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Background: Subclinical epileptiform discharges (SEDs) are defined as epileptiform electroencephalographic (EEG) discharges
without clinical signs of seizure in patients. The subthreshold convulsant discharge (SCD) is a frequently used
model for SEDs. This study aimed to investigate the effect of levetiracetam (LEV), an anti-convulsant drug,
on cognitive impairment of SCD model rats and to assess the associated mechanisms.

Material/Methods: A SCD rat model was established. Rats were divided into an SCD group, an SCD+ sodium valproate (VPA) group,
and an SCD+ levetiracetam (LEV) group. The Morris water maze was used to evaluate the capacity of position-
ing navigation and space exploration. The field excitatory post-synaptic potentials (fEPSPs) were evaluated us-
ing a bipolar stimulation electrode. NCAM, GAP43, PS95, and CaMK Il levels were detected using Western blot
and RT-PCR, respectively. PKC activity was examined by a non-radioactive method.

Results: LEV shortens the latency of platform seeking in SCD rats in positioning navigation. fEPSP slopes were signifi-
cantly lower in the SCD group, and LEV treatment significantly enhanced the fEPSP slopes compared to the SCD
group (P<0.05). The NCAM and GAP-43 levels were increased and PSD-95 levels were increased in SCD rats
(P<0.05), which were improved by LEV treatment. The PKC activity and CaMK Il levels were decreased in SCD
rats and LEV treatment significantly enhanced PKC activity and increased CaMK Il levels.

Conclusions: Cognitive impairment in of SCD model rats may be caused by decreased PKC activity, low expression of CaMK I,
and inhibition of LTP formation. LEV can improve cognitive function by activating the PKC-GAP-43-CaMK signal
transduction pathway.
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Background

Subclinical epileptiform discharges (SEDs) were defined as ep-
ileptiform electroencephalographic (EEG) discharges without
clinical signs of seizure in patients [1,2]. The partial and gen-
eralized epileptiform EEG discharges can be subclinical, but
even short-duration SEDs lasting only 0.5 s can damage cog-
nition [3]. The positive rate of SEDs in normal children is 1.9%
to 5.0%, and achieves higher levels in children with neuro-de-
velopmental disorders such as attention deficit hyperactivity
disorder (ADHD), autism spectrum disorder, and mental de-
velopment disorders [4,5]. Recent studies [6,7] proved that
SEDs induce cognitive impairment in animal models and in
human patients.

The animal model of the SEDs uses subthreshold convulsant
discharge (SCD), which has been extensively used and accepted
in research [8,9]. However, the role of the long-term poten-
tiation (LTP) in the pathogenic process of SCD has not been
investigated. TLP is a type of synaptic plasticity, which refers
to the signal transmission enhancement at a synapse and re-
sults from coordinated activity of at least 2 neurons [10,11].
LTP is also considered as the neurological basis for memory
and learning, and are associated with cognitive functions [12].
To the best of out knowledge, this is the first study to explore
the therapeutic effects of anti-epileptic drugs. Use of anti-ep-
ileptic drugs to treat SEDs patients is controversial. Therefore,
we performed the present study to assess the correlation be-
tween LTP and SEDs.

The neural cell adhesion molecule [13], post-synaptic density
(PDS-95) [14], and growth-associated protein 43 (GAP-43) [15]
are closely correlated with differentiation, migration, and re-
generation of the central nervous system, are associated with
the synaptic connection, and also are involved in cognitive
disorders [16]. The calmodulin-dependent protein kinase Il
(CaMK 1) and protein kinase C (PKC) have been reported to
be involved in the induction and maintenance of central sen-
sitization [17]. CaMK Il is a multifunctional serine/threonine
protein kinase in neurons, which is also believed to regulate
neurotransmission and synaptic plasticity [18]. Fluctuations in
CaMK Il activity are associated with excitotoxic calcium dysreg-
ulation in neuronal diseases such as the epilepsy, stroke, and
traumatic brain injury [19]. Liu et al. [20] suggested that hip-
pocampal PKC isoforms play different roles in seizure genera-
tion, and may be targets for the development of anti-convulsive
drugs. Yabuki et al. [21] also reported that decreased CaMK I
and PKC activities are associated with cognitive impairment.

Sodium valproate (VPA) and levetiracetam (LEV) are exten-
sively used anti-epileptic drugs in clinical practice, and both
have satisfactory therapeutic effects and safety [22,23]. VPA
plays an anti-epileptic role, mainly by enhancing the inhibitory
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neurotransmitter gamma aminobutyric acid (GABA) [24], and
LEV plays an anti-epileptic role by combining synaptophysin
with synaptic vesicle protein 2A (SV2A) [25].

