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Vascular dementia ranks as the second leading cause of dementia in the United States. However, its underlying
pathophysiological mechanism is not fully understood and no effective treatment is available. The purpose of the
current studywas to evaluate long-term cognitive deficits induced by transient middle cerebral artery occlusion
(tMCAO) in rats and to investigate the underlyingmechanism. Sprague–Dawley ratswere subjected to tMCAOor
sham surgery. Behavior tests for locomotor activity and cognitive function were conducted at 7 or 30 days after
stroke. Hippocampal long term potentiation (LTP) and involvement of GABAergic neurotransmission were
evaluated at 30 days after sham surgery or stroke. Immunohistochemistry and Western blot analyses were
conducted to determine the effect of tMCAO on cell signaling in the hippocampus. Transient MCAO induced a
progressive deficiency in spatial performance. At 30 days after stroke, no neuron loss or synaptic marker change
in the hippocampuswere observed. LTP in bothhippocampiwas reduced at 30 days after stroke. This LTP impair-
mentwas preventedbyblockingGABAA receptors. In addition, ERK activitywas significantly reduced in bothhip-
pocampi. In summary, we identified a progressive decline in spatial learning and memory after ischemic stroke
that correlates with suppression of hippocampal LTP, elevation of GABAergic neurotransmission, and inhibition
of ERK activation. Our results indicate that the attenuation of GABAergic activity or enhancement of ERK/MAPK
activation in the hippocampus might be potential therapeutic approaches to prevent or attenuate cognitive im-
pairment after ischemic stroke.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Stroke ranks as the fourth leading cause of death in the United
States, with ischemic stroke comprising more than 80% of total stroke.
The stroke patients must not only survive the acute stages of infarction,
but they must then cope with the ongoing neurological impairment.
Stroke is themost common cause of permanent disability among people
in the United States and is associated with a high incidence of deficits in
both sensorimotor function as well as cognitive ability (Phipps, 1991).
Epidemiological studies have shown that the prevalence of dementia
in ischemic stroke patients is nine-fold higher than controls at 3 months
(Tatemichi et al., 1992), and 4–12 times higher than in controls 4 years
after a lacuna infarct (Loeb et al., 1992). Many of these dementias
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developed progressively after stroke, and thus cannot be interpreted
as direct consequence of the primary ischemic damage (Tatemichi
et al., 1994).

Middle cerebral artery occlusion (MCAO) in rodents is considered to
be a convenient, reproducible, and reliable model of cerebral ischemia
in humans. MCAO typically results in extensive damage in the cortex
and caudate putamen, and sensorimotor behavior impairment has
been extensively studied in ischemic stroke models. Spontaneous
partial or complete recovery of sensorimotor function has been reported
consistently over time after ischemic stroke (DeVries et al., 2001;
Markgraf et al., 1992; Yonemori et al., 1999). On the other hand, the as-
sessment of the cognitive impairment afterMCAOhas yielded conflicting
results (Bingham et al., 2012; Bland et al., 2000; DeVries et al., 2001).
Characterization of long-term cognitive outcome after stroke will be
critical for discovery of therapeutic approaches and evaluating efficacies
of potential therapeutic agents.

In the present study, the progression of impaired spatial learning
and memory performance after ischemic stroke was evaluated
in a rat model of transient focal cerebral ischemia. Then, potential
underlying mechanisms of the progressive impairments were studied
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in the hippocampus, a brain region recognized to play a vital role
in spatial information processing and memory formation. Our study
demonstrated a progressive decline in capacity to acquire spatial
learning after ischemic stroke, which could be attributed to functional
changes in the hippocampus distal to the primary infarct area.

