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Abstract Approximately 30 % of epilepsy cases are refrac-
tory to current pharmacological treatments. Thus, novel ther-
apeutic approaches that prevent or reverse the molecular and
cellular mechanisms of epilepsy are required. 5-HT6 receptor
(HTR6) blockade can modulate multiple neurotransmitter
systems, and HTR6 may be a potential therapeutic treatment
for neurological diseases, including epilepsy. Here, we inves-
tigated the role of HTR6 in epilepsy. We detected HTR6
expression both in human epileptic tissues and the pilocarpine
rat model by western blotting. We observed behavioral chang-
es after administration of pilocarpine in rats pretreated with a
selective HTR6 antagonist, SB-399885, and recorded the
electrophysiological index in the pilocarpine rat model pre-
or posttreated with SB-399885 by electroencephalogram
(EEG) and whole-cell clamp. We measured the activity of
mammalian target of rapamycin (mTOR) in the pilocarpine
rat model pretreated with the mTOR-specific inhibitor,
rapamycin, and SB-399885 using western blotting. We found
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that HTR6 expression was upregulated in both human tissues
and the pilocarpine rat model, and that SB-399885 could
suppress epileptic seizures and mTOR activity in epileptic
seizures. These results suggest that HTR6 plays an important
role in modulating seizure activity and that the blockade of the
HTR6/mTOR pathway could be a potential therapeutic target
for epilepsy treatment.
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Introduction

Epilepsy is a disabling neurological disorder characterized by
recurring, unprovoked seizures, which affects approximately
0.5-1 % of the world population. It often requires lifelong
medication and places an enormous burden on the individual
and society [1]. Approximately 30 % of affected individuals
are refractory to current pharmacological treatments [2]. In
responsive cases, medication can suppress seizures as symp-
tomatic therapies, but there is minimal evidence that the
current anti-epileptic drugs correct the brain abnormalities
causing epilepsy or have disease-modifying effects. There-
fore, it is now recognized that novel therapeutic approaches
that prevent or reverse the molecular and cellular mechanisms
of epilepsy are required [3].

Serotonin (5-HT) exerts diverse physiological and pharma-
cological effects by acting on multiple receptor subtypes. The
5-HT6 receptor (HTR6) is one of the most recent additions to
the serotonin receptor family. HTR6 was discovered by using
molecular cloning approaches in 1993 [4]. It shares <40 %
protein sequence homology with all other known G-protein
coupled 5-HT receptors, has no known functional splice var-
iants, and appears to be almost exclusively expressed within
the central nervous system (CNS), particularly in the hippo-
campus, olfactory tubercle, striatum, nucleus accumbens, and
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cerebral cortex and presents a heterogeneous distribution in
different brain areas [5, 6]. HTR6 activation leads to a pro-
longation of neuronal excitability, an increase in neurotrans-
mitters release to regulate glutamatergic and cholinergic neu-
ronal activity and modulation of synaptic plasticity [7, 8].
Increasing evidence suggests that it may be involved in the
regulation of cognition, feeding, and, possibly, affective state
and seizures [7]. HTR6 blockade can modulate multiple neu-
rotransmitter systems and therefore enhance cognition in pre-
clinical studies. Thus, HTR6 antagonists may be considered as
potential therapeutics for cognitive disorders related to aging
and neurodegenerative diseases [8]. In term of seizures,
Routledge et al. [9] reported that treatment with the HTR6
antagonists SB-271046, Ro 04—6790, and SB-258510 signif-
icantly increased the seizure threshold in the maximal electro-
convulsive shock test (MEST) rat model used to study seizure
regulation. Subsequently, this finding was also confirmed
using the HTR6 antagonist SB-357134, suggesting that
HTR6 may regulate seizure threshold [10]. The specific local-
ization of HTRG6 in the corticolimbic areas and the anti-seizure
effects of HTR6 antagonism suggest that this receptor may be
involved in epilepsy.

Meftre et al. [11] reported that HTR6 physically interact
with several proteins of the mammalian target of rapamycin
(mTOR) pathway, including mTOR, using a proteomic strat-
egy and HTR6 activation increased mTOR signalling. Inter-
estingly, the mTOR pathway represents a potentially novel
therapeutic target for epilepsy. In poststatus epilepticus
models of temporal lobe epilepsy(TLE), rapamycin, an
mTOR inhibitor, may ameliorate the development of
epilepsy-related pathology, suppress seizures, and prevent
epilepsy in animal models of certain genetic epilepsies, such
as tuberous sclerosis complex [12, 13].

However, the relationship between HTR6 and mTOR in
epilepsy and whether HTR6 regulates mTOR to modulate
seizure activity remain unknown. In the present study, we
investigated the specific relationship between HTR6 and
mTOR and the potential role of these proteins in epilepsy
using an HTR6 antagonist to identify whether the
HTR6/mTOR pathway is a potential treatment target for

epilepsy.

