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Environmental enrichment (EE), where animals are exposed to a
complex novel environment, has been shown to induce synaptic
plasticity in both intact and injured animals. The purpose of this
study was to investigate the effects of EE on spatial memory and
structural modifications of synaptic junctions in rats following
transient focal cerebral ischemia. Adult male Sprague-Dawley
rats underwent right middle cerebral artery occlusion (MCAO)
for 40 min and reperfusion. On day 3 after MCAO or sham
surgery, rats were randomly assigned for 14 days to enriched or
standard environmental housing. Spatial memory was then
tested by the Morris water maze. Parietal cortex and the CA1
region of hippocampus were processed for electron microscopy
and stereological techniques were used to evaluate plasticity of
synaptic junctions. EE after MCAO improved spatial memory,
with shortened escape length, increased frequency of crossings
at the location of the platform, and increased percentage of time
spent in the quadrant where the platform was previously
located. Synaptic ultrastructural analysis showed that EE after
MCAO increased numeric synaptic density in parietal cortex,
and induced structural changes in synaptic junctions, with a
decreased width of synaptic clefts and increased thickness of
postsynaptic densities (PSD) in parietal cortex and hippo-
campus, accompanying improved performance on the spatial
memory task. Using Western blot analysis, we determined the
expression of glutamate receptor NMDAR1, and PSD-95, the
best characterized protein member of the PSD-95 family, that
was abundantly expressed in the PSD of excitatory synapses.
The results showed that the content of NMDAR1 was not altered
in MCAO rats of EE; however, the phosphorylated NMDAR1
increased significantly when compared with the standard
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environment housing MCAO rats. In addition, EE inhibited the
impaired expression of PSD-95 induced by MCAO in parietal
cortex and hippocampus. These data suggest that improved
spatial memory of cerebral ischemic rats by EE is associated
with structural modifications of synaptic junctions in several
brain regions. Exp Biol Med 234:296-305, 2009
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plasticity; NMDA; PSD-95

Introduction

Ischemic brain injury remains one of the most common
causes of death and disability throughout the world for
which, at present, there is no comprehensive pharmacother-
apy (1). In cerebral ischemia, neural plasticity seen in
regions that surround the primary injury site includes
dendritic restructuring (2—4), reactive synaptogenesis (5),
and enhanced neurogenesis (6). Ischemic insult also
activates a variety of potential growth-promoting processes
including increases in neurotrophic factors (7), and cell
adhesion molecules (8). Thus, it is possible that these
adaptive changes provide a condition that is highly
permissive of behaviorally driven synaptic plasticity. It is
well established that environmental enrichment (EE) can
induce plastic changes in the brains of intact and post-injury
animals. This includes both morphological (e.g., increased
number of neurons and synapses), and behavioral changes
such as improved learning and memory (9, 10). EE
enhances the recovery of both sensorimotor function and
memory impairment after stroke in rodents, without
decreasing infarct volume (2, 11, 12). This is linked to
plastic processes outside the ischemic lesion (9, 13). For
rodents, post-ischemic housing in an enriched environment
enhances brain-derived neurotrophic factor (BDNF) mRNA
and protein expression (14), increases dendrite branching
and dendritic spine density (4), enhances synaptogenesis
(15), and increases the number of synapses with perforated
postsynaptic densities and synaptic terminals that form
multiple synapses in the hippocampus or the neocortex (16).

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

ENRICHMENT AFFECTS SYNAPTIC PLASTICITY IN MCAO RATS 297

The structural modifications accompanying behavioral
training and complex environmental experience reported
previously were in the two major categories: changes in pre-
existing synapses and changes in the number of synapses
(17). The synaptic interface structural modifications in pre-
existing synapses have been shown following behavioural
trainings and complex environmental experience in the
brains of animals (18, 19). Vrensen and Cardozo observed a
significant increase in the thickness of the postsynaptic
density (PSD) and a decrease in the synaptic cleft in the
visual cortex of rabbits after visual training (20). Qiang et al.
found that the process of learning and memory was not
accompanied by alterations in the size of synapses and the
number of synaptic vesicles, but significantly induced an
increase in the thickness of PSD, and a decrease in the width
of the synaptic cleft and the number of local vesicles (19).