Materials and methods

Animal and experimental procedures

All procedures were approved by the IACUC of UNTHSC. Transient
middle cerebral artery occlusion (tMCAO) was induced in adult male
Sprague–Dawley rats (225 to 250 g, Charles River, 2–3 months old)
as described previously (Liu et al., 2010). Rats were assigned to one
of the three groups randomly: (1) sham control, (2) 7 days post
tMCAO and (3) 30 days post tMCAO. The left middle cerebral artery
was occluded by a 3-0 monofilament suture for 1 h. Sham surgery
was performed as per tMCAO with the exception that no suture was
introduced into the internal carotid artery. Separate groups of the
rats were allowed to recover from surgery for different time periods.
Laboratory staff performing behavioral assessments and biochemical/
LTP measurements had no knowledge of the group assignments at the
time of testing/assay.

Behavioral assessments

Spontaneous locomotor activity and spatial learning and memory
tests were conducted in separate groups of the rats beginning either
at 7 days or at 30 days after tMCAO. Spontaneous locomotor activity
was measured using a Digiscan apparatus (Omnitech Electronics) as
described previously (Forster and Lal, 1991). For each of the testing
sessions the rats were placed in clear acrylic chambers for a period of
60 min. The apparatus recorded the distance traveled in cm (i.e., forward
locomotion) and the time spent in a 36 × 36 cmzone in the center of the
chamber. After thefirst test (test 1), the ratswere re-tested at 37, 52, and
97 days after tMCAO.

Spatial learning/memory was tested using a Morris water maze as
described previously (Sumien et al., 2006). During a pre-training
phase, the rats were allowed to swim from one end of a straight
alley that was submerged partially in the water maze tank, and
climb to a hidden platform at the other end, where they remained
for 10 s before being returned to a holding cage. A black tent over
the tank prevented rats from exposure to spatial cues in the room
during this phase. The pre-training sessions were conducted during
the morning and afternoon of 2 consecutive days; they each consisted
of 5 trials conducted at 10-min intervals. The black tent and alley were
removed during 4 subsequent sessions (spatial acquisition phase) during
which rats swam in the open tank from one of 4 different starting
Fig. 1. Increase of spontaneous locomotor activity after tMCAO. A. Movement of the rat in open
after tMCAO. The animals werefirst tested (test 1) at 7 or 30 days after tMCAO in 7-day (n = 13
52, and 97 days after tMCAO or sham surgery (sham) (**p b 0.01).
positions until they located the platform, which remained in a fixed
position just below thewater surface. Efficiency in reaching the platform
on each trial was considered in terms of the path length and swim speed
as assessed using a contrast video tracking system. Spatial acquisition
sessions were conducted during the morning and afternoon of 2 con-
secutive days and consisted of 5 trials separated by 10 min. Sessions
conducted on days 3 and 4 began with a probe trial during which the
platform was lowered for 30 s, and memory performance was consid-
ered proportional to the time spent in a 20-cm annulus around the
platform location. The probe trials were followed by 5 trials in which
the platform was available in its location from the training phase.
On the afternoon of day 4, the platform was moved to a new location
and the efficiency of each rat to learn the new position was measured
subsequently on five trials. Training to the new location was continued
on day 5 for 5 trials, and this was followed by a probe trial (as described
above) 10 min following the last trial.

A test of visually-cued learning in the Morris water maze was
conducted following the test for spatial learning and memory. During
this phase, the location of the platform was shifted on each trial
but the location was identified by a triangular flag (5 cm each side,
11 cm2) that was raised above the surface of thewater. Visible platform
sessions consisting of 5 trials at 10-min intervals were administered
in the morning and afternoon of two consecutive days. Each trial began
from a different starting point in the tank.

Electrophysiological analysis

Rats were sacrificed at 30 days after tMCAO or sham surgery.
Transverse hippocampal slices (350 μm thickness) were prepared
and incubated in oxygenated artificial CSF. LTP of CA3–CA1 synapses
from two bisected hippocampal slices of same animal was recorded
simultaneously in two stations. Theta burst stimulus (TBS) protocol
was used to induce LTP. For the experiment using GABAA receptor
antagonist, picrotoxin (60 μM) was applied to the bath 10 min before
TBS and continuously perfused throughout the recordings. The field
excitatory postsynaptic potentiation (fEPSP) slopes were calculated
with Clampfit 10.2, and all the slope values were normalized against
the average slope over the 10 min before the tetanus. Magnitude
of LTP was expressed with average value of normalized fEPSP slopes
from 50 to 60 min following the tetanus.

