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Abstract
Cognitive impairment is a common comorbidity in patients with temporal lobe epilepsy (TLE) that severely affects patients’
quality of life. Also, serotonin 5-hydroxytryptamine 6 (5-HT6) receptor plays an important role in cognition. This study aimed to
investigate effects of 5-HT6 receptor on learning-memory capacities in epileptic rats. Total of 36 adult Sprague-Dawley (SD) rats
were divided into vehicle (n = 6) and epileptic group (n = 30). Status epilepticus (SE) was induced via systemic injection of
pilocarpine. Epileptic group was sub-divided into vehicle, 10, 20, and 30 μg SB-271046 groups, six mice per group. Learning-
memory performance of rats was evaluated by using Y maze and Morris water maze test. 5-HT6 receptor expression was
examined using immunostaining and Western blot. The other six rats were used to make epileptic model and Jab-1/p-c-Jun were
detected. Results showed that frequency of spontaneous recurrent seizures (SRSs) was significantly decreased in pilocarpine-
induced epileptic rats that treated with SB-271046. Alternation rate and new arm percentage were decreased in epileptic rats
compared to control. The 5-day mean latency was prolonged in epileptic rats compared to control rats. During retention stage,
mean latency, number of target crossings, and percentage of time spent in target zone were decreased in epileptic rats, but not in
those treated with SB-271046. The number of apoptotic neurons was significantly increased in epileptic rats, which was
decreased by SB-271046. 5-HT6 expression was significantly increased in hippocampus and cortex following recurrent seizures.
Jab-1 level was decreased after SB-271046 administration. p-c-Jun level was elevated in epileptic rats and decreased in a dose-
dependent manner after the SB-271046 administration. In conclusion, the over-expression of 5-HT6 receptor and activated Jab-1/
p-c-Jun plays an important role in pilocarpine-induced seizures and learning-memory impairment.
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Introduction

Temporal lobe epilepsy (TLE) is the most common category of
chronic epilepsy with hippocampal sclerosis as the most prev-
alent primary pathology, documenting for 36% in all focal ep-
ilepsy pathologies in clinical (Blumcke et al. 2017; Wu et al.
2018). Cognitive impairment or decline is a common comor-
bidity in patients with TLE that severely affects patients’ quality
of life (Huang et al. 2011; Huang et al. 2017). The cognitive
decline is considered to be comorbidity of TLE with higher
dementia prevalence compared to that of the normal population
(Hermann et al. 2006). Tai et al. (2018) reported that the posi-
tron emission tomography biomarkers could reflect the cogni-
tive decline in TLE. In clinical, the pharmaco-resistance is the
most common challenge affecting approximate 30% of TLE
patients (Salman et al. 2017); therefore, it is urgent to identify
the novel drug targets and discover the new drugs. The
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cognitive impairment particularly involves learning and mem-
ory (Berg 2011) and these deficits have been recapitulated in
chemoconvulsant models of TLE, such as pilocarpine-induced
chronic epilepsy (Titiz et al. 2014). However, the mechanism
underlying TLE-associated cognitive impairment remains un-
clear. Interestingly, vast data indicate that the serotonin 5-
hydroxytryptamine 6 (5-HT6) receptor may play therapeutic
roles in the processes of learning and memory. For example,
Marcos found that 5-HT6 receptor antagonists improve spatial
recognition memory on the Morris water maze test (Marcos
et al. 2010). Several 5-HT6 receptor antagonists displayed suc-
cessful results in phase I clinical studies (i.e., in healthy volun-
teers), and some have been evaluated in clinical phase II studies
(i.e., in patients) for the treatment of Alzheimer’s disease (Hu
et al. 2017). Regarding epilepsy, as early as 2000, 5-HT6 re-
ceptor antagonists were found to elevate the seizure threshold in
an electric shock model (Woolley et al. 2004). Recently, 5-HT6
receptor was found to modulate seizure activity in epilepsy
through recruitment of mTOR (Wang et al. 2015; Wang et al.
2016). However, the role of 5-HT6 receptors in epilepsy and
learning-memory in chronic TLE and the mechanisms under-
lying its functions remain unknown.

c-Jun activation domain-binding protein-1 (Jab1) acts a
regulator of intracellular signaling and affects the cellular
apoptosis and cell growth (Pan et al. 2014). The c-Jun and
its phosphorylation form (p-c-Jun) play critical functions
in the cell differentiation, apoptosis, and proliferation by
activating the associated genes (Yang et al. 2013).
Therefore, this study also involved the Jab1 and p-c-Jun
molecules in the investigation of the potential mechanism
of cognitive decline in TLE.