PSD is a protein complex that lays postsynaptic
membranes at the synaptic contact zone. In addition to
postsynaptic receptors, PSD also contains key elements
involved in neuronal postsynaptic activity, such as signal-
and scaffolding-proteins that organize the functional post-
synaptic structure (21). The changes of protein-protein
interaction between the receptors and submembranous
scaffolding/signaling proteins of the PSD are reflected in
the variable postsynaptic activity and plasticity (22-24).
These structural modifications are believed to serve as a
morphological basis for changes in behavior and cellular
activity. PSD-95 (postsynaptic density protein of 95 kDa) is
an essential synaptic adaptor protein that is involved in the
anchoring of NMDA receptor (NMDAR) subunits. Because
the PSD-95 protein plays a central role in the regulation of
synaptic function, and is also important in regards to linking
of the synapse to downstream signaling pathways (25), the
PSD-95 protein could also be involved in the process of
hypoxia/ischemia-induced changes that lead to neuronal
damage. Thus, we presume that the improvement effects of
EE on functional outcome in cerebral ischemic rats may be
related to the enhancement in synaptic interface modifica-
tion in the areas of brain related to behavior. In our previous
study, we found that occlusion of the middle cerebral artery
(MCAO) for 40 min limited infarcts to the lateral striatum
and the lateral cortex (infarct core), and the surrounding
cortex (parietal cortex) and hippocampus were moderately
hypoperfused (border zone of infarct) (26). In the current
study, the changes of synaptic structure and the postsynaptic
proteins PSD-95 and NMDA receptor in parietal cortex and
hippocampus were investigated to elucidate the mechanism
underlying the improvement of EE on functional outcome in
cerebral ischemic rats.

Materials and Methods

Preparation of MCAO and Reperfusion Mod-
el. All animal handling and surgery were performed in
accordance with the Care Standard of the Laboratory
Animal (China Ministry of Health publication, 1998). Male

Sprague-Dawley rats, weighing 300-350 g, from Zhejiang
Academy of Medical Science, were subjected to MCAO as
previously described with modification (27). Briefly, the rats
were anaesthetized with chloral hydrate (400 mg/kg, ip).
The right common carotid artery (CCA), the external carotid
artery (ECA) and the internal carotid artery (ICA) were
exposed. A nylon monofilament (diameter, 0.234 mm) with
a blunted tip was introduced into the ECA lumen, and then
gently advanced to the distal ICA until resistance was felt,
which ensured the occlusion of the origin of the middle
cerebral artery. The distance between the CCA bifurcation
and the resistive point was about 19-19.5 mm. During the
entire stroke procedure, rectal temperature was controlled at
approximately 37.0-37.5°C with a heating pad and light.
The filament was withdrawn from the ICA after 40 min to
allow MCA reperfusion. Control rats received sham surgery,
in which an identical procedure was followed but inserting
the filament 5 mm. To monitor occlusion and reperfusion,
the local cerebral blood flow (LCBF) was measured using a
laser-Doppler blood flowmeter (Periflux 4001, Perimed,
Sweden). Two laser-doppler probes were placed on the right
side of the dura at 1 mm posterior and 3 mm and 5 mm
lateral to the bregma (28). LCBF was calculated as the
averaged values during a 1-min period for every 10 min
before and during occlusion, and up to 30 min of
reperfusion. The right femoral artery was cannulated for
monitoring mean arterial blood pressure (MABP) using
Blood Pressure Analyzer (Micro-Med, Inc., Louisville,
Kentucky).

Neurological Functions. Neurological deficits were
evaluated on all sham-operated and MCAO animals at 4 h
after reperfusion. Rats were scored on a four-point scale (0—
4) described by Zea-Longa ef al. (0 =no deficit, 1 = failure
to extend left forepaw fully, 2 = circling to the left, 3 =
falling to the left, 4 = no spontaneous walking with a
depressed level of consciousness) (27). The inclusion of an
animal in the present study was dependent on neurological
score of 2 for MCAO rats (the rate of exclusion is 77.5%,
and nine rats were excluded) or O for sham-operated rats.

