuits. The combination

leads to bigger damage to learning and memory. It was re-

ported that the prenatal stress reduced the spine density in

the prefrontal cortex, the anterior cingulate cortex [25] and

hippocampus [13]. Previous microarray studies found that

a large number of genes encoding pre- and post-synaptic

proteins (including synatophysin) were downregulated by

prenatal stress [4, 16], which may explain the anxiety

behavior induced by prenatal stress [4]. More interestingly,

the data in the present study found that environmental

enrichment during gestation reversed the decreases in the

spine density of CA1 pyramidal cells and granular cells

located in the outer part of the granular cell layer, as well

as the expression of synaptophysin in prenatal-stressed rats.

Yang and co-workers had found that environmental enrich-

ment in the early postnatal days restored long-time potential

in the CA1 region and consequently improved learning and

memory [35]. It was likely that the better performance in

behavior induced by environmental enrichment that we

observed could also be explained by improved synaptic

function in the hippocampus.

Corticosterone is the counterpart hormone of cortisol

in rodents. Excess corticosterone was thought to be a major

stress hormone mediating the effects of prenatal stress [10,

33] Corticosterone acts through binding to two types of

corticosteroid receptors: mineralocorticoid receptors (MRs)

and GRs. GRs were considered to play a more important

part than MRs during hypercortisolemia [23]. Therefore, we

tested the expression of GRs in hippocampus in the present

study. As previously reported [24], our results found that

the prenatal stress greatly reduced the expression of GRs in

the CA1 field as well as in the whole hippocampus. Prenatal

stress also reduced the local expression of GRs in CA2 field

(data not shown). Importantly, environmental enrichment

during gestation prevented the decrease of GRs expression

in the prenatal-stressed rats. The importance of GRs in the

modulation of hippocampus synaptic function was well

investigated in the CA1 subregion [36] and the dentate

gyrus [14]. For example, RU 38486, an antagonist of GRs,

completely blocked the stress-induced synaptic depression,

such as long-term depression, in the hippocampal slice [36].

However, whether the improvement in synaptic morphology

and function by environmental enrichment during gestation

was GR-dependent or not needs to be further explored. In

addition, Lee et al. found that prenatal stress induced long-

term dysregulation of nongenomic glucocorticoid action in

the amygdala of adult offspring, which resulted in abnormal

behaviors of offspring [21]. Thus further study is also needed

to explore whether glucocorticoid and its receptors in the

amygdale are involved in the prevention effects of environ-

mental enrichment during gestation on prenatal-stressed

offspring.

In conclusion, our study proved that environmental

enrichment during gestation decreased anxiety-like behavior

and partially prevented the impairment in learning and

memory in prenatal-stressed rats. Our finding supported

the notion that environmental enrichment during gestation

could serve as an effective preventive strategy against the

damage induced by prenatal stress. The beneficial effects

of environmental enrichment during gestation might be due

to the preservation of synaptic morphology and function in

the hippocampus. The underlying mechanism merits worth

further investigation.
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