The present study investigated the effects of the 5-HT6
receptor antagonist SB-271046 on seizures and on learning
and memory in lithium-pilocarpine-induced chronic TLE.
Moreover, we observed morphological changes in the cortex,
the hippocampus, and the striatum. Finally, we examined the
expression of the 5-HT6 receptor and its downstream signal
molecules including Jab-1, c-Jun, and p-c-Jun.

Methods and Materials

Pilocarpine Model of Chronic TLE

All animal experiments were performed according to the
Guidelines for Animal Experimentation of Fujian Medical
University. Adult Sprague-Dawley (SD) rats (220–250 g)
were housed in a 12-h/12-h light/dark cycle and were provid-
ed with access to food and water. Thirty-six rats were divided
into two groups (6 rats in vehicle group, 30 rats in epileptic
group). One week prior to the induction of SE, surface elec-
trodes were implanted into the skull of the rats under 10%
chloral hydrate anesthesia as described previously (Lin et al.

2013). One frontal electrode was implanted above the frontal
cortex [AP 2.5 mm, ML 2.0 mm, and DV 0.5 mm]. The
second electrode was fixed to the surface of the skull as a
ground. The third electrode was fixed behind the ear as a
reference. After the experiment, the animals were intraperito-
neally (I.P.) injected with gentamycin to prevent infection and
were allowed to recover from surgery for 1 week until exper-
imentation. Twenty minutes before the injection of pilocar-
pine, atropine, a muscarinic antagonist, was administered I.P.
(1 mg/kg) to reduce the peripheral adverse effects of pilocar-
pine. The rats were I.P. injected with pilocarpine (30 mg/kg,
Sigma) 16–18h after the administration of lithium (127mg/kg,
I.P.). After drug administration, the progressive evolution of
seizure behavior was observed and rated according to the
Racine scale (Racine 1972). Only the animals that developed
stage IV–V seizures were used. Status epilepticus (SE) was
defined as stage IV–V seizures that persisted for longer than
30 min. The behavior and the electroencephalography (EEG)
potentials of the animals were continually monitored for 2 h
using a video monitoring system (BYOPAC, USA) three
times a day for 28 days after the establishment of SE. At
chronic period, the spontaneous recurrent seizures (SRSs)
were evaluated by frequency (times/week) and stages
(Veliskova 2006). The EEG discharges displaying amplitudes
exceeding 50μV, whichwas typically twofold greater than the
basal EEG discharge amplitude and spike (≦ 70 ms) or sharp
waves (70–200 ms), were counted as seizure discharges. Root
mean square (RMS) was calculated with three discontinuous

t imes of 20 s X rms ¼ √∑xi2=N ¼ √x12 þ x22 þ ⋅⋯þ xi2=N
� �

(Choi et al. 2010).
Four weeks after SE, the epileptic group was randomly di-

vided into four sub-groups. One received vehicle (2-
hydroxypropyl-β-cyclodextrin, HP-β-CD), and the others re-
ceived 10 μg/20 μg/30 μg SB-271046 respectively. SB-
271046was injected into the lateral ventricle using the following
coordinates with respect to Bregma: AP 0.8 mm, ML 1.5 mm,
and DV 4 mm. Before the administration, 10% chloral hydrate
was used to anesthetize and bucinnazine to alleviate the pain.