Neuropathological and Western blot analysis

Immunohistochemistry of NeuN (Santa Cruz) was conducted in
paraffin-embedded brain slices from sham and stroke rats sacrificed
at 30 days after stroke as described previously (Li et al., 2011).
Immunohistochemistry of pERK was conducted using frozen sections.
For Western blot analyses, brains were harvested at 30 days after
field test for locomotor activity (**p b 0.01). B. Increase of center time at 52 and 97 days
) or 30-day (n = 15) group, respectively. Then, theywere repeatedly tested (test 2) at 37,



20 W. Li et al. / Neurobiology of Disease 59 (2013) 18–25
tMCAO or sham surgery to evaluate expression of synaptic markers:
NR2b, GluR4, PSD95 and GABAA receptor γ2 subunit (Santa Cruz)
in the hippocampus. Band intensity was normalized to actin for quan-
titative analysis. Activation of Mitogen-activated protein (MAP)
kinases (MAPK) pathway was evaluated by Western blots: phospho-
P38 (pP38), P38, phospho-JNK (pJNK), JNK, phospho-ERK (pERK) and
total ERK (cell signaling).

Statistical analysis

Data were expressed as mean ± SEM. Student's t-test (paired or
unpaired) or one or two-way ANOVA with the Student–Newman–
Keuls multiple comparison test was used to determine statistical signif-
icance (p b 0.05). Spatial learning andmemory datawere considered in
Fig. 2. Ischemic stroke induced progressive spatial learning/memory impairment. A. Path l
Morris water maze for separate groups of rats tested 7 days following tMCAO (n = 13) vs.
using pooled error term from ANOVA). B. Path length ± SEM as a function of trials for separa
sham control (n = 19). C. Percent time spent in an annulus 20-cm around the platform
represents chance level of probe performance (*p b 0.05 vs. sham control). D. Path length o
3-way analyses of variance, with Trials and Days as within-groups
factors, and Treatment as a between groups factor. Planned individual
comparisons of treatment groups with control on specific trials were
performed using single degree of freedom F tests within the 3-way
interaction.

Results

Progression of functional impairment after ischemic stroke

A significant increase of spontaneous locomotor activity was
observed for rats tested 30 days after tMCAO (Fig. 1A). There was
an increase in the mean of time spending within the center zone
of the chamber for tMCAO groups when tested at 7 and 30 days
ength ± SEM as a function of trials during the spatial learning and reversal phases of
sham control (n = 19). Down arrows indicate probe trials (*p b 0.05 vs. sham control
te groups of rats tested 30 days following tMCAO (n = 15) as compared with the same
location during probe trials during acquisition and reversal phases. The dotted line
f the rats during their last session of visible platform.

image of Fig.�2
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after stroke, that was not statistically significant (p N 0.05) (Fig. 1B,
test 1). During a retest at 52 and 97 days after tMCAO (Fig. 1B, test 2),
the time spent in the center zone by these rats was significantly
increased (Fig. 1B).

By the end of the pre-training phase, all rats in the sham control
and 7- and 30-days post tMCAO groups could swim efficiently and
climb on to the platform using the straight alley. By the end of the
spatial acquisition phase on day 2, all rats had also learned to navigate
the water maze and reach the platform efficiently from different
starting positions in the open tank (Figs. 2A and B). However, groups
that had received experimental stroke showed less efficient naviga-
tion when compared to the sham control group during the first five
trials of acquisition and had poorer retention during the first trial of
session 2. This deficit was more severe in the 30-days post tMCAO
group than in the 7-days post tMCAO group and, additionally, the
30-days post tMCAO rats showed a deficit in probe trial performance
(Fig. 2C) and in learning the new platform position. Analyses of vari-
ance conducted on the path length data for acquisition and reversal
phases yielded significant Trial × Day × Treatment interactions in sup-
port of the above observations, which suggested a time-dependent in-
crease in deficient spatial performance in the water maze following
tMCAO.