Methods
Human Material

Twenty-five surgical removal temporal neocortex samples
obtained from patients with intractable TLE and ten histolog-
ically normal anterior temporal neocortex samples obtained
from patients who were treated for posttrauma intracranial
hypertension were randomly selected from our established
brain tissue bank [14]. The criteria, informed consent, and

brain tissue processing were referenced in our previous pub-
lications [14, 15]. Individual patient details are listed in Sup-
plemental Tables 1 and 2.

Pilocarpine Rat Model and Drug Treatments

Adult male Sprague—Dawley rats were selected and the
modeling process was based on our previous experiment
[15]. Briefly, 127 mg/kg lithium chloride (Sigma) was intra-
peritoneally administered 20 h before pilocarpine treatment.
pilocarpine (50 mg/kg, i.p.; Sigma) was administered to in-
duce seizures. The behavioral seizures were observed contin-
uously and graded according to the Racine scale [16]. Rats
experiencing stage 4 or 5 seizures for 1 h were injected with
diazepam (10 mg/kg, i.p.) to terminate status epilepticus and
were used for subsequent experiments. To detect the effect
between HTR6 and mammalian target of rapamycin (mTOR),
the rats were pretreated with HTR6 antagonist SB-399885
(10 mg.kg-1.d-1, i.p.) or mTOR-specific inhibitor rapamycin
(6 mgkg-1.d-1, i.p. LC Labs) for three consecutive days
before the induction of seizures through the administration
of pilocarpine. The rats were sacrificed at various time points
(ranging from 1 to 30 days) after the onset of status epilepticus
(each group n=6). Some of the rats were sacrificed by decap-
itation after an i.p. administration of chloral hydrate. The
hippocampus and neocortex were quickly dissected out on
ice, frozen in liquid nitrogen, and stored at —80 °C for western
blotting. Some of the rats were anesthetized with chloral
hydrate and transcardially perfused with 0.9 % saline followed
by 4 % paraformaldehyde (4 g/100 ml) in PBS (pH 7.4). The
brains were immediately removed, postfixed in 4 % parafor-
maldehyde, processed, and embedded in paraffin. Coronal
brain sections were then prepared and mounted on
polylysine-coated slides for immunohistochemistry and
immunofluorescence.

Immunohistochemistry and Double-labeling
Immunofluorescence

The processes were based on our previous experiment [15,
14]. For immunohistochemistry, tissue sections were sequen-
tially incubated with the primary anti-HTR6 antibody (1:50;
Abcam), a biotinylated secondary antibody, and avidin-biotin
complexes. Diaminobenzidine was used for color develop-
ment, and hematoxylin was used for counterstaining. For
immunofluorescence, tissue sections were incubated with an
anti-HTR6 antibody (1:400) and anti-MAP2 antibody mixture
or an anti-HTR6 antibody and anti-GFAP antibody, and then,
incubated with FITC-conjugated antibody (1:100) and
TRITC-conjugated antibody (1:100). The sections were ob-
served using laser scanning confocal microscopy (Leica).
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Western Blot Analysis

Protein extracts from brain tissues were separated by
SDS-PAGE and transferred to nitrocellulose membranes.
After blocking, the membranes were incubated at 4 °C
overnight with primary antibodies against the following
target proteins: HTR6 (1:1,000), phosphorylated S6 (P-
S6) (1:1,000; Cell Signaling), S6 (1:1,000; Cell Signal-
ing), and f3-actin (1:600; Santa Cruz Biotechnology). The
membranes were then washed and incubated with species-
specific peroxidase-conjugated secondary antibodies for
2 h at room temperature. Specific bands were detected
using the ECL system (Amersham) and a Bio-Rad elec-
trophoresis image analyzer.

Electrophysiology

In chronic period (30 days), after the rats were deeply anaes-
thetized by intraperitoneal injection of 3.5 % chloral hydrate
(1 ml/100 g), one intracranial recording electrode was placed
in the CA3 area of the hippocampus. The behavioral changes
included seizure activities, incidence and latency of convul-
sions, and ictal activity over a total period of 2 h. Electroen-
cephalogram (EEQG) ictal discharges were defined as respec-
tive spiking (amplitude >3 times baseline) lasting longer than
15s.

Coronal brain slices (350 wm) were obtained in ice-cold
sterile slice solution (containing in mM: KCI, 2.5;
NaH,P0,4.2H,0, 1.25; MgCl,.H,0, 6; CaCl,, 1; NaHCOs5,
26; sucrose, 220; glucose, 10). Slices was perfused with
artificial cerebral spinal fluid (ACSF) at 35 °C for 1 h and
then at room temperature. The whole-cell current-clamp tech-