Y Maze and Morris Water Maze Tests

YMaze Test Six weeks post the SEmodel establishment, the Y
maze test was performed. The Ymaze test that mainly utilized
a cardboard apparatus consisting of three enclosed arms with
dimensions of 50 cm × 10 cm × 20 cm (length, width, and
height, respectively) that converged on an equilateral triangu-
lar center platform (5 cm × 5 cm × 5 cm) was performed. The
number of spontaneous alternation performances (SAPs),
which was defined as the number of sequential entries into
each of the three arms without any repeated entries, and the
total number of entries into the arms were evaluated (8-min
test periods). The rate of SAP (SAP rate, %) was calculated as
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an index of the working memory-related behavior. The total
number of entries into the arms was assessed as an index of
locomotor activity.

Morris Water Maze Tests It was used to examine the changes
in the learning and memory capacities of the rats. A circular
water maze was used in this study. The diameter was 120 cm,
and the height was 50 cm. A hidden platform with a diameter
of 9 cm that was 0.5 cm below the surface of the water was
located inside the maze. Floating plastic particles were placed
on the surface of the water to obscure the visual detection of
the platform. The temperature of the water was 25.0 °C ±
0.5 °C. For the experiment, the rats were placed at a random
location in the maze and were allowed to swim freely until
they located the hidden platform. The entire experiment was
conducted over 7 days. On the first 5 days, the rats were left in
the maze to locate the platform for a maximum duration of
60 s. This learning session was repeated five times each day
with an interval of 1 h between the sessions. On the final day,
the platformwas removed, and the time that the rat spent in the
region that previously contained the platform was recorded
over a period of 3 min (180 s).

Brain Region Isolation and Morphological
Examinations

At the end of the experiments, the animals were deeply anes-
thetized (10% chloral hydrate, 2 mL/kg) and transcardially
perfused with 0.1 mmol/L phosphate-buffered saline (pH
7.4) followed by 4% paraformaldehyde. The hippocampal,
cortical, and striatal brain regions were rapidly isolated and
sequentially incubated in a mouse anti-rat HTR6 monoclonal
antibody (1:500, Cat. No. ab101912, Abcam Biotech.,
Cambridge,MA, USA). Then, the tissues were incubated with
a biotinylated goat anti-mouse IgG (1:500, Cat. No. ab64255,
Abcam Biotech., Cambridge, MA, USA). Diaminobenzidine
(Beyotime Biotech., Shanghai, China) was used for color de-
velopment, and hematoxylin was used for counterstaining.
The stained brain sections were observed under a Leica
DM2500 microscope (Leica, Germany). Images were cap-
tured using a digital camera and Leica software (version
3.7). For quantification, five × 400 fields of view were ran-
domly examined, and the number of 5-HT6 receptor-positive
cells in each field was counted by independent blinded
observers.

Western Blot

The brain tissues were digested and lysed by using
radioimmunoprecipitation assay solution (RIPA, Beyotime
Biotech., Shanghai, China) and centrifuged at speed of
10,000 r/min for 5 min. The concentration of the extracted
proteins was examined by using BCA protein assay kit (Cat.

No. ab102536, Abcam Biotech., Cambridge, MA, USA).
Then, total of 0.2 μg proteins were separated via SDS-
PAGE and transferred to nitrocellulose membranes. After
blocking, the membranes were incubated at 4 °C overnight
in primary antibodies against the following target proteins:
5-HTR6 (1:1000) and β-actin (1:600; Santa Cruz
Biotechnology). Then, the membranes were washed and incu-
bated in species-specific peroxidase-conjugated secondary an-
tibodies for 2 h at room temperature. The specific bands were
detected using an ECL system (Amersham) and a Bio-Rad
electrophoresis image analyzer.

Second Part of Experiment

Total of 30 rats were induced chronic epileptic model and
intervened by 20 μg SB-271046 4 weeks after SE (according
to the first part of experiment). Then the animals were killed
0.5/1/2/4/8/16 h after administration of SB-271046, respec-
tively. Another 30 rats were induced chronic epileptic model
and intervened by vehicle, 10 μg/20 μg/30 μg SB-271046
respectively 4 weeks after SE. Then 2 h after administration
of SB-271046, all the rats were sacrificed. The hippocampal,
cortical, and striatal brain regions were rapidly isolated. Jab-1/
c-Jun/p-c-Jun were detected via Western blot. The primary
antibodies against Jab-1/c-Jun/p-c-Jun (1:1000) were originat-
ed from rabbit and polyclonal while the primary antibody
against β-actin (1:1000) was originated from mouse and
monoclonal. The specific secondary antibodies against Jab-1
(1:4000) or c-Jun (1:500) or p-c-Jun (1:500) or β-actin
(1:6000) were all originated from goat.