The test of visually cued learning conducted following the spatial
acquisition and reversal phases failed to suggest a significant effect
Fig. 3. Ischemic stroke decreased hippocampal LTP in both hemispheres at 30 days after tM
slices from sham control and stroke rats at 30 days after tMCAO. B. Paired-pulse facilitation. T
(EPSP2/EPSP1) are plotted against interpulse intervals. C. Time course of the fEPSP slopes
recorded before (a) and after (b) TBS in hippocampal slices from sham control or stroke ra
tMCAO (*p b 0.05, stroke vs sham control).
of Treatment group on the ability of the rats to locate a platform
tagged by a flag (p = 0.146), suggesting no obvious visual deficits
had developed following tMCAO (Fig. 2D). Furthermore, the spatial
learning and memory deficits were also not likely due to motor
impairments as there was no effect of treatment group on path
independent swim speed during pre-training, acquisition, or reversal
(Supplement Fig. 1).
Hippocampal LTP is reduced after ischemic stroke

We measured the input–output relationship by stimulation
of Schaffer collaterals at increasing current intensities (30–100 μA).
Input–output curves for control rats and stroke rats at 30 days after
tMCAO were not statistically different for a given stimulation current
(Figs. 3A). The average slopes of fEPSP from both hippocampi evoked
by 100 μA stimulus are 0.903 ± 0.106 mV/ms in sham (n = 19), and
0.875 ± 0.100 mV/ms in tMCAO animals (n = 24), respectively
(p N 0.05). Moreover, no difference in input–output curves was ob-
served between the ipsilateral and contralateral hippocampi from
stroke animals (Fig. 3A). We compared paired-pulse facilitation (PPF),
a calcium-dependent form of presynaptic plasticity. Similar to input–
output relation, we observed no difference in PPF between control
and tMCAO groups across a range of inter-stimulus intervals (Fig. 3B).
CAO. A. Input–output relationship shows the basic synaptic property of hippocampus
he ratios of the EPSPs amplitude evoked by second stimulus to that by the first stimulus
in sham control (n = 11) and stroke rats (n = 14). Representative traces of fEPSPs
ts. D. LTP amplitude was indiscriminately reduced in both hippocampi at 30 day after

image of Fig.�3
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These data suggest that general synaptic transmission and presynaptic
plasticity are not altered in the CA1 area after tMCAO.

We investigated hippocampal LTP in rats sacrificed at 30 days after
tMCAO. Hippocampal LTP in rats at 30 days after tMCAO (146 ± 8.1%,
n = 14)was significantly reduced comparedwith that in shamcontrols
(176 ± 12%, n = 11, p b 0.05) (Fig. 3C). Moreover, no significant dif-
ference was observed in LTP between the ipsilateral and contralateral
hippocampi at 30 days after tMCAO (137 ± 11%, ipsilateral, n = 9;
148 ± 8.8% contralateral, n = 10; p N 0.05). Taken together, these
data indicate that tMCAO reduces LTP in both hippocampi without
affecting synaptic transmission and presynaptic plasticity.

LTP impairment after stroke is mediated by GABAA receptors

We evaluated GABAergic neurotransmission and its potential role
in the suppressed hippocampal LTP after ischemic stroke. In the pres-
ence of 60 μM picrotoxin, hippocampal LTP of the rats at 30 days after
tMCAO was significantly increased (from 146 ± 8.1% to 179 ± 9.7%,
p b 0.05), and was not significantly different from that of sham
controls (190 ± 13% in sham, n = 7; 179 ± 9.7% in tMCAO, n = 11.
p N 0.05) (Fig. 4A). In addition, the magnitude of LTP increase in
picrotoxin-treated slices was much greater in tMCAO group (33%,
from 146 ± 8.1% to 179 ± 9.7%) than that in the sham control animals
(14%, from 176 ± 11% to 190 ± 13%). However, no significant differ-
ence in the expression of GABAA receptor γ2 subunit was found with
Western blot in the hippocampus between stroke and sham control
animals (Figs. 4B, C). These data indicate that functional enhancement
in GABAergic neurotransmission might be involved in LTP inhibition
in the hippocampus after tMCAO.

