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Abstract

Background: Cognitive impairment is one of the common comorbidities in patients with temporal lobe epilepsy
(TLE), but the underlying mechanisms remain largely unknown. Previous studies have found significant decay of
hippocampal long-term potentiation (LTP) in TLE rats with cognitive impairment. As the activation of α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs) is responsible for LTP formation and learning and
memory, we investigated whether AMPARs are involved in the LTP inhibition and the TLE-associated cognitive
impairments.

Methods: TLE rat model was established by intraperitoneal injection of lithium chloride-pilocarpine on postnatal
day 21 (P21). Learning and memory performance, hippocampal expression of membrane GluA1-AMPARs, and
hippocampal LTP were tested by behavioral tests, western blotting, and field potential recording, respectively, at 1,
5 and 13 weeks after induction of status epilepticu (SE). Finally, the effects of (S)-AMPA, an agonist of AMPARs, on
LTP and cognitive function were tested.

Results: Results of behavioral tests revealed an time-dependent decline in the learning and memory of TLE rats
when compared to the age-matched controls at week 5 and 13, rather than at week 1 after the induction of SE.
Western blotting showed that the hippocampal expression of membrane GluA1 was significantly decreased in a
time-dependent manner in the TLE rats when compared to the age-matched controls at weeks 5 and 13, rather
than at week 1 after the induction of SE. Similarly, the hippocampal LTP was inhibited in a time-dependent manner
in TLE rats at weeks 5 and 13, rather than at week 1 after the induction of SE. Moreover, intra-hippocampal
injection of (S)-AMPA ameliorated the deficits in learning as well as spatial and emotional memory in a dose-
dependent manner, and partially reversed the inhibition of CA1 LTP in the TLE rats at week 13 after the induction
of SE.

Conclusions: The reduced expression of hippocampal membrane GluA1 may be involved in LTP decay in CA1 and
cognition impairment in TLE rats.
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Background
Temporal lobe epilepsy (TLE), characterized by recur-
rent and spontaneous seizures, is the most common type
of adult epilepsy [1]. About 30% of TLE patients suffer
from certain degrees of cognitive impairment such as
learning and memory deficits, which can cause even
greater impacts on the quality of life than seizures per se
[2–4]. As the underlying causes of cognitive impairment
in TLE are not clear, current treatment options for
epilepsy-associated cognitive impairment are limited.
Several recent studies have emphasized the importance
of studying the age-related aspects of neurocognitive im-
pairment in epileptic patients for a better understanding
of the pathogenesis of comorbidities [5–7]. However, it
is unclear whether the cognitive function in TLE gets
worse over time.
The hippocampus plays a vital role in spatial naviga-

tion, episodic memory and long-term memory [8, 9],
and is vulnerable to hypoxic, ischemic, and neurotoxic
insults. Therefore, the hippocampus is also involved in
pathophysiological mechanisms of various neurological
disorders such as epilepsy and cognitive impairment
[10]. Several lines of evidence have suggested that recur-
rent seizures can lead to qualitative changes of hippo-
campal neurogenesis, which are associated with
cognitive impairment in the developing and mature
brains [11]. Long-term potentiation (LTP) is the most
widely studied manifestation of synaptic plasticity and is
a physiological model of learning and memory [12]. Our
previous studies showed that the LTP decay in hippo-
campal CA1 region may be one of the contributors to
the cognitive dysfunction in TLE rats induced by lithium
chloride-pilocarpine [13]. However, the underlying
mechanisms of LTP decay and its correlation with age
are not well understood.
Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propio-

nic acid receptors (AMPARs) are the major glutamate
receptor mediating fast synaptic transmission in the
brain. Numerous studies have shown that AMPARs are
fundamental in LTP maintenance and hippocampal
learning and memory [14]. AMPARs are cation-selective
tetrameric hetero-oligomers composed of four subunits,
GluA1–4 [15]. Accumulating evidence has suggested
that AMPARs undergo constant dynamic remodeling in
response to pathological conditions [16–18]. A strong
body of evidence has suggested that the hippocampal
levels of membrane GluA1 are essential for learning and
memory. Besides, the hippocampal trafficking of GluA1-
containing AMPARs could affect cognitive behaviors
[19–21]. It has been reported that mice lacking the
GluA1 subunit present LTP inhibition and
hippocampal-dependent spatial memory impairment[21].
However, it is unclear whether GluA1 is involved in the
hippocampal LTP suppression in TLE rats.