Atropine, pilocarpine hydrochloride, and HP-β-CD were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and
SB-271046 was purchased from Torric (USA). All other re-
agents were purchased from Abcam Biotech. (Cambridge,
MA, USA).

Statistical Analyses

All data are presented as the means ± the SD. All statistical
analyses were performed using SPSS 15.0 software (SPSS,
Inc., Chicago, IL, USA). One-way ANOVA and Student’s t
test were used for comparisons between multiple groups, and
the level of significance was set as P < 0.05.

Results

Behavioral and EEG Changes in the Rats

At 15 to 20 min post the pilocarpine administration, the ani-
mals exhibited stereotypical oral and masticatory movements,
hypokinesia, salivation, chewing, sniffing movements,
tremors, and partial seizures. Approximately 30 min after
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pilocarpine injection, the animals developed SE that persisted
for longer than half an hour (Fig. 1a–d). This acute phase was
followed by a quiescent phase of 2–7 days in which the ani-
mals behaved normally (Fig. 1a–d). Spontaneous recurrent
seizure activities (11.43 ± 3.36/week, 4.06 ± 0.38 stages) were
observed 8–27 days (20.92 ± 4.92 days) after SE. The fre-
quency and stage of SRSs were not changed in 10 μg SB-
271046 when compared to HP-CD and that were decreased in
20 μg SB-271046 and 30 μg SB-271046 (Fig. 1e, #P(20-μg) <
0.05, #P(30-μg) < 0.05). When compared to 20 μg SB-271046,
the frequency of SRSs was decreased and the stage was not
changed in 30 μg SB-271046 (Fig. 1e). Similarly, treatment
with 10 μg of SB-271046 did not decrease the frequency of
seizure discharges (P(10-μg) = 0.98), and the frequency and
RMS of spontaneous recurrent seizures in the 20-μg SB-
271046 and 30-μg SB-271046 were lower than those in the

HP-CD (Fig. 1f, #P(20-μg) < 0.001, #P(30-μg) < 0.01). When
compared to 20 μg SB-271046, the RMS of SRSs was de-
creased and the frequency was not changed in 30 μg SB-
271046 (Fig. 1f, @P(30-μg) < 0.05).

Behavioral Alterations on the Y Maze Test

In the pilocarpine-treated groups, a significant decrease in the
SAP rate was observed on the Y maze test (Fig. 2a).
Compared to the HP-CD, the 10 μg SB-271046, 20 μg SB-
271046, and 30-μg SB-271046 exhibited an increased SAP
rate (Fig. 2a, #P(10-μg) < 0.05, #P(20-μg) < 0.05, #P(30-μg) <
0.01). These findings were consistent with the results of the
novel object discrimination (NOD) test, which revealed a sig-
nificant difference between the vehicle and HP-CD groups
(Fig. 2b, *P(10-μg) < 0.05). Regarding the 10 μg SB-271046

Fig. 1 Pilocarpine injection-induced epilepsy model and the reduction of
seizures by SB-271046. a EEG image for Con. b EEG image for EP (SE).
c EEG image for EP (SE-4W). d EEG image for EP+SB-271046 20 μg. e
The frequency of SRSs: a significant decrease was observed in 20 μg SB-
271046 or 30 μg SB-271046 when compared to HP-CD (#P < 0.05) and
also in 30 μg SB-271046 compared to 20 μg SB-271046 (@P < 0.05).
The stages of SRSs: there was a significant decrease in both 20 μg SB-

271046 and 30 μg S-271046B after SB-271046 rejection (#P < 0.05). f
The amplitude (RMS) of the SRSs: a significant decrease was observed
both in 20 μg SB-271046 and 30 μg SB-271046 compared to HP-CD
(#P < 0.05) and also in 30 μg SB compared to 20 μg SB-271046
(@P < 0.05). The frequency of seizure discharge: there was a significant
decrease in both 20 μg SB-271046 and 30 μg SB-271046 after SB-
271046 rejection (#P < 0.05)
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and 20 μg SB-271046 groups, the percentage of time spent in
the new arm was increased, although this difference was not
significant compared to the HP-CD group (P(10-μg) = 0.912
and P(20-μg) = 0.293), while that in 30 μg SB-271046 was
significant (#P(30-μg) < 0.05).