We used the Morris water maze test to study rat behavior,
examined rat hippocampal slices LTP to observe the electro-
physiology, and evaluated NCAM, PSD-95, and GAP43 to in-
vestigate the synaptic plasticity, as well as accessing changes
in CaMK Il and PKC activities. Finally, we explored the thera-
peutic effects of VPA and LEV on the SCD model rats by de-
tecting the above biomarkers.

Material and Methods

Animals

Wo obtained 64 specific pathology-free (SPF) Sprague-Dawley
(SD) rats (210410 g, 3 months, male, certificate No. SYXK-
[Chongging]-2012-0015) from the Experimental Animal Center
of Chongging Medical University, Chongging, China. The rats
were housed in an environment with a light/dark cycle of
12 h/12 h at room temperature. The rats had free access to
food and water. The animal experiments were completed by
the professional animal experimental staff (certificate No.
CQLA-2013-0027). All experiments were approved by the Ethics
Committee of Chongging Medical University, Chongging, China.

Establishment of subthreshold convulsant discharge rat
model

Electrode implantation: All of the SD rats were anesthetized by
intraperitoneal injections of 10% chloral hydrate (1 mg/kg).
Localizer ear levers were inserted into the 2 external auditory
canals, with the symmetrical scale. Surgery for electrode im-
plantation was performed according to a previously published
study [26]. The rats were placed in a stereotaxic apparatus
(Stolting USA), and 4 electrode implantation positions were se-
lected as described in a previous study [27]. The 4 electrodes
were: a hippocampal stimulating electrode (4.2 mm behind the
anterior fontanelle, right lateral opening for 2.0 mm), a cerebral
cortex recording electrode 1 (2.5 mm on the front of anterior
fontanelle, left lateral opening for 2.0 mm), a cerebral cortex
recording electrode 2 (5.0 mm on the front of anterior fonta-
nelle, left lateral opening for 3.5 mm), and an earth electrode
(2.5 mm on the front of anterior fontanelle, right lateral opening
for 2.0 mm). Then, a hole was drilled into the skull, and a probe
was implanted into the 4 electrode implantation positions.

For the electrical stimulation program, the parameters were
wave width 1 ms, frequency 30 Hz, string length 10 s, with con-
stant current and unidirectional wave, 10 times every day for
4 days. In this study, we used a stimulus intensity of 0.02 mA,
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0.04 mA, 0.06 mA, and 0.08 mA to stimulate the rats. Ten rats
underwent stimulus intensity testing.

For subthreshold convulsant discharge judgment, the rat con-
vulsions were divided into 5 grades according to a previous
study [28]: stage O (no abnormality), stage 1 (mouth and fa-
cial movements), stage 2 (head nodding), stage 3 (forelimb clo-
nus), stage 4 (rearing), and stage 5 (rearing and falling). Full
motor seizure followed by temporary loss of postural control
was considered as stage 5 motor seizure.

EEG recording

One week after the surgery, EEG signals were recorded using
a special animal electroencephalograph (AD instruments, Castle
Hill, Australia). The voltage differential between the pair of elec-
trodes in both hemispheres were amplified using a high-pass
filter and recorded. The videos were recorded at 30 frames/s,
and the EEG signals were sampled at 400 Hz.

Trial grouping and drug administration

The 64 rats were divided into 4 groups: a normal group (only
4 electrode were implanted, without electrical stimulation),
an SCD group (subthreshold convulsant discharge rat model),
an SCD+VPA group (the subthreshold convulsant discharge
rat model was intragastrically VPA, 150 mg/kg/d [29], 2 times
per day for 28 days), and an SCD+LEV group (the subthresh-
old convulsant discharge rat model was intragastrically LEV,
150 mg/kg/d [30], 2 times per day for 28 days). Both VPA and
LEV were dissolved in sterile 0.9% saline. Our preliminary
findings indicated that 150 mg/kg/d LEV is the optimal dos-
age used (data not shown). VPA was purchased from Sanofi
(Westborough, MA, USA) and LEV was purchased from UCB
Pharma (Brussels, Belgium).