In this study, we set out to examine the correlation be-
tween cognitive impairment and age in TLE rats, and ex-
plore whether the AMPARs are involved in LTP and
TLE-associated cognitive impairment.

Materials and Methods
Rat model of epilepsy
Male Sprague-Dawley rats aged 21 days were taken from
the Experimental Animal Center of Tongji Medical Col-
lege, Huazhong University of Science and Technology.
The rats were given 3 mg/kg lithium chloride (i.p.),
followed ~ 20 h later by 25 mg/kg pilocarpine (i.p.). The
rats were given an i.p. injection of 1 mg/kg atropine-
methyl nitrate 30 min before pilocarpine was given. Sta-
tus epilepticus (SE) was defined according to Racine
score. Then convulsions 60 min after SE was terminated
by 10% chloraldurate (3 mL/kg, i.p.).

Morris water maze test
The Morris water maze, a 50-cm high circular tank with
a diameter of 100 cm was filled with water (25 °C) and a
platform was placed 2 cm below the surface of water.
When the rats found the platform, they were allowed to
stay on it for 20 seconds. Rats that could not find the
platform were guided to the platform and stayed there
for 20 seconds. The platform was removed one day after
the last training day. In the test session, the escape la-
tency and distance of rats to find the hidden platform
was recorded to examine the spatial long-term memory.
Time spent in target quadrant within 120 seconds were
recorded.

Passive avoidance test
The passive avoidance test was conducted in a closed
and quiet device, which consisted of a dark compart-
ment with an electric foot-shock and a light compart-
ment separated by a guillotine door. The rats were
placed in the light compartment, and allowed to enter
the dark compartment after the guillotine door was open
10 seconds later. Once a rat has fully entered the dark
compartment, the guillotine door is immediately closed,
and the grid floor delivers an electric foot-shock
(0.5 mA, 2 s). On the next day, the rat was again placed
in the light compartment, and 10 seconds later the guil-
lotine door opened. The latency to enter the dark com-
partment was recorded.

Hippocampal slice preparation and electrophysiological
recordings
Hippocampal LTP was tested by field potential recording
in vitro as described in our previous study [22]. Briefly,
the rats were sacrificed by decapitation under intraperi-
toneal anesthesia and the rat brain was immediately
placed in ice-cold artificial cerebrospinal fluid bubbled
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with 95% O2 and 5% CO2. As reported in our previous
experiments, the field excitatory postsynaptic potentials
(fEPSPs) were recorded from the dendritic layer of CA1
pyramidal cells [22].

Hippocampal membrane protein fractionation and
Western blotting analysis
Briefly, the hippocampal tissues were gathered, resus-
pended and homogenized. The post-synaptic density
(PSD) pellet was obtained by centrifugation, lysis, and
sucrose gradient. The hippocampal membrane proteins
from the PSD pellet were extracted using the ProteoEx-
tract Transmembrane Protein Extraction Kit. Proteins
were probed with primary mouse anti-β-actin monoclo-
nal antibody (1:1 000; EarthOx Life Sciences,USA, Cat#
E021020, RRID: AB_2572416) and antibodies rabbit
anti-GluA1 polyclonal antibody (1:1 000; Millipore,
USA, Cat#AB1504, RRID: AB_2113602) at 4 °C over-
night, and incubated with the horseradish peroxidase-
linked goat anti-mouse IgG (1:5 000, Abcam, UK) for
1 h on the following day.

Surgery and intra-hippocampal injection
The rat was placed on a stereotaxic instrument after
anesthetization, and the skull was fully exposed. Two
guide cannulas were placed stereotaxically and directed
into the CA1 region of the hippocampus according to
our previous experiments [22]. A stainless-steel injection
tube was directly inserted into the guide cannula after 3-
day recovery from the operation. Then 2 µl of 0.1 µg/µl
(S)-AMPA was injected into the hippocampal CA1 re-
gion within 5 min and was left in place for an additional
5 min to allow diffusion in TLE rats at week 13 after SE
induction.

Statistical analysis
All data are expressed as mean ± SEM and analyzed with
the SPSS 10.0 software. The difference in learning and
memory function between control and TLE rats was an-
alyzed by one-way repeated measures analysis of vari-
ance (ANOVA) followed by Turkey’s HSD post-hoc test.
Hippocampal field potential was analyzed by two-way
ANOVA. Western blot results were analyzed using un-
paired t-test. A p < 0.05 was considered statistically
significant.