Behavioral Alterations on the Morris Water Maze Test

Among the pilocarpine-treated rats, the latency to reach the
platform during the first 5 days was significantly
prolonged (Fig. 3a, b). Compared to the HP-CD group,
the latency of the 20 μg SB-271046 and 30 μg SB-
271046 was reduced, but no significant difference was de-
tected between the 10 μg SB-271046 and HP-CD groups
(Fig. 3b). On the final day, behavioral alterations indicative
of impairments in the retention of spatial learning were
observed in the HP-CD, 10 μg SB-271046, 20 μg SB-
271046, and 30 μg SB-271046. For example, the latency
to reach the target platform was prolonged, the number of
platform crossings was reduced, and the percentage of time
spent in the target zone was decreased (Fig. 3c, *P < 0.01).
Regarding the 10 μg SB-271046, 20 μg SB-271046, and
30 μg SB-271046, the latency to reach the target platform
was shortened, the number of platform crossing was de-
creased, the swimming speed was higher, and the percent-
age of time spent in the target zone was decreased when
compared to the HP-CD group (Fig. 3d, #P < 0.05). When
compared to 10 μg SB-271046, the latency to reach the
target platform was shortened and the number of platform
crossing was increased in 20 μg SB-271046 (Fig. 3e,
&P < 0.05). When compared to 20 μg SB-271046, the
number of platform crossing was increased in 30 μg SB-
271046 (Fig. 3f, @P < 0.05). In the 20 μg SB-271046 and
30 μg SB-271046 but not the 10 μg SB-271046 group, the
percentage of time spent in the target zone was significant-
ly increased compared to the HP-CD group (Fig. 3f,
#P < 0.05).

Apoptotic Cells

Regarding the HP-CD group, the number of apoptotic cells in
all three examined brain regions (cortex, hippocampus, and
striatum, Fig. 4a) was dramatically increased compared to that
in the vehicle group (Fig. 4b, *P < 0.05). Furthermore, the
changes in the hippocampus were the most apparent.
Compared to the HP-CD group, except for 10 μg SB-
271046, both 20 μg SB-271046 and 30 μg SB-271046 exhib-
ited a significant reduction in the number of apoptotic cells
(Fig. 4c, #P < 0.05). Furthermore, the reduction in hippocam-
pus was the most apparent.

The Expression of the 5-HT6 Receptor

In the vehicle, the 5-HT6 receptor was expressed in all three
examined brain regions (cortex, hippocampus, and striatum)
by using immunohistochemical assay (Fig. 5a) and Western
blot assay (Fig. 5b), respectively. And the membrane was
stained brown while the nuclei were null. That means that 5-
HT6 receptor was mainly expressed in membrane. The num-
ber of 5-HT6 receptor-positive cells was increased in the hip-
pocampus and the cortex in the epileptic rats compared to the
vehicle-treated rats (Fig. 5c, *P < 0.05), while there was no
difference in striatum. These findings were consistent with the
Western blot OD results quantifying the expression of the 5-
HT6 receptor (Fig. 5d, *P < 0.05). These results revealed sig-
nificant differences in 5-HT6 receptor expression between the
vehicle and HP-CD groups.

The Expression of Jab-1/p-c-Jun

The Jab-1 and p-c-Jun/c-Jun expression was evaluated by
using Western blot assay (Fig. 6a). In the 20 μg SB-271046,
both the levels of Jab-1 and p-c-Jun/c-Jun were downregulat-
ed after administration of SB-271046. This effect was most
significant 2 h after administration of SB-271046 and lasted at

Fig. 2 Behavioral alterations on the Y maze test. a SAP: in the HP-CD
group, significantly reduced SAP rates were observed (*P < 0.05).
Following SB-271046 injection, the SAP rate was increased (#P(10-μg)
< 0.05, #P(20-μg) < 0.05,