Morris water maze test

The Morris water maze system was purchase from Beijing
Sunny Instruments Co. (Beijing, China), which was composed
of a circular pool, a platform, a video camera, a displayer, and
video tracking software. Behavioral training and testing were
conducted in a circular pool (diameter 150 cm, depth 80 cm),
and maintained at a temperature of 20-22°C. Four geomet-
rical figures (northwest, northeast, southwest, southeast) in
black and white (approx. 20 cm wide) were attached to the
upper rim of the pool. The platform (12 cm wide) was 1 to
2 c¢m under the water surface. The animal movements were
monitored and recorded using a video camera (Beijing Sunny
Instruments Co., Beijing, China) mounted above the pool. The
behavioral data were recorded and analyzed using Morris water
maze video tracking software (Beijing Sunny Instruments Co.,
Beijing, China).

ANIMAL STUDY

The whole process was divided into 2 stages — positioning nav-
igation and space exploration — performed according to pre-
viously studies [31,32].

Nine (or 23) days after drug treatment, the rats in all 4 groups
(8 rats per group) underwent the pre-experiment of position-
ing navigation to acquaint them with the test apparatus and
locations. Ten (or 24) days after drug treatment, the position-
ing navigation test was formally performed, and continued for
4 days. Then, the space exploration test was performed 14 (28)
days after the drug treatment.

Hippocampal slices and LTP recording

Fourteen days after the drug treatment, in every group (n=8),
the hippocampal slices were prepared and maintained accord-
ing to the previous published study [33]. In brief, the hippo-
campal slices with the thickness of 300 to 400 uM were main-
tained for 1 h prior to being transferred to a chamber filled
with artificial cerebrospinal fluid (ACSF). ACSF contains 124 mM
NaCl, 5 mM KCl, 1.25 mM NaH,PO,, 1 mM MgCl,, 2 mM CaCl,,
26 mM NaHCO,, and 10 mM glucose. Then, the ACSF was ad-
justed to pH 7.4, and incubated with 95% O, and% CO.. Finally,
the hippocampal slices were super-fused with ACSF at flow a
rate of 1.5 ml/min at 35°C for 40 min.

The field excitatory post-synaptic potentials (fEPSPs) were
evaluated by using a bipolar stimulation electrode (200 pm
diameter, Worcester Polytechnic Institute, MA, USA), and re-
sults were recorded using glass microelectrodes (1-2 MQ)
filled with ACSF from the stratum radiatum of the CA1 region.
The initial pulse stimulation intensity was adjusted to evoke
50% of the maximal response of fEPSP. When the fEPSP slope
increased by 20% or more, and recorded a stable baseline for
at least 30 min, the LTP was considered as successfully induced
and established. The recordings were filtered at 100 Hz and
digitized at 500 Hz by using Igor Pro (WaveMetrics Inc., Lake
Oswego, OR, USA). In slices obtained from rats during behav-
ioral experiments, paired pulses of 30-ms intervals were ap-
plied during the entire LTP protocol [34].

The data of LTP slope reflected the values of fEPSP in every
group; a higher LTP slope was associated with a higher fEPSP
and better synaptic plasticity [35]. We recorded the induced LTP
at 2 time points: 1 min and 30 min after the high-frequency
stimulation (HFS).

Hippocampal samples preparation

The hippocampal samples were extracted after 14 days and
28 days of drug treatment. The SD rats in every group were
anesthetized by intraperitoneal injection with 10% chloral hy-
drate (1 ml/kg). The rats were decapitated, the brain tissues
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Table 1. The primer sequences for the real-time PCR.
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Genes Primer sequences Length (bp) Annealing temperature (°C)

Forward: 5’-CAGTGCCAGCCTCGTCTCAT-3’

B-actin 150 60
Reverse: 5’-AGGGGCCATCCACAGTATTC-3’
Forward: 5’-GCCTGGAACCAAATACTACAT-3’

NME e 364 56
Reverse: 5’-ACAGTCGGCTCAGAATACCC-3’
Forward: 5’-GGCTCTGCTACTACCGATCC-3’

GRS I 185 58
Reverse: 5’-TTGGAGGACGGCGAGGTTA-3’
Forward: 5’-CATCGCCATCTTCATCCGTC-3’

FREEEE s e 148 55
Reverse: 5’-TCAAAGCTGTCGCCCTCTAC-3’
Forward: 5’-CTGAACCCTCACATCCACCT-3’

EIIEE e e 189 58

Reverse: 5’-ATCTGCCATTTTCCATCCCT-3’

were isolated, and the hippocampal tissues were extracted.
Then, the hippocampal tissues were homogenized in ice-cold
homogenization buffer containing 300 mM protease inhibi-
tor (Sigma-Aldrich, St. Louis, MO, USA), 10 mM HEPES, and
adjusted to pH 7.5 by using the Ultra-Turrax system (IKA,
Staufen, Germany). The homogenate was then centrifuged at
4000 rpm for 5 min using a HimacCF15 low-temperature and
high-speed centrifuge (Hitachi, Tokyo, Japan), and the pellets
were discarded. Then, the protein concentration and content
were evaluated using bicinchoninic acid (BCA) protein assay kit
(Tiangen Biotech Co., Beijing, China) according to the manufac-
turer’s instruction. The extracted hippocampal proteins were
aliquoted and stored at —80°C for further tests.