Results
Time-dependent decline of cognitive function in TLE rats
Animals with Racine scores of 4–5 were used in the fol-
lowing experiments. Morris water maze showed no sig-
nificant differences in learning and memory between
TLE rats and controls at week 1, 5 and 13 after induction
of SE (Fig. 1). There were significant differences in the
escape latency and the mean distance traveled on day 4

and 5 of training between TLE rats and controls at week
5 after induction of SE (ANOVA, p < 0.05, Fig. 1b, e). At
week 13, the learning and memory ability of the TLE
rats was significantly impaired as compared to the con-
trols (ANOVA, p < 0.05, Fig. 1c, f). Meanwhile, the es-
cape latency and the mean distance traveled of TLE rats
were significantly increased at week 13 compared to the
those at week 5. In addition, the time spent in the target
quadrant on day 6 was significantly reduced compared
to the controls at weeks 5 and 13 (ANOVA, p < 0.05,
Fig. 1g). Meanwhile, the time TLE rats spent in the tar-
get quadrant significantly differed between weeks 5 and
13 after SE induction (ANOVA, p < 0.05, Fig. 1g). In the
passive avoidance test, there were significant differences
in the step-through latency between TLE rats and con-
trol rats at weeks 5 and 13 after SE induction (ANOVA,
p < 0.05, Fig. 1h). Meanwhile, the TLE rats spent more
time to enter the dark compartment at week 13 than
that at week 5 (p < 0.05, Fig. 1h). These results indicated
time-dependent spatial memory defects in the TLE rats.

Time-dependent inhibition of hippocampal LTP in TLE
rats
There were no significant differences in the slope and
amplitude of hippocampal CA1 fEPSPs in control rats
among weeks 1, 5, and 13 after SE induction (Fig. 2a, c).
The hippocampal LTP at week 1 after SE induction did
not differ between TLE and control rats. The LTP slope
of TLE rats was decreased by 27.77% and 59.58% at
weeks 5 and 13, respectively, as compared to that of the
controls, and the amplitude was reduced by 35.43% and
51.37%, respectively. The LTP slope and amplitude of
TLE rats were decreased by 29.22% and 28.02% at week
5, respectively, when compared those at week 1. The
LTP slope and amplitude of TLE rats were decreased by
63.86% and 50.03% at week 13, respectively, when com-
pared those at week 1. These results implied that the
LTP of CA1 hippocampal was time-dependently inhib-
ited in TLE rats.

Time-dependent decrease of hippocampal GluA1 protein
in TLE rats
Results of Western blotting showed that the protein
level of hippocampal membrane GluA1 in the TLE rats
did not change at week 1 after SE induction, but was de-
creased by 49.83% and 72.18%, respectively, at weeks 5
and 13 as compared to the age-matched controls (un-
paired t-test, p < 0.05, Fig. 3). In addition, the protein
level of hippocampal membrane GluA1 in the TLE rats
was decreased by 47.53% at week 5 compared to that at
week 1 after SE induction (unpaired t-test, p < 0.05,
Fig. 3), and was decreased by 50.98% at week 13 com-
pared to that at week 5 after SE induction (unpaired t-
test, p < 0.05, Fig. 3). These results implied that the
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hippocampal membrane GluA1 was decreased in a time-
dependent manner, and may be correlated with the time-
dependent decline of cognitive function in the TLE rats.

AMPARs agonist improved learning and memory ability
of TLE rats
TLE rats at week 13 after SE induction were used to detect the
influence of AMPARs in learning and memory ability. Treat-
ment of 0.1 µg/µl (S)-AMPA did not significantly alter the es-
cape latency, the time spent in the target quadrant, and the
step-through latency of the TLE (Fig. 4a–c). The escape latency
of the TLE rats was decreased by 10.64%, 14.98% and 28.56%
by 0.4 µg/µl (S)-AMPA on day 3, 4 and 5 of that week as com-
pared to the 0.1 µg/µl (S)-AMPA group (ANOVA, p<0.05,
Fig. 4a). The time spent in the target quadrant was increased by
25.88% after injection of 0.4 µg/µl (S)-AMPA compared with
0.1 µg/µl (S)-AMPA group (ANOVA, p<0.05, Fig. 4b). The
step-through latency was increased by 31.52% after injection of