#P(30-μg) < 0.01. b NOD: the percentage of time

spent in the new arm was decreased in the HP-CD group (*P < 0.05).
30 μg SB-271046 increased this percentage (#P(30-μg) < 0.05), but this
difference was not significant in both 10 μg SB-271046 and 20 μg SB-
271046 (P(10-μg) = 0.912 and P(20-μg) = 0.293)
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least 1 h. The level of Jab-1 was not changed while p-c-Jun/c-
Jun was significantly increased in HP-CD when compared to
vehicle (Fig. 6b, *P < 0.05). Two hours after administration of
SB-271046, both Jab-1 and p-c-Jun were downregulated
(Fig. 6b, #P < 0.05) and this effect got more significant with
the increase of SB-271046 dose (Fig. 6c, #P < 0.05). Besides,
the inhibition was most obvious in cortex, followed by hippo-
campus (Fig. 6d, e). In a word, SB-271046 inhibited the level
of Jab-1 and p-c-Jun in a dose-time-dependant manner and
tissue-specific character.

Discussion

Vast clinical evidence has shown that chronic TLE tends to
be accompanied by cognitive impairments. TLE has been
considered to impair long-term memory but not working

memory; however, recent evidence suggests that working
memory is also compromised in TLE (Winston et al.
2013). Regarding epileptic rats, the Y maze test, which is
a cortex-dependent behavioral task, is used to evaluate
working memory (Hughes 2004). This task requires the
maintenance and manipulation of information over short
periods of time. In our study, a decreased SAP rate and
percentage of time spent in the new arm were observed in
the pilocarpine-treated rats. Additionally, the Morris water
maze test is a hippocampus-dependent behavioral task that
is among the most frequently used to evaluate spatial
memory (Inostroza et al. 2011; Fu et al. 2018). This test
requires learning and memory over a longer period of time
than the Y maze test. In our study, the latency to reach the
platform on the first 5 days and the latency to reach the
target zone on the final day were prolonged in the
pilocarpine-treated rats. These findings indicate that

Fig. 3 Behavioral alterations on the Morris water maze test. a Behavioral
changes due to the Morris water maze test. b First 5 days: the latency to
reach the platform during the first 5 days was prolonged in the
pilocarpine-treated group (*P < 0.05). This value was reduced in 10 μg
SB-271046 and 20 μg SB-271046 (*P < 0.05), but not in the 10 μg SB-
271046 group. c The number of platform crossings was reduced in the
HP-CD group (*P < 0.05) and was increased due to SB-271046
administration (#P < 0.05). This effect was dose-independent (20 μg
SB-271046 vs. 10 μg SB-271046, &P < 0.05, 30 μg SB-271046 vs.

20 μg SB-271046, @P < 0.05). d Comparing for the swimming speed
among groups. e The latency to reach the target platform was prolonged
in the HP-CD group (*P < 0.05) and was reduced in 20 μg SB-271046
and 30 μg SB-271046 (*P < 0.05), but not in 10 μg SB-271046. f The
percentage of time spent in the target zone was reduced in the HP-CD
group (*P < 0.05). This percentage was increased in the 20 μg SB-
271046 group, but not in the 10 μg SB-271046 group (#P < 0.05),
compared to the HP-CD group
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chronic TLE not only impairs long-term memory but also
affects working memory, which are consistent with the
previous studies (Inostroza et al. 2011; Winston et al.
2013; Fu et al. 2018). However, the reason for this addi-
tional impairment has yet to be resolved.

In recent years, an increasing evidence suggests that the 5-
HT6 receptor may play a therapeutic role in learning and
memory processes (Marcos et al. 2010). Few studies have
focused on the relationship between the 5-HT6 receptor and
epilepsy or between epilepsy and cognitive impairment.