Western blot assay

A total of 0.2 pg extracted hippocampal proteins were separated
by using 15% SDS-PAGE (Sigma-Aldrich, St. Louis, Missouri, USA)
and electro-transferred onto the PVDF membranes (Millipore,
Boston, MA, USA). The PVDF membranes were blocked using
the 5% defatted milk for 2 h at 4°C overnight. The PVDF mem-
branes were incubated with rabbit anti-rat NCAM polyclonal an-
tibody (Catalogue No: GTX133217, 1: 2000, GeneTex, Inc., Alton
Pkwy Irvine, CA, USA), mouse anti-rat GAP43 monoclonal antibody
(Catalogue No. GTX34384, 1: 3000, GeneTex, Inc.), mouse anti-rat
PSD-95 monoclonal antibody (Catalogue No. MABN68, 1: 3000,
Millipore, Boston, MA, USA), mouse anti-rat CaMK Il monoclonal
antibody (Catalogue No. sc-5306, 1: 3000, Santa Cruz Biotech),
and mouse anti-B actin monoclonal antibody (Catalogue No.
GTX11003, 1: 3000, GeneTex Inc.) for 2 h at room temperature.
The membranes were then incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Catalogue No. sc-2005, 1:
2000, Santa Cruz Biotech.) and goat anti-rabbit IgG (Catalogue No.
sc-2004, 1: 2000, Santa Cruz Biotech) at 37°C for 1 h. Finally, the
Western blot bands were visualized with an enhanced chemilu-
minescent (ECL) kit (Sigma-Aldrich, St. Louis, MO, USA).

Real-time RT-PCR assay

Total RNAs of the hippocampal tissues were extracted us-
ing TRIzol regents (Tiangen Biotech Co., Beijing, China). Then,
the KI1622 Reverse Transcription kit (Thermo Electron Corp,
Waltham, MA, USA) was utilized to synthesize the cDNAs accord-
ing to the manufacturer’s instructions. The synthesized cDNA
was amplified as the templates by using the Sybgreen gPCR kit
(Tiangen Biotech Co.) as the fluorescent dye, and performed with
the real-time PCR system (MJ ReSCarch Inc., St. Bruno, Quebec,
Canada). Then, the following conditions were used for ampli-
fication: 95°C for 2 min, 95°C for 10 s, 60°C for 15 s, 72°C for
45 s, and for 40 cycles. The primers for the NCAM, GAP43, PS95,
CaMK I, and B-actin are listed in Table 1. Finally, the amplified
products were loaded onto 1.5% agarose gels, and the images
were analyzed using Quantity One image analysis software (Bio-
Rad Laboratories, Hercules, CA, USA). The relative mRNA expres-
sion of target genes was normalized to the B-actin gene using
the comparative threshold cycle (224") method. Amplification
and melting curves (data not shown in figures) were drawn.

PKC activity examination

PKC activity was examined by a non-radioactive method ac-
cording to a previously published study [36]. Briefly, hippo-
campal tissues were lysed in 1000 pl PKC extraction buffer
(1 pg/ml leupeptin [Sigma-Aldrich], 1 pg/ml aprotinin [Sigma-
Aldrich], 25 mM Tris [Sigma-Aldrich], 10 mM mercaptoethanol
[Sigma-Aldrich], 10 mM B-mercaptoethanol [Sigma-Aldrich],
0.05% Triton X-100 [Sigma-Aldrich], 0.5 mM EDTA [Sangon,
Shanghai, China], and 0.5 mM EGTA [Sangon]). Equal amounts
of hippocampal tissue proteins were utilized in each PKC re-
action according to the protocol of the PepTag® non-Radio-
active Protein Kinase C detection kit (Promega, Madison, WI,
USA). The hippocampal tissue samples were then incubated
with a fluorescent, positively-charged, PKC-specific peptide
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Figure 1. Latency of platform seeking in positioning navigation and spatial probe test data at 14 days or 28 days after intragastric
administration (n=64). (A, B) Latency of platform seeking in positioning navigation at 14 and 28 days after intragastric
administration. (C, D) Spatial probe test data at 14 days or 28 days post intragastric administration. * P<0.05, ** P<0.01 vs.
Control group, # P<0.05 vs. SCD group. Dose of VPA: 150 mg/kg/d, dose of LEV: 150 mg/kg/d.