0.4 µg/µl (S)-AMPA compared with the 0.1 µg/µl (S)-AMPA
group (ANOVA, p<0.05, Fig. 4c). The escape latency was de-
creased by 15.48%, 27.90% and 32.35% on day 3, 4 and 5, re-
spectively, after injection of 0.8 µg/µl (S)-AMPA, compared to
the 0.4 µg/µl (S)-AMPA group (ANOVA, p<0.05, Fig. 4a). The
time spent in the target quadrant was increased by 35.73% after
injection of 0.8 µg/µl (S)-AMPA compared to the 0.4 µg/µl (S)-
AMPA group (ANOVA, p<0.05, Fig. 4b). The step-through
latency was increased by 33.94% after injection of 0.8 µg/µl (S)-
AMPA compared to the 0.4 µg/µl (S)-AMPA group (ANOVA,
p<0.05, Fig. 4c). These data demonstrated that the intra-
hippocampal injection of the AMPARs agonist ameliorated the
cognitive impairment of TLE rats in a dose-dependent manner.

The potentiation effects of (S)-AMPA on hippocampal LTP
in TLE rats
As shown in Fig. 5, 2.0 µM of (S)-AMPA enhanced the
amplitude and slope of fEPSPs of by hippocampal CA1

Fig. 1 Time-dependent decline in cognitive function in TLE rats. The mean escape latencies and the mean distance travelled at weeks 1 (a, d), 5
(b, e) and 13 (c, f) after induction of SE. g The time spent in the target quadrant in the control and TLE groups at weeks 1, 5 and 13 after
induction of SE. h The step-through latency in the control and TLE groups at weeks 1, 5 and 13 after induction of SE. n=6 in each group; *: p<
0.05, compared with controls. TLE: temporal lobe epilepsy; SE: status epilepticus
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LTP 24.83% (range 154.42–192.78%) and 24.53% (range
154.71–192.67%), respectively, at 40 min after high fre-
quency stimulation (HFS) in TLE rats at week 13 after
SE induction as compared to the saline group (p < 0.05,
Fig. 5a and b), suggesting that the inhibition of CA1 hip-
pocampal LTP in TLE rats was partially reversed by (S)-
AMPA. These results presented that AMPARs may play
an important role in the LTP decay of the hippocampal
CA1 region from TLE rats with cognitive impairment.

Discussion
In this study, we revealed time-dependent impairment in
learning and memory of TLE rats and demonstrated that
the decreased hippocampal membrane GluA1 may be in-
volved in the inhibition of CA1 LTP, which may underlie
the time-dependent cognitive impairment of the TLE rats.

Time-dependent impairment of learning and memory in
the TLE rats
There is compelling evidence that uncontrolled seizures
and interictal spikes contribute to cognitive deterioration
over time [6]. The age-related aspects have received more
attention in recent studies of epileptic comorbidities in
the aim to better understand the comorbidities of epilepsy.
Hermann et al. have reported that neurobehavioral co-
morbidities during seizures are the main signs of cognitive
dysplasia before and after seizures [5]. Helmstaedter and
Elger suggested that early control of epilepsy is required

to offset developmental disorders and damage at a youn-
ger age to improve cognitive impairment [4]. Karson et al.
reported that the WAG/Rij rat model of absence epilepsy
presented time-dependent learning and memory deficits
[7]. Consistently, our study revealed that TLE rats exhib-
ited behavioral manifestations of cognitive impairment in
early time of epilepsy and time-dependent memory defi-
cits. There is also a considerable amount of evidence indi-
cating that the mechanisms of pathological brain aging
might also be implicated in the cognitive dysfunction in
epilepsy patients, such as the age-accelerated ventricular
expansion which is characteristic of advanced brain aging
and the increased amyloid-β42 burden in chronic and re-
fractory epilepsy [23–25]. In our experiment, the age-
matched control rats were tested to eliminate the disturb-
ing influence of age on cognitive function. However, it re-
mains to be clarified whether chronic epilepsy would
accelerate the process of brain aging and result in cogni-
tive impairment in TLE.