Housing Conditions. On the third day after MCAO,
rats were randomly assigned for 14 days to enriched
environment housing or standard environment housing. All
animals were housed in the same room under a 12 h light/12
h dark cycle and had free access to food and water. Room
temperature was maintained at about 22°C and noise level
was kept to a minimum. Animals in the enriched environ-
ment (n = 20 ischemia and » = 20 sham) were housed ten
per cage (five ischemic and five sham animals) for 14 days.
The enriched environment consisted of a cage (2 m X2 m X
1 m) containing a variety of objects such as toys, wooden
blocks, running wheels, Plexiglas tunnels, ladders, plastic
castles, swing, etc. In addition, EE rats were placed daily in
an open field (diameter 120 cm) where they were allowed to
explore a novel arrangement of objects for 10 min during
cage changing. Objects in both EE housing and open field
were changed daily to maintain novelty. Animals assigned
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in the standard environment (7 = 20 ischemia and n = 20
sham) were housed in pairs in standard laboratory cages (29
cm X 21 cm X 34 c¢cm) without any other object than food
cages and water bottles. The sham rats housed in standard
environment were used as controls.

Morris Water Maze. After EE period, rats were
submitted to behavioral testing for the study of spatial
memory in the Morris water maze. The maze consisted of a
black circular pool with 170 cm in diameter filled with water
(temperature 25 £ 1°C) situated in a room with visual cues
on the wall. The pool was geographically divided into four
equal quadrants, with release points in each quadrant
designated as southwest, northwest, northeast, and south-
east. A transparent platform (8 cm in diameter) was located
1 cm beneath the water surface. This escape platform
location was kept constant in the middle of the southwest
quadrant.

In this task the rats (n =9 for each group) were trained
to locate a hidden escape platform in the water pool as
reported by Wilson et al. with modification (29). In brief,
rats were placed into the water facing the wall at each of
those releasing points in a random order. A video camera
mounted above the maze was connected to a computer
tracking system (VideoMot2-BWM, TSE Systems GmbH,
Germany), and was used to record the swim pattern. The
rats were allowed 120 sec to find the submerged platform,
and then allowed to stay on the platform for 15 sec. If the rat
failed to find the platform in the maximum time (120 sec),
the experimenter placed it there for 15 sec. The inter-trail
interval was 60 sec. Each rat performed four trials daily for
4 days. During the training trials, path length with which
each animal found the platform was measured. On the fifth
day, rats were given a 2-min probe trial in which the
platform was removed. The start point for the probe trial
was randomly selected for each subject. The swimming
track of rats was recorded.

Postsynaptic Density (PSD) Preparation. Rats
were decapitated after 2 weeks of enriched environment
housing or standard environment housing (n = 5 for each
group); and brains were rapidly removed and placed on an
ice-cooled plate for dissection of parietal cortex and
hippocampus, and then kept at —80°C until use.

The PSD fraction was prepared as Carlin et al.
described (30) with some modifications. Parietal cortex
and hippocampus were homogenized in 4 volumes of ice-
cold buffer containing 0.32 M sucrose, 1 mM MgCl, and 1
pg/ml leupeptin in 1 mM of HEPES (pH 7.4) using a Potter-
Elvehjem tissue grinder with Teflon pestle, and synapto-
somes were obtained by differential and density gradient
centrifugations as follows: sucrose gradients containing 8 ml
of the resuspended brain preparation and gradients contain-
ing 10 ml each of 1.25 M, 1.0 M and 0.85 M sucrose
solutions were centrifuged for 2 h at 80,000 X g (Beckman
Instruments). The synaptosomal fraction was collected from
the interface of 1.25 M and 1.0 M sucrose and diluted with 1
mM of HEPES, pH 7.4, to 11 ml/g of original tissue. An