(C1 peptide, 0.4 pg/pl) for 30 min and separated on 0.8% aga- to assess differences between 2 or more different groups. For
rose gels. The phosphorylated, negatively-charged peptide was comparisons between 2 groups, the t test was used. A P<0.05
separated from non-phosphorylated, positively-charged pep- value was considered as the level of statistical significance.
tide and visualized under UV light. The bands were quantified
by densitometry and normalized to the controls.

Results

Statistical analysis
LEV shortens the latency of platform seeking in
Data in this study were analyzed using SPSS software 117.0 positioning navigation
(SPSS Inc., Chicago, IL, USA). Data are described as mean + stan-
dard deviation (SD). All of the data were obtained from at least ~ There were no significant differences in latency of platform
3 independent tests or experiments. One-way ANOVA was used seeking among the 4 groups on the first day and second day of
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Figure 2. fEPSP slope at 14 days (A, B) and 28 days (C, D) after intragastric administration, both 1 min after HFS and 30 min after
HFS (n=64). * P<0.05, ** P<0.01 vs. Control group, # P<0.05, # P<0.05 vs. SCD group. Dose of VPA: 150 mg/kg/d, dose of LEV:

150 mg/kg/d.

14 days (Figure 1A) and 28 days (Figure 1B) after intragastric
administration (P>0.05). However, there were significant differ-
ences in the latency of platform seeking among the 4 groups
on the third day and fourth day of 14 days (Figure 1A) and
28 days (Figure 1B) after intragastric administration (P<0.05).
The latency of platform seeking in the SCD group was longer
significantly compared to the Control group at both 14 days
(Figure 1A) and 28 days (Figure 1B) after intragastric adminis-
tration (P<0.01 on the third day, P<0.05 on the fourth day). The
latency of platform seeking of the SCD+LEV group (LEV treat-
ment) was significantly shorter compared to the SCD group at
14 days (Figure 1A) and 28 days (Figure 1B) after intragastric
administration (P<0.01 on the third day, P<0.05 on the fourth
day). Furthermore, we found that the VPA did not affect the
latency of platform seeking at 14 days or 28 days after intra-
gastric administration.

LEV improved the spatial probe test results

There were no significant differences for the first platform-
crossing time among the 4 groups at 14 days (Figure 1C) or
28 days (Figure 1D) after intragastric administration (P>0.05).
Swimming time in the platform quadrant for 60 s in the SCD
group was significantly lower compared to the Control group
at 14 days (Figure 1C) and significantly higher compared to the

Control group at 28 days (Figure 1D) after intragastric admin-
istration (P<0.05). The LEV treatment (SCD+LEV group) signifi-
cantly prolonged the swimming time in the platform quadrant
at 14 days (Figure 1C), but significantly shortened the swim-
ming time compared to the SCD group at 28 days (Figure 1D)
after intragastric administration (P<0.05). The number of times
crossing the platform within 60 s in the SCD group was signif-
icantly fewer compared to the Control group both at 14 days
(Figure 1C) and 28 days (Figure 1D) after intragastric administra-
tion (P<0.05). The LEV treatment (SCD+LEV group) significantly
increased the number of times crossing the platform within
60 s compared to the SCD group at 14 days (Figure 1C) and
28 days (Figure 1D) after intragastric administration (P<0.05).

LEV enhances the fEPSP slopes

One-way ANOVA showed that the there were significant dif-
ferences among the 4 groups for fEPSP slope at 14 days
(Figure 2A, 2B) and 28 days (Figure 2C, 2D) after intragastric
administration, both 1 min after HFS and 30 min after HFS. The
fEPSP slopes were significantly lower in the SCD group com-
pared to the Control group, and LEV treatment significantly
enhanced the fEPSP slopes compared to the SCD group both
at 14 days (Figure 2A, 2B) and 28 days (Figure 2C, 2D) after
intragastric administration (P<0.05).
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Figure 3. Evaluation of the expression of NCAM, PSD-95, and GAP-43 by Western blot assay (n=32). (A) Western blot bands for NCAM,
PSD-95, and GAP-43 expression. (B) Statistical analysis of NCAM protein expression. (C) Statistical analysis of PSD-95 protein.
(D) Statistical analysis of GAP-43 protein. * P<0.05, ** P<0.01 vs. Control group, # P<0.05, ## P<0.05 vs. SCD group. 14N (28N),
14S (28S), and 14L (28L) represent the Control group, SCD group, and SCD+LEV group, respectively, at 14 days (28 days) after
intragastric administration. Dose of VPA: 150 mg/kg/d, dose of LEV: 150 mg/kg/d.