The effects of hippocampal LTP decay on cognitive
impairment
The hippocampal CA1 LTP is closely associated with
learning and memory. Previous studies have reported
that seizures, including kindling, can result in a short-
term increase of hippocampal CA1 synaptic strength
[11, 26]. On the other hand, several lines of evidence
have suggested the occurrence of reduction or

Fig. 2 Time-dependent inhibition of hippocampal LTP in TLE rats.The standardized fEPSPs slope and amplitude in control (a, c) and TLE rats (b, d)
at weeks 1, 5 and 13 after induction of SE. n=8 slices from four rats in each group. LTP: long-term potentiation; TLE: temporal lobe epilepsy;
fEPSPs: field excitatory postsynaptic potentials; HFS: high frequency stimulation
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elimination of LTP at days to weeks after SE, which con-
tributes to the learning and memory deficits [12]. In our
previous experiments, the TLE rats showed hippocampal
CA1 LTP decay in vivo, suggestive of deficits of learning
and memory. In our study, the (S)-AMPA partly re-
versed the inhibition of CA1 LTP in TLE rats, which im-
plied that the CA1 LTP decay may be involved in

cognitive impairment in TLE rats. Zhang et al. reported
that the LTP induction was strengthened 1 day after SE
induction, returned to normal levels 2 weeks later, and
was weakened after 6 weeks [12]. They therefore pro-
posed that there are two stages of synaptic plasticity
change after SE induction, the early stage of LTP en-
hancement and the late stage of LTP reduction. In our
study, the LTP of TLE rats was at the normal level at
week 1, but showed a time-dependent decay at weeks 5
and 13 after SE induction. Our findings, together with
those of Zhang et al., provide convincing evidence that
the time-dependent inhibition of hippocampal LTP may
be involved in the impairment of learning and memory
ability in epileptic rats.

The effects of GluA1-AMPARs in LTP decay and cognitive
impairment
Numerous lines of evidence have indicated that AMPARs,
which are composed of four different subunits GluA1-4,
are vital for rapid synaptic transmission, synaptic plasticity
of hippocampal neurons and behavioral expression [16].
The GluA1/A2 heteromers are the dominant AMPARs at
hippocampal CA1 neuronal synapses. The GluA2-lacking
AMPARs are Ca2+-permeable, while the GluR2-AMPARs
are Ca2+-impermeable. It has been reported that addition
of AMPARs containing GluA1, GluA3 and GluA4 sub-
units may help maintain the cognitive ability of 3XTG-AD
mice before symptoms appear[17]. Ding et al. have re-
ported that the decreased expression and phosphorylation
of hippocampal post-synaptic membrane GluA1- contain-
ing AMPARs may be related to the impaired cognitive

Fig. 4 AMPA receptor agonist improved learning and memory in TLE rats. Mean escape latencies (a), time spent in the quadrant with platform
(b), and step-through latency (c) after bilateral intra-hippocampal injection of saline or (S)-AMPA in the TLE rats at week 13 after induction of SE.
n = 6 for each group; *: p < 0.05, compared with controls. TLE: temporal lobe epilepsy

Fig. 3 Time-dependent down-regulation of hippocampal membrane
GluA1 protein in TLE rats. a Results from western blot showing the
protein levels of hippocampal membrane GluA1-AMPARs. b
Statistical analysis showed that the hippocampal membrane GluA1-
AMPARs were significantly decreased in the TLE rats at weeks 1, 5
and 13 after induction of SE. n = 3, for each group. *: p < 0.05,
compared with controls. TLE: temporal lobe epilepsy

Luo et al. Acta Epileptologica             (2021) 3:2 Page 6 of 8



function after long-term ketamine administration [19].
Here, we reported the reduced expression of hippocampal
membrane GluA1, which was accompanied by attenuated
hippocampal CA1 LTP and deficits of learning and
memory ability after SE induction. Moreover, intra-
hippocampal injection of (S)-AMPA dose-dependently
ameliorated the impairment of learning as well as spatial
and emotional memory in TLE rats. These findings pro-
vide further evidence that the levels of hippocampal
membrane GluA1 are fundamental for LTP and cognitive
behaviors. An earlier study showed that the GluA1-
AMPARs levels in each fascia dentata granule neuron in
temporal lobe epilepsy were higher than those in the non-
seizure autopsies [15]. The different findings among differ-
ent studies may be explained by the differences in species
and strains of animals examined, the time after SE induc-
tion, and the tissues tested. On the other hand, several
studies have suggested that the GluA2-containing AMPA
Rs are involved in cognitive disorders [27, 28]. Therefore,
further studies are needed to explore the pathogenesis of
cognitive impairment in TLE.

Conclusions
Our study presented further evidence of learning and
memory deficits in the TLE rats, and demonstrated that
the reduced expression of hippocampal membrane
GluA1 may be involved in CA1 LTP decay and cognition
impairment in TLE rats.
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