Notably, the chronic temporal epilepsy is more analogous to
human epilepsy than the acute model of epilepsy (de Lima
et al. 2017). Pilocarpine model has proved to be a valuable
tool to investigate the mechanisms involved in TLE (Curia
et al. 2008). In the present study, we observed spontaneous
recurrent partial seizures 8–27 days after pilocarpine-induced
SE. The frequencies and amplitudes of the spontaneous recur-
rent seizures were decreased after the injection of the 5-HT6
receptor antagonist SB-271046 into the lateral ventricle. As
early as 2000, Routledge et al. (2000) found that SB-271046

Fig. 4 TUNEL-stained apoptotic cells in the brain sections. The cells
were stained brown. a TUNEL staining images. b A sharp increase
in stained cells was detected in the HP-CD group compared to the
vehicle group (*P < 0.05). c Following SB-271046 administration,

TUNEL staining was significantly weakened in cortex and
hippocampus (#P < 0.05) but not changed in striatum. The
inhibiting effect was most obvious in hippocampus
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displays potent and persistent anti-convulsive activity as dem-
onstrated using the memory specificity training (MEST) test
(Woolley et al. 2004). In this study, our findings are consistent

with the previously reported anti-convulsive activity of other
5-HT6 receptor antagonists, including Ro 04-6790 and SB-
258510 (Woolley et al. 2004; Brouard et al. 2015; Higgs et al.

Fig. 5 5-HT6 receptor expression as demonstrated via IHC (a) and
Western blot (b). The membrane was stained brown and the nuclei were
null. All three of the brain regions (C cortex, H hippocampus, and S
striatum) contained 5-HT6 receptor-positive cells. c In the HP-CD
group, both the cortex and the hippocampus displayed remarkable
increases in the numbers of 5-HT6R-positive cells and in the staining

intensities (*P < 0.05), but no significant differences were observed in
the striatum. The differences in the numbers of 5-HT6R-positive neurons
(*P < 0.05). d A significant increase in the OD ratio after pilocarpine
treating was detected in both the hippocampus and the cortex (*P < 0.05)
but not in the striatum
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2016), which suggests that the anti-convulsive properties of
SB-271046 are likely mediated by the 5-HT6 receptor.

Recently, 5-HT6 receptor was found to modulate seizure ac-
tivity though recruitment of mTOR (Wang et al. 2015).

Fig. 6 a The Jab-1 and p-c-Jun/c-Jun expression was evaluated by using
Western blot assay. b The level of Jab-1 was not changed while p-c-Jun/c-
Jun was significantly increased in HP-CD when compared to vehicle. c

The effect got more significant with the increase of SB-271046 dose. d, e
The inhibition was most obvious in cortex, followed by hippocampus
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However, some researchers considered that the magnitude of
these anti-seizure effects is modest compared to that of known
anti-epileptic drugs such as carbamazepine (Upton et al. 1997;
Smith et al. 2007; Kenyon et al. 2014).

The understanding of the mechanisms by which anti-
convulsive drugs act on the 5-HT6 receptor is limited, but
previous evidence indicates that agents that elevate the extra-
cellular serotonin levels inhibit seizures (Choi et al. 2010) and
that agents that reduce the brain serotonin levels are associated
with pro-convulsive activity. We found decreased extra-
cellular serotonin levels in the hippocampus of epileptic rats
in our previous study (Lin et al. 2013), and such reductions
might be responsible for the modest anti-seizure effects of 5-
HT6 receptor antagonists. Hippocampal sclerosis, including
neuronal apoptosis and glial proliferation, is the most charac-
teristic pathological change in chronic TLE. In the present
study, the decrease in neuronal apoptosis following the admin-
istration of the 5-HT6 receptor antagonist might have contrib-
uted to the reductions in seizure severity and frequency. But it
remains a mystery whether neuronal apoptosis induced sei-
zures or seizures induced apoptosis.