LEV decreases the levels of NCAM protein and mRNA

Western blot assay showed that the protein levels of NCAM
were significantly increased in the SCD group compared to
the Control group, both at 14 days and 28 days after intra-
gastric administration (Figure 3A, 3B, both P<0.05). However,
the LEV treatment significantly decreased levels of NCAM
protein compared to the SCD group, both at 14 days and 28
days after intragastric administration (Figure 3A, 3B, both
P<0.05). RT-PCR assay results also indicated that LEV signifi-
cantly decreased the levels of NCAM mRNA compared to the
SCD group at 14 days and 28 days after intragastric adminis-
tration (Figure 4A, both P<0.05).

LEV increased the levels of PSD-95 protein and mRNA

Western blot results indicated that PSD-95 protein levels were
significantly lower in the SCD group compared to the Control
group, both at 14 days and 28 days after intragastric admin-
istration (Figure 3A, 3C, both P<0.05). However, LEV treatment
significantly increased the levels of PSD-95 protein compared
to the SCD group at 14 days and 28 days after intragastric
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administration (Figure 3A, 3C, both P<0.05). The RT-PCR assay
also showed that LEV treatment significantly increased the
PSD-95 mRNA levels compared to the SCD group at 14 days and
28 days after intragastric administration (Figure 4B, both P<0.05).

LEV decreased expression of GAP-43

The Western blot results showed that the GAP-43 levels were
significantly increased in the SCD group compared to the
Control group, both at 14 days and 28 days after intragastric
administration (Figure 3A, 3D, both P<0.05). However, LEV treat-
ment significantly decreased the GAP-43 levels compared to
the SCD group (Figure 3A, 3D, both P<0.05). RT-PCR assay also
showed that LEV treatment significantly decreased the GAP-43
mRNA levels compared to the SCD group at 14 days and 28
days after intragastric administration (Figure 4C, both P<0.05).

LEV increased activity of p-PKC
The non-radioactive method for p-PKC activity (Figure 5A)

indicated that activity of p-PKC was significantly decreased
in the SCD group compared to the Control group at 14 days
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Figure 4. Observation for mRNA expression of NCAM, PSD-95, and GAP-43 by using RT-PCR assay (n=32). (A) Statistical analysis
for NCAM mRNA expression. (B) Statistical analysis for PSD-95 mRNA expression. (C) Statistical analysis for GAP-43
mRNA expression. * P<0.05, ** P<0.01 vs. Control group, # P<0.05, ## P<0.05 vs. SCD group. 14N (28N), 14S (28S), and 14L
(28L) represent the Control group, SCD group, and SCD+LEV group at 14 days (28 days) after intragastric administration,
respectively. Dose of VPA: 150 mg/kg.d, dose of LEV: 150 mg/kg.d.
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Figure 5. Examination for the p-PKC activity using a non-radioactive method (n=32). (A) The immunoblotting image. (B) Statistical
analysis for p-PKC activity. ** P<0.01 vs. Control group, ** P<0.05 vs. SCD group. 14N (28N), 14S (28S), and 14L (28L)
represent the Control group, SCD group, and SCD+LEV group at 14 days (28 days) after intragastric administration,
respectively. Dose of VPA: 150 mg/kg/d.

and 28 days after intragastric administration (Figure 5B, both LEV increased CaMK Il levels

P<0.05). However, the LEV treatment significantly increased the

p-PKC activity compared to the SCD group at 14 days and 28 Western blot results showed that CaMK Il levels were signif-

days after intragastric administration (Figure 5B, both P<0.05). icantly decreased in the SCD group compared to the Control
group at 14 days and 28 days after intragastric adminis-
tration (Figure 6A, both P<0.05). However, LEV treatment
significantly increased the levels of CaMK Il levels compared
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Figure 6. CaMK Il expression was evaluated using both Western blot assay and RT-PCR assay (n=32). (A) Western blot assay and
statistical analysis for CaMK Il expression. (B) Statistical analysis for CaMK I mRNA expression. * P<0.05 vs. Control group,
#P<0.05 vs. SCD group. 14N (28N), 14S (28S), and 14L (28L) represent the Control group, SCD group, and SCD+LEV group at
14 day (28 days) after intragastric administration, respectively. Dose of VPA: 150 mg/kg/d.

to the SCD group at 14 days and 28 days after intragastric
administration (Figure 6A, both P<0.05). RT-PCR assay results
also indicated that LEV treatment significantly increased the
CaMK Il levels compared to the SCD group at 14 days and 28
days after intragastric administration (Figure 6B, both P<0.05).