Transient MCAO reduces ERK activity in the hippocampus

Obvious lesions in the cortex and striatum were observed in all
stroke rats after tMCAO. H&E staining and immunohistochemistry of
NeuN indicated that there was no obvious neuron loss in the hippo-
campus at 30 days after tMCAO. TNUEL staining indicated that there
was no obvious apoptosis in the hippocampus at 10 days and 30 days
after tMCAO, while there was apparent apoptosis in the lesion area
of the cortex at 10 days after tMCAO (Fig. 5A). Ischemic damage was
also observed in the anterior part of the entorhinal cortex (Fig. 5A).

We evaluated expression of NMDA receptor subunit NR2b, AMPA
receptor subunit GluR4, and postsynaptic marker PSD95 with Western
blot analyses. Quantitative analyses indicated no significant change
in the expression of these markers at either ipsilateral or contralateral
hippocampus compared with sham controls (Fig. 5B).

We investigated the MAPK pathways in the hippocampus at
30 days after tMCAO. No obvious changes of JNK and P38 pathways
were observed in rats at 30 days after tMCAO compared to sham
controls (Fig. 6A). On the other hand, a significant decrease in
Fig. 4. Inhibition of GABAA receptor function attenuated hippocampal LTP impairment after t
not significant). Representative Western blots (B) and quantitative analysis (C) of GABAA γ2
tMCAO (n = 5).
ERK activation was found in both hippocampi at 30 days after
tMCAO compared with control rats (n = 5, p b 0.01) (Figs. 6B, C).
Consistently, immunohistochemistry indicated a loss of pERK in
neurons at both hippocampi at 30 days after tMCAO (Fig. 6C).

Discussion

Ischemic stroke is associated with a high incidence of sensorimo-
tor and cognitive dysfunction. Both sensorimotor and cognitive
impairments have been demonstrated in rats after MCAO. Sensorimo-
tor impairment has been extensively studied in rats after MCAO.
Spontaneous partial or complete recovery of sensorimotor function
has been frequently reported over time after ischemic stroke in this
model (DeVries et al., 2001; Karhunen et al., 2003; Markgraf et al.,
1994, 1997; Roof et al., 2001; Yonemori et al., 1999). On the other
hand, a progressive cognitive function impairment was indicated
(Yang et al., 2006).

Traditional concepts of vascular dementia postulate that cognitive
decline in patients with ischemic stroke results from stroke alone
when a large volume of brain is affected by the infarct, which over-
comes the brain's compensatory mechanisms. In addition, vascular
dementia is not always related with large infarct (Roman et al., 1993).
Clinically asymptomatic vascular brain injurymight also cause cognitive
impairment (DeCarli, 2013). As many dementias develop progressively
after stroke, an outcome that is difficult to interpret as a direct deficit
induced by the primary cerebral damage. Rather, the progressive course
of dementia suggests a progressive degenerative disorder (Tatemichi
et al., 1994; Yang et al., 2006). The experimental protocols and indices
of cognitive performance used in previous studies of experimental
stroke injury have varied considerably, and this may account for signif-
icant inconsistency in the reported outcomes (Bingham et al., 2012).
However, deficient performance of rats in the Morris water maze and
other spatial tasks, which is a reliable outcome following hippocampal
damage (Winocur andMoscovitch, 1990), would appear to be a consis-
tent outcomeover time afterMCAO(Binghamet al., 2012;DeVries et al.,
2001; Karhunen et al., 2003). In the present study, rats showed a
progressive impairment of spatial learning and memory after ischemic
stroke, which might be best described as initially a delayed acquisition,
followed later by an impaired rate of learning and impaired retention
which could be detected in the absence of visual or sensorimotor im-
pairment. Neuropsychiatric symptoms are a common accompaniment
of dementia (Lyketsos et al., 2002). In concordancewith the progressive
cognitive deficit after transient cerebral ischemia, the spontaneous
locomotor activity showed a delayed increase in center zone time after
transient focal cerebral ischemia, suggesting a progressive anxiolytic
effect induced by ischemic stroke.