We were interested more in determining whether the 5-HT6
receptor is involved in epilepsy accompanied by cognitive im-
pairment. In our study, after SB-271046 administration, both
the SAP rate and the percentage of time spent in the new arm
increased. On the Morris water maze test, the latency to reach
the platform on the first 5 days and the latency to reach the
target zone on the final day were reduced following SB-271046
administration. These findings indicate that 5-HT6 receptor
antagonist administration improves the learning and memory
capacities of epileptic rats. However, its mechanism remains to
be elucidated. It has been reported that 5-HT6 receptor over-
expression in the striatum leads to impairments in instrumental
learning (Mitchell et al. 2007). Marcos et al. found that proce-
dural learning induces the downregulation of 5-HT6 receptor
expression (Marcos et al. 2010). Experimental studies have
demonstrated that the hippocampus, particularly the CA3 re-
gion, is essential for spatial learning, including spatial memory
acquisition and consolidation. Moreover, the manipulation of
information in the working memory system is an active process
that requires executive regulation and controlled attention. This
process involves a complex neural network in which the con-
nections between the hippocampus and cortex are critical.
Therefore, the frontal cortex plays an important role in working
memory. In our study, 5-HT6 receptor over-expression in the
hippocampus and the frontal cortex was observed in the
pilocarpine-induced chronic epileptic rats. TLE with cognitive
impairment might be caused by the over-expression of the 5-
HT6 receptor especially in cortex and hippocampus.

The 5-HT6 receptor is not expressed in cholinergic neurons
(Marcos et al. 2006). The co-localization of glutamic acid
decarboxylase with the 5-HT6 receptor in the rat cerebral cor-
tex and hippocampus has been demonstrated (Woolley et al.

2004; Codony et al. 2011; Johnson et al. 2008; West et al.
2009). Based on the above data, 5-HT6 receptor antagonists
might disinhibit GABAergic neurons and subsequently mod-
ulate the cholinergic and/or glutamatergic systems. However,
whether this receptor is expressed in other types of neurons
and glia requires further exploration. The 5-HT6 receptor be-
longs to the family of G protein-coupled receptors. The cellu-
lar effects mediated by the 5-HT6 receptor are partially under-
stood. The 5-HT6 receptor has been found to activate inter-
cellular signal-regulated JNK via the Jab1 pathway (Yun et al.
2010). We found that the level of p-c-Jun was upregulated in
epileptic rats and was downregulated after SB-271046 admin-
istration. It is well known the upregulation of p-c-Jun may
accelerate neuronal apoptosis. Therefore, over-expression of
the 5-HT6 receptor as well as activated p-c-Jun may influence
neuronal apoptosis and antagonists of 5-HT6 receptor may
protect epileptic rats from neuronal damage. However, the
imbalance between the p-c-Jun and neuronal apoptosis and
the distinguished differences between Jab-1 and p-c-Jun were
difficult to understand. Maybe more Jab-1 move to nucleus in
epileptic rats than vehicle. Maybe other molecular pathways
play an more important role in influencing p-c-Jun. Moreover,
our data still cannot illustrate whether pilocarpine or SRSs
induce learning-memory impairment. Further investigation
may provide insight into the cellular mechanisms by which
over-expression of 5-HT6 receptor and activated p-c-Jun play
important role in seizures and cognitive impairment.

Although this study received some interesting results,
there were also a few limitations. Firstly, the apoptosis of
the cells was only determined by using the qualitative
method. In the following study, we would investigate the
apoptotic cells by using the quantitative method. Secondly,
the gene expressions for the proteins have not been exam-
ined in this study, although the protein expression could
reflect the function of molecules. In the future research, we
would examine the gene levels of molecules and verify the
intercellular processes. Thirdly, the statistical method of
bar charts for the data is relative less informative compared
to the informative scatter plots due to the previous pub-
lished study (Rousselet et al. 2016). In the following stud-
ies, we would analyze and demonstrate the data or findings
with the scatter plots. Fourthly, according to the antibodies
used, there are a few truncated bands in Western blotting
images; however, all of which cannot affect the indicated
findings of this study. In the future study, we would select-
ed a few more specific antibodies.

In conclusion, pilocarpine induced recurrent seizures and
learning-memory impairment that may be mediated by over-
expression of the 5-HT6 receptor in the hippocampus and the
cortex. The 5-HT6 receptor antagonist SB-271046 not only
reduced the seizure frequency but also alleviated the cognitive
impairments in the epileptic rats. The activated p-c-Jun by 5-
HT6 receptor may play an important role in epileptogenesis
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and cognitive impairment. The present study discovered for
the first time that the 5-HT6 receptor and activated Jab-1/p-c-
Jun participate in the pilocarpine-induced seizures and
learning-memory impairment.
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