Discussion

In this study, we established the SCD using the electrical stim-
ulation method, which has been extensively used by many
scholars around the world [37]. We performed electrical stim-
ulation in the hippocampus CA1 region to establish the SCD
rat model, and the electrical stimulation parameter (0.06 mA
stimulus intensity) was consistent with previous studies [38].

Cognitive function refers to the mental processes associated
with acquisition of information, manipulation, knowledge, and
reasoning, which includes the domains of the learning, memory,
language, attention, and decision making [39]. Among these
cognitive functions, learning and memory are most important.
Therefore, we evaluated cognitive functions by examining the
positioning navigation and space exploration, using methods
previously described [40]. Our results indicated that the la-
tency of platform seeking in positioning navigation was pro-
longed in the SCD model rats, but LEV shortens latency of plat-
form seeking in positioning navigation at 14 days and 28 days

after intragastric administration. Furthermore, we found that
VPA did not affect the latency of platform seeking after in-
tragastric administration. The swimming time and, the num-
ber of times crossing the platform within 60 s suggest that
the LEV clearly improves the learning and memory function,
which is consistent with previously published studies [41,42].
Furthermore, we found that VPA did not affect cognitive func-
tions of the SCD model rats at 14 days or 28 days after intra-
gastric administration.

Synaptic plasticity is the changes in synaptic strength (the
structures or the functions) produced by the diverse-stimu-
lation procedures in vitro and in vivo [43]. Whitlock et al. [44]
reported that synaptic plasticity is an important mechanism
that underlies long-term memory storage. Therefore, synaptic
plasticity is closely correlated to cognitive functions in model
rats, which can be assessed through electrophysiology and
synaptic function-associated proteins [45]. Long-term synaptic
plasticity is usually divided into long-term potentiation (LTP, in
which synaptic strength increases) and long-term depression
(LTD, in which synaptic strength decreases). In this study, we
found that fEPSP slopes were significantly lower in the SCD
group compared to the Control group, and LEV treatment sig-
nificantly enhanced fEPSP slopes compared to the SCD group
after intragastric administration. These results suggest that
LEV improves the LTP of SCD model rats, which is consistent
with the Morris water maze test results.
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Many synaptic plasticity-associated proteins have been discov-
ered, among which NCAM, PSD-95, and GAP-43 are closely cor-
related with LTP [46]. A previous study discovered that NCAM
expression was obviously enhanced in the LTP induction period,
and NCAM expression was blocked in the LTP maintenance pe-
riod [47]. In the present study, the NCAM levels in hippocampal
tissues of SCD rats were significantly increased, which suggests
that subthreshold convulsant discharge damages the neurons.
The mechanism may be similar to that in epilepsy, in which in-
creased NCAM triggers formation of PSA-NCAM complex [48],
which induces neuronal migration and nervous system re-con-
tribution, and causes further cognitive impairment. The Morris
water maze test and LTP results showed that cognitive func-
tion alterations are contrary to changes in NCAM, which also
showed that overexpression of NCAM can affect the cogni-
tive function of rats. We also found that LEV significantly de-
creased the NCAM expression in hippocampal tissues in SCD
rats, but VPA did not trigger this change, which are consistent
with the changes of NCAM in epilepsy-associated studies [49].

PSD-95 is composed of glutamate post-synaptic densities (PSDs)
and participates in the signaling pathways that close the glu-
tamate-gated ion currents [50]. Overexpression of PSD-95 sig-
nificantly affects synaptic function, and the excitatory post-
synaptic current is enhanced by up to 4-fold [51]. This increase
triggers a strengthening process similar to that which occurs
during LTP, in which the synapses strengthened by the over-
expression of PSD-95 cannot finally be potentiated by the in-
duction protocols of PSD-95 [52]. We found that PSD-95 pro-
teins levels were significantly decreased in the SCD group
compared to the Control group, and LEV treatment significantly
increased the levels of PSD-95 protein compared to the SCD
group. We speculate the mechanism may act by negatively reg-
ulating the sensitivity of NMDA to glutamate and decreasing
the combination of NMDA and glutamate. However, this hy-
pothetical mechanism needs to be proven in future research.