The current study was focused on the cognitive function after
stroke. Nonetheless, our spontaneous locomotor activity test does
not show a progressive decrease of motor activity after stroke. Instead,
MACO. A. LTP impairment after stroke is attenuated by picrotoxin (PTX) (*p b 0.05, NS:
subunit expression in the hippocampus of sham control and stroke rats at 30 days after
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Fig. 5. Neuropathological analyses of the hippocampus at 30 days after tMCAO. A. Upper panel: whole brain and coronal section H&E staining at 30 days after tMCAO (arrows
indicate the infarct region). Middle panel: NeuN staining of the hippocampus (sham control and ipsilateral hippocampus of rats after tMCAO). Lower panel: TUNEL staining
(green color) of ipsilateral cortex and hippocampus at 10 or 30 days after tMCAO. Nucleus was stained with DAPI in blue. B. Western blots and quantitative analysis of NR2b,
GluR4 and PSD95 in the contralateral and ipsilateral hippocampus of sham control and stroke rats at 30 days after tMCAO (n = 5).
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a progressive increase of spontaneousmotor activitywas observed after
stroke. In addition, the swim speed analysis indicated no differ-
ence between the animals tested at 7 and 30 days after stroke
(Supplement Fig. 1). All these data suggest that the motor function
recovery is unlike paralleled with the progressive cognitive decline
after stroke.

Given the extensive neuronal network within and between each
hemisphere, it might not be surprising that focal cerebral ischemia
could trigger prolonged global reaction. Increasing evidence has
indicated that occlusion of a cerebral artery could induce both hemo-
dynamic and cellular changes beyond the ischemic territory (Liu
et al., 2012). It has been well known that the focal cerebral ischemia
could induce stem cell proliferation in the subventricular and dentate
gyrus, areas beyond the ischemic territory. The activation of adenosine
monophosphate-activated protein kinase (AMPK), a critical energy sen-
sor for energy metabolism, was found not only in the ischemic territory
but also in non-ischemic hemisphere within 24 h after transient focal
cerebral ischemia induced by MCAO (McCullough et al., 2005). It was
demonstrated that occlusion of a cerebral artery could induce hemo-
dynamic change beyond the ischemic territory (Winters et al., 2012).
Hippocampus plays a vital role in information processing, memory for-
mation, and subsequent regulation of behavior (Lynch, 2004).MCAO in-
duces very mild cerebral blood flow reduction in hippocampus in rats
since it is supplied by posterior cerebral artery (Tanaka et al., 2000).
Cognitive deficits after MCAO have been reported without neuron loss
in the hippocampus (Okada et al., 1995; Wahl et al., 1992). In the
current study, neither neuron loss nor reduction of synaptic markers
was observed in the hippocampus at 30 days after tMCAO. Consistently,
our electrophysiological study indicated that basic synaptic functions
in the hippocampus were not affected by tMCAO as no difference
was found in the input/output curve and the paired-pulse facilitation
between stroke and sham controls. On the other hand, a significant
reduction of LTP was observed at both hippocampi at 30 days after
tMCAO.

Lesion of unilateral entorhinal cortex induced cognitive deficits as
tested in Morris water maze in male rats while female rat didn't show
any deficits (Roof et al., 1993). In our tMCAO model, partial lesion of
the anterior part of the entorhinal cortex in the ipsilateral cortex
was observed, while most part of the entorhinal cortex was saved.
This partial lesion might have contributed to the cognitive deficits in
water maze test. However, inhibition of the LTP in both hippocampi
could have contributed more to the cognitive deficits in our tMCAO
model (Bourtchuladze et al., 1994).