equal volume of 1% Triton X-100 in 0.32 M sucrose was
added and stirred at 4°C for 15 min. This suspension was
centrifuged at 36,000 X g for 30 min and the pellets were
resuspended into 0.32 M sucrose (0.4 ml/g of original
tissue). Two milliliters of this material layered onto
gradients in polyallomer tubes containing 4 ml of 2.1 M
sucrose and 3 ml each of 1.5 M and 1.0 M sucrose. The
gradients were centrifuged for 2 h at 200,000 X g (Beckman
Instruments). The postsynaptic fraction was collected from
the 2.1-1.5 M interface with a siliconized plastic pipette and
diluted with 20 mM of HEPES and an equal volume of 1%
Triton X-100 in 150 mM KClI to obtain 0.5 ml/g of original
tissue. The PSD fraction was collected on the 2.1 M sucrose
cushion by centrifugation at 200,000 X g for 40 min. This
interface was then resuspended in 20 mM HEPES, pH 7.4,
and again collected on the 2.1 M sucrose by centrifugation
at 200,000 X g for 30 min. The PSD fraction from the
interface was resuspended by stirring in 40% glycerol. The
protein content of PSD fraction was estimated by a BCA
assay (Pierce, Rockford, IL).

Western Blotting. For Western blots, proteins were
separated by 7.5% SDS-PAGE mini-gels after heating
samples at 90-100°C for 5 min, and transferred to
nitrocellulose membrane using a Trans-Blot system (Bio-
Rad, Hercules, CA). Anti-NMDARI (NMDA receptor
subunits type 1; 1:300) and anti-phospho-NMDARI ser®®
(phosphorylated subunits of NMDA receptor type 1;
1:1000) antibodies were obtained from Chemicon (Teme-
cula, CA, USA) and Upstate Biotechnology (Lake Placid,
NY, USA), respectively. Antibody against PSD-95 (1:5000)
was obtained from ABR (Golden, CO, USA). Immunoblots
were scanned, and the digitized images were analyzed
quantitatively by densitometry with a computer image
analysis system (Quantity One, Bio-Rad Laboratories).

Electron Microscopic Preparations and Mor-
phometric Measurement. After 2 weeks of enriched
environment housing or standard environment housing, rats
were anesthetized with an overdose of chloral hydrate and
intercardially perfused with 0.9% saline followed by 0.1 M
phosphate buffer containing 4% paraformaldehyde and
1.5% glutaraldehyde. The brains were exposed and the
samples were taken from both sides of parietal cortex (B:
0.6 to —0.4 mm) and hippocampal CA1 (B: —3.0 to —4.0
mm), according to the atlas of Paxinos and Watson (28)
(Fig. 1). Tissues were processed for transmission electron
microscopy routinely (19). To ensure consistency between
groups in procedures that may affect tissue shrinkage and
section thickness, tissue from all groups was processed
together for each step of histological processing. The
ultrathin sections (approx. 65 nm thick) were initially
examined at X3000 in a H-600 TEM (Hitachi, Japan)
electron microscope in order to locate the areas for
investigation: the external pyramidal cell layer of parietal
cortex and the stratum radiatum of CAl (~75-100 pm
away from the stratum pyramidale) that receives Schaffer
collateral input.
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Figure 1. Location of cerebral ischemia (infarcted tissue is shown in gray) and regions sampled for electromicrographs: parietal cortex (A) and

hippocampus (B).

Synapses are classified asymmetric and symmetric
synapses, or Gray I type and Gray II type synapses, which
are considered to mediate excitatory and inhibitory trans-
mission respectively (31). Asymmetric synapses (Gray I
type) with prominent post-synaptic densities and relatively
wide synaptic clefts (approx. 20 nm), while symmetric
synapses (Gray II type) with pre- and post-synaptic densities
of equal thickness and narrower synaptic clefts (approx. 12
nm). In the present study, Type I synapses of Gray were
examined for synaptic measurement. Type I synapses of
Gray were identified by the presence of presynaptic and
postsynaptic membrane apposition, synaptic cleft, PSD, and
at least three vesicles in the presynaptic bouton (16) (Fig. 2).

Figure 2. Electromicrographs showing the ultrastructural features of
synapses in hippocampus CA1 area. The limits of the length of
synaptic active zone were indicated by two arrowheads. The
thickness of postsynaptic density (PSD) was at the thickest part of
PSD and limited by two long arrowheads; Po and Pn showed the
synaptic curvature measurement points; SC represents the synaptic
cleft (the mean of three values including the largest, middle, and
smallest); SV represents synaptic vesicles.

The width of synaptic cleft (the mean of three values
including the largest, middle, and smallest), the thickness of
PSD at the thickest part, the length of the active zones (Fig.
2), and the curvature (Fig. 3) of the synaptic interface (19)
were examined using a graph analyzer (Chendu, China).
Electronmicrographs of synapses were taken at magnifica-
tion of 25,000. Approximately 60 micrographs of each
group were examined, and six animals were included in each
group. The rats used for the anatomical/immunocytochem-
ical parts of the study were not used in the water maze test.

The dissector technique proposed by Gundersen (32)
was adopted in the present study for estimation of numeric

convex synapse

FANERVANSEVANEIVAN

flat synapse

concave synapse

. _ 4 _ a
Synaptic curvature = — = ——
b PnPo
Figure 3. Three types of the synaptic interface and the synaptic
curvature measurement.
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Figure 4. Environmental enrichment significantly improved acquis-
ition of the spatial task. Swim distance (A) was recorded during the
platform trials of the spatial water maze task (trials 1-4 of each
session). Each point represents the mean + SEM of each group for
trials 1-4. (B) Percentages of time spent in the pool quadrants were
recorded and calculated. All groups showed an increased preference
(A P < 0.05 or AA P < 0.01, compared with any of the other
quadrants) to search the target quadrant where the platform used to
be. SS, sham rats of standard environment housing; SE, sham rats of
enriched environment housing; IS, ischemic rats of standard
environment housing; IE, ischemic rats of enriched environment
housing. n =9 for animals. * P < 0.05, compared with SS; # P <
0.05, compared with IS.

synaptic densities. Briefly, 15-25 pairs of adjacent ultrathin
sections were analyzed from parietal cortex and hippo-
campal CAl of each animal. In each pair of sections, two
unbiased disector frames (6-5 pm) were arranged in a
pseudo-random fashion. The first section was considered the
‘reference’ and the second, the ‘look-up’ section. Within the
frame, the number of synapses that were present in the
‘reference’ section and absent in the ‘look-up’ section (Q)
was counted. Each section was used as both ‘reference’ and
‘look-up’ sections in a way that synapses were counted as
they disappear while moving in both directions through the
series of sections. The dissector volume of tissue within
which the synapses were counted (Vys) was estimated as
Viis = Aframetl, Where Agame 1 the unbiased counting frame,
t is section thickness (65 nm, based on microtome settings),
and n is the number of sections through which the counting

was done. Synaptic density was then calculated as: Nv=0"/
Vais- The number of animals was six in each group.

Statistical Analysis. The data were expressed as
mean = SEM. The effects of housing conditions and
training upon water maze performance were evaluated by
two-way repeated measure ANOVA. Difference between
groups was then tested using the Tukey’s test. Statistical
analysis of the optical densities (OD) and morphometric
measurement was performed by Tukey’s test following one-
way ANOVA. The statistical significance was accepted at P
< 0.05.

Results

In the experiment, 40 min MCAO induced an
immediate reduction of LCBF in the border and core of
infarction. The mean LCBF were 26.3 = 3.4% and 42.1 =
4.5% of baseline (P < 0.01) in the core and the border,
respectively, during the ischemic period. Following with-
drawal of the intra-luminal suture, LCBF recovered to 70—
85% of baseline and gradually returned to baseline level 30
min after reperfusion. Though MABP slightly rose during
ischemia, it was not statistically different from that before
MCAO.

Morris Water Maze. MCAO did not impair the
velocity in the Morris water maze, but severely impaired
spatial memory in rats. The average distance to reach the
platform (escape length) was significantly increased in the
MCADO rats during the training period of 4 consecutive days
when compared to sham rats (P < 0.01). However, housing
in the enriched environment shortened the escape length not
only in MCAO rats but also in sham rats. On test day 4, the
escape length in MCAO rats of enriched environment (IE)
housing was significantly shortened by 45.3% when
compared with those of standard environment (IS) housing
(P < 0.01), and shortened by 34.1% in sham rats of
enriched environment (SE) housing when compared with
those of standard environment (SS) housing (P < 0.05).
Moreover, the SE has a shorter escape length when
compared to IE (Fig. 4A).

The results of the probe trials showed that all rats
demonstrated normal memory retention during the probe
trial (with hidden platform removed) of the water maze
training, because all groups showed an increased preference
to search for the target quadrant where the platform was
previously located when compared with any of the other
quadrants (Fig. 4B). However, the frequency of crossings
where the platform had been and the percentage of time
spent in the quadrant where the platform had been during
training, were obviously decreased in MCAO rats when
compared to sham rats (P < 0.05) (Fig. 4B). After enriched
environment housing for 14 days, the frequency of crossings
in the quadrant where the platform was previously located
and the percentage of time spent in the quadrant where the
platform was previously located, were increased in MCAO
rats (P < 0.05) (Fig. 4B).
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Figure 5. Effects of environmental enrichment on numeric synaptic
density (N/um®) in dorsolateral cortex and hippocampus CA1 areas
of MCAO and sham rats. The results are expressed as mean + SEM,
n =6 for animals. SS, sham rats of standard environment housing;
SE, sham rats of enriched environment housing; IS, ischemic rats of
standard environment housing; IE, ischemic rats of enriched
environment housing. * P < 0.05, compared with SS; # P < 0.05,
compared with IS.
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Synaptic Ultrastructural Measurement and An-
alysis. The synaptic numeric density (Ny) was not affected
in the hippocampus, but significantly decreased in parietal
cortex (P < 0.05) after MCAO (Fig. 5). In addition, some of
the structural parameters of the synaptic junction were
altered by MCAO (Fig. 6), with a widened synaptic cleft, a
thinned PSD, and a shortened synaptic active zone in both
parietal cortex and hippocampus. EE inhibited the structural
alterations induced by MCAO. Compared with IS, EE
attenuated MCAO-induced decrease in the synaptic numeric
density by 26.8% (P < 0.05) (Fig. 5) in parietal cortex,
declined the width of synaptic cleft by 16.4% (P < 0.05) in
parietal cortex and by 15.2% (P < 0.05) in hippocampus,
increased the thickness of PSD by 22.9% (P < 0.05) in
parietal cortex and by 24.1% in hippocampus (P < 0.01)
(Fig. 6). The enhanced effects of EE on synaptic junction
structure were also observed in sham rats, with a decreased
synaptic cleft width and increased thickness of the PSD in
parietal cortex (P < 0.05 and P < 0.05) and in hippocampus
(P < 0.05 and P < 0.01); the SE had the thinnest synaptic
cleft and the thickest PSD among the groups (Fig. 6). The
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Figure 6. Effects of environmental enrichment on the structural modification of synaptic interface in dorsolateral cortex and hippocampus CA1
areas of MCAO and sham rats. (A) The width of synaptic cleft; (B) the thickness of PSD; (C) the curvature of synaptic interface; (D) the length of
synaptic active zone. The results are expressed as mean + SEM, n=60 for synapses. The number of animals was 6 in each group. SS, sham
rats of standard environment housing; SE, sham rats of enriched environment housing; IS, ischemic rats of standard environment housing; IE,
ischemic rats of enriched environment housing. * indicates that the value differs from SS at P < 0.05 and ** indicates P < 0.01; # indicates that

the value differs from IS at P < 0.05 and ## indicates P < 0.01.
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Figure 7. Effects of environmental enrichment on the immunocon-
tent of PSD proteins in dorsolateral cortex and hippocampus of
MCAQ and sham rats. Western blot and quantification of band
intensity are shown. Results are mean = SEM, n = 5 tissue
preparations for all experiments. SS, sham rats of standard environ-

other synaptic junction structural parameters, such as the
curvature of synaptic interface and the synaptic active zone,
were not significantly different between the EE housing and
standard environment housing groups (P > 0.05).

The Immunocontent of Postsynaptic Pro-
teins. Since the number and the activity of NMDA
receptor are associated with glutamatergic synaptic strength,
and the phosphorylation of NMDA receptor subunits affects
the receptor’s activity, the immunocontent of NMDART1 and
phosphorylated NMDART1 in parietal cortex and hippo-
campus were assessed, aiming to better characterize the
effects of EE on synaptic modification in MCAO rats. There
were no statistically significant differences in the immuno-
content of NMDA1 between sham and MCAO rats;
however, phosphorylated NMDA receptor subunit, phos-
pho-Ser®*-NMDAR1 was reduced by MCAO in both
parietal cortex (P < 0.05) and hippocampus (P < 0.01)
(Fig. 7). EE did not affect the immunocontent of NMDARI,
but increased the phosphorylation of NMDARI of these
brain regions, especially in MCAO rats (Fig. 7). In addition
to postsynaptic receptors, PSD also contains signaling- and
scaffolding-proteins that organize the functional postsynap-
tic structure (33). Thus, we also quantified PSD protein
PSD-95, which anchor glutamate receptors. The results
showed that MCAO markedly decreased immunocontent of
PSD-95 in parietal cortex and hippocampus (P < 0.05)
when compared to the sham rats (Fig. 7). EE inhibited the
down-regulation of PSD-95 in protein level induced by
MCAO, with a promoted immunocontent by 88% (P <
0.01) in parietal cortex and by 75% (P < 0.01) in
hippocampus when compared to MCAO rats housing in
standard environment. In addition, EE increased immuno-
content of PSD-95 protein (P < 0.05) of both brain regions
in sham rats.

Discussion

The main findings of the present study are that: (i)
along with enhanced functional recovery, surviving neurons
in parietal cortex and hippocampal regions of the adult rat
continue to exhibit synaptic plasticity after transient focal
cerebral ischemia, evidenced by significant structural
modifications in the synaptic junctions after behavioral
experience in the enriched environment; and (ii) EE
increased expressions of phosphorylated NMDAR1 and
PSD-95 in parietal cortex and hippocampal regions
surrounding the primary site of injury resulted from
transient focal cerebral ischemia. Improved spatial learning,
increased structural synaptic plasticity and expression of
postsynaptic proteins seen in the sham rats from the

-
ment housing; SE, sham rats of enriched environment housing; IS,
ischemic rats of standard environment housing; IE, ischemic rats of
enriched environment housing. * indicates that the value differs from
SS at P < 0.05 and ** indicates P < 0.01; ## indicates that the value
differs from IS at P < 0.01.
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enriched environment in the present study are an expected
finding given previous reports that behavioral experience in
a complex environment appears to benefit cortical plasticity
and learning abilities at any point in the lifespan (9, 34).

Environmental enrichment (EE), as a stimulation
paradigm, involves a combination of increased social
interaction, physical exercise and continuous exposure to
learning tasks and produces interesting effects (35). It has
been reported that experience in the complex environment
following ischemic injuries enhanced neural plasticity,
including enhanced neurogenesis, dendritic restructuring
and reactive synaptogenesis (36). Ultrastructural changes,
such as increased synapses with multiple synaptic boutons
and dendritic spine density, were also found in cerebral
ischemic rats after experience in the complex environment
(15). In the present study, we also found an increased
synaptic numeric density in parietal cortex of MCAO rats
after EE housing. However, it remains unclear so far
whether the structure of synaptic interface altered following
EE in MCAO rats. Thus, in this study, we examined the
effects of enriched environment exposure after transient
focal cerebral ischemia on structural modification in
synaptic junctions. The results of the present study showed
that the structural alterations of synaptic interface, including
a widened synaptic cleft and a thinned PSD induced by
MCADO, were attenuated following post-ischemic housing in
enriched environment. The structural modifications of
synaptic junctions in pre-existing synapses are important
for synaptic transmissive efficiency alteration. Previous
studies found that learning and memory impairments were
accompanied by a decreased thickness of the PSDs and
increased synaptic cleft width (37). Long-lasting LTP
induced increases in synaptic junctions curvature and PSD
thickness, as well as decrease in the cleft width (18). EE
housing increased PSD length in the visual cortex (7). Our
results suggest that EE not only increases the synaptic
numeric density but also modulates structural modifications
of synaptic junctions outside the ischemic lesion in cerebral
ischemic rats, and the improved spatial memory of MCAO
may be associated with the enhanced synaptic structural
plasticity in areas adjacent to the injury site after EE.

The PSD has long been considered to be made up of a
mixture of proteins, such as cytoskeletal and scaffold
proteins, glutamate receptors, calmodulin binding protein,
ion channels, and signaling molecules (38). It is becoming
increasingly clear that the PSD is a dynamic structure whose
morphology and composition change with activity, reflect-
ing trafficking and reorganization of its components (39).
The interactions of post-synaptic proteins are involved in
neuronal differentiation, synaptogenesis, synaptic plasticity
and the processes of learning and memory (40—42). Changes
in the abundance and organization of PSD components as
well as their functional modification are likely to be
mediated, at least in part, through changes in the
phosphorylation states of proteins. NMDA receptors exert
a key role in neuronal excitability and synaptic signaling

through a fine control of its channel activity. Accordingly,
phosphorylation of NMDA receptors increases the ion
current through the receptor, whereas their activity
decreases by action of protein phosphatases (21). It has
been suggested that NMDA receptors activity is an essential
step to experience-induced synaptic plasticity in hippo-
campus (43). Therefore, the increased phosphorylation of
NMDARI1 and unchanged immunocontent of NMDARI in
parietal cortex and hippocampus of MCAO rats following
EE in the present study, suggest increased NMDA receptor
activity by EE.

PSD-95 is the best characterized protein member of
PSD-95 family, which anchors receptors, maintaining the
architecture and functionality of the PSD (44). Our present
results showed that the immunocontent of PSD-95 accom-
panied the increase in phosphorylation of NMDARI
following EE in both sham and MCAO rats. Previous
studies support the importance of PSD-95 proteins in
synaptic plasticity and in the control of synaptic strength. In
rodent hippocampal neurons where PSD-95 was over-
expressed, both the density of dendritic spines and the
amplitude of miniature excitatory postsynaptic currents
were increased (45). The phenotype of PSD-95 mutant mice
presented with impaired spatial learning abilities and altered
LTP (39). Behavioral training increased the immunocontent
of PSD-95 protein (43, 46). Increases in PSD-95 gene
expression or protein levels have also been detected in
cortex and hippocampus following EE and other exper-
imental manipulations, which induce synaptic plasticity
(33). In addition, it was found that perinatal hypoxia
resulted in the impaired expression of the PSD-95 protein in
the hippocampal CAI1 region of rats (25). Altered PSD-95
expression was also involved in hypoxia-induced changes
leading to neuronal injury for the adult brain (23, 47). In the
present study, we found that the thickness of PSD and
immunocontent of PSD-95 in both parietal cortex and
hippocampus of MCAO rats were markedly decreased,
while the synaptic numeric density did not change in the
hippocampus. This suggests that the decreased expression of
PSD-95 is associated with the thinned PSD but not lost
synapses in the MCAO rats. EE increased the thickness of
the PSDs as well as increased the expression of PSD-95 in
the MCAO rats.

It has been suggested that PSD-95 through its multiple
protein interaction domains can mediate the association of
NMDAR with different downstream signaling elements,
thereby regulating bi-directional synaptic plasticity (21).
Moreover, it has been shown that activity-dependent
synaptic plasticity can modulate PSD-95 association with
NMDAR thus affecting the dynamic interactions between
CaMKII, PSD-95 and NMDAR (48). Chen et al. found that
perinatal hypoxia resulted in a decreased protein expression
for the PSD-95 and total NMDAR level, as well as a
reduced interaction between PSD-95 and NMDAR subunits
(25). Hypoxia-ischemia activated calpain, a calcium-
dependent protease, truncating the C-terminal domain of
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NMDAR subunits, thereby resulting in the loss of the ability
of the subunits to bind to PSD-95 for adult animals (22).
These findings together with the present results raise the
possibility that EE enhances protein-protein interactions
between PSD-95 and postsynaptic proteins, such as NMDA
receptors, thereby contributing to structural modification of
synaptic interface and improved learning and memory of
cerebral ischemic rats. The answers provided by this
research in rodents will be hopeful for further studies on
the neurobiological mechanisms of recovery of cognitive
functions after ischemic stroke.
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