GAP-43 is a presynaptically distributed and growth-related pro-
tein, and its phosphorylation is enhanced after LTP [53]. The per-
forant path LTP alters the GAP-43 RNA expression in the intact
freely moving rats after LTP induction [54]. The role of LEV in ep-
ilepsy in a rat model is controversial, either decreasing GAP-43
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levels or increasing GAP-43 levels. In this study, we discovered
that LEV treatment significantly decreased the GAP-43 levels
compared to the SCD group, and VPA did not have this effect.
This result suggests that LEV can decrease GAP-43 levels in SCD
model rats, which is consistent with GAP-43 downregulation.

According to the changes in GAP-43 levels associated with LTP
and synaptic plasticity, we speculated that the cognitive func-
tion-related PKC-GAP43-CaMK II-LTP signaling pathway partic-
ipates in SCD (Figure 7). The PKC is an important intracellular
signal transduction molecule, and its phosphorylation mediates
many biological reactions [55]. A previous report [11] showed
that synaptic plasticity requires increased intracellular calcium
in the post-synaptic neuron. In some cell types, the source of
calcium is influx via the NMDA receptors, and in other cell
types the source of calcium is influx via the voltage-dependent
calcium channels [56]. There are many calcium-binding mole-
cules associated with synaptic plasticity, all of which bind to the
calcium-calmodulin-dependent protein kinase type 2 (CaMK I1)
to produce LTP [57]. A previous study found that phosphory-
lated PKC (p-PKC) can phosphorylate GAP-43 and trigger the
disaggregation of CaM from GAP-43, and the disaggregated
CaM further activates CaMK II. Therefore, PKC, GAP-43, and
CaM constitute a closely associated network.

A previous study [58] showed that with knock-out of the
CaMK Il gene, the spatial learning capacity of rats was signif-
icantly decreased, and the spatial learning capacity was dam-
aged in CaMK Il gene-mutated rats. In this study, the CaMK Il
levels were significantly decreased in the SCD model rats com-
pared to normal rats, which suggests that the cognitive im-
pairment of SCD rats is correlated with decreased levels of
CaMK II. PKC activity was also decreased in SCD model rats.
Therefore, we hypothesized that the decreased PKC activity
causes the CaMK Il levels to decrease through Ca/CaMK signal
transduction, further affecting LTP. We also observed that the
anti-convulsant drug LEV enhances PKC activity and CaMK Il
levels, which improves LTP via increasing the phosphorylation
of PKC and increasing the CaMK Il levels. Furthermore, the ef-
fects of LEV on PKC activity and CaMK Il expression may also
be closely associated with post-synaptic membrane receptors
such as NMDA receptor and AMPA receptor.
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Although this study obtained some interesting results, it also
has a few limitations. First, we used both VPA and LEV in this
study, but VPA seems to be ineffective for cognitive function
improvement. In contrast to our findings, a previous study [24]
reported that VPA plays an anti-epileptic role by enhancing in-
hibitory neurotransmitters. Further research is needed on the
effects of VPA on cognitive function. Second, we did not per-
form dose-response curve experiments for drug dosages selec-
tion, and the optimal concentrations were consistent with the
previous studies [29,30]. In future research, we plan to investi-
gate the effects of VPA and LEV on cognitive functions. Third,
this study was conducted using rats, and our results cannot be
extrapolated to humans. In the future, we plan to assess the
efficacy of LEV in humans. Finally, the present study did not
show the direct effects of LEV on CaMK Il and PKC. In the fu-
ture research, we would like to investigate the effects of LEV
on both CaMK Il and PKC.
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Conclusions

Our results show that cognitive impairment occurs in the SCD
rat model. The NCAM and GAP-43 levels were significantly in-
creased and PSD-95 levels were decreased in SCD rats, and
LEV treatment significantly improved these protein levels.
Meanwhile, the PKC activity and CaMK Il levels decreased in
SCD rats, and LEV treatment significantly increased the pro-
tein levels. Therefore, we conclude that cognitive impairment
in SCD model rats may be caused by decreased PKC activity,
underexpression of CaMK II, and inhibition of LTP formation.
LEV can improve cognitive function by activating the PKC-GAP-
43-CaMK signal transduction pathway. Our results show that
LEV has promise for improving cognitive function in subclini-
cal epileptiform discharge patients.
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