The GABAA receptor mediates most inhibition and plays a critical
role in synaptic plasticity and learning behaviors. GABA acting at
GABAA receptors limits postsynaptic depolarization during LTP induc-
tion and thus modifies LTP and learning. The involvement of GABAergic
inhibitory interneurons during LTP induction is well documented
(Kullmann and Lamsa, 2011). Our studies suggest that GABAergic neu-
rotransmission is enhanced in the hippocampus after stroke as pharma-
cological blockade of GABAA receptors prevented LTP impairment after
stroke. Our finding is in agreement with the observation that GABA
function is enhanced in the brain area adjacent to stroke damage
(Clarkson et al., 2010). Increased GABAergic neurotransmission in
the hippocampus might also explain the anxiolytic effect induced
by tMCAO (Gonzalez et al., 1998).

Activation ofMAPKs, including ERK, JNK and p38, has been observed
in the ischemic area immediately after MCAO (Irving and Bamford,
2002). In present study, we found that ERK, but not JNK and p38, activa-
tion was reduced in both hippocampi at 30 days after ischemic stroke.
Activation of ERK pathway has been reported to be essential for LTP in-
duction in the hippocampus (Davis et al., 2000; Lynch, 2004). In addi-
tion, the ERK pathway has been implicated to negatively modulate
GABAA receptor (Bell-Horner et al., 2006).Wepredict that the reduction
of ERK activity could enhance GABAergic inhibition, hence contributes
to the suppression of hippocampal LTP and cognitive impairment after
ischemic stroke.

In current tMCAO model, GABAergic signaling and ERK pathway
activity were affected in both ipsilateral and contralateral hippo-
campi. It has been found that, after MCAO, nitric oxide was released
to cerebral spinal fluid (CSF) (Kader et al., 1993), which could lead
to ERK inhibition (Estrada et al., 1997) and activation of GABAA recep-
tor (Castel and Vaudry, 2001). GABAergic signaling can be regulated
through different mechanisms, such as receptor expression, trafficking,
activity modulation, GABA synthesis, release and recycling (Macdonald
and Olsen, 1994). ERK pathway activity can also be inhibited by modu-
lating different molecules of the pathway. Extensive experiments are
needed to identify the underlying mechanisms. Nonetheless, our study
indicated that GABA and ERK signalingmight be potential targets to pre-
vent vascular dementia induced by ischemic stroke. Alpha 5 subunit
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Fig. 6. Reduction of ERK/MAPK activation in the ipsilateral and contralateral hippocampus
at 30 days after tMCAO. A.Western blots showno change in p38 and JNK activation in the
hippocampus. B. Depicted are representativeWesternblots of pMEK, pERK, and ERK in the
hippocampus of sham control and stroke rats, indicating decreased phosphorylation of
MEK and ERK. (**p b 0.01, n = 5). C. Representative immunohistochemistry of pERK in
the hippocampus of sham control and stroke rats.
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containing GABAA receptor subtype is expressed predominantly in the
hippocampus and can be antagonized specifically by benzodiazepine
inverse agonist L655,708 (Atack et al., 2006), which has been
shown to promote cognitive performance and reduce motor func-
tion deficits after experimental stroke in rodent (Clarkson et al.,
2010). Intraventricular administration of EGF has been shown to
promote neurogenesis after stroke (Teramoto et al., 2003), and reduce
cognitive deficits after brain trauma (Sun et al., 2010). We speculate
that these twomethodsmight be capable to attenuate cognitive deficits
after stroke.

In conclusion, our current study identifies a progressive impairment
of spatial learning/memory performance and a concurrent reduction
of hippocampus LTP after ischemic stroke in an experimental MCAO
model. Our results suggest further that elevated GABAergic inhibition
and decreased ERK activation in the hippocampus may constitute
the underlying mechanisms, and that attenuation of GABAA receptor
activity and/or enhancement of ERK/MAPK signaling in the hippocampus
might be potential therapeutic targets to prevent or attenuate cognitive
function impairment after ischemic stroke.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nbd.2013.06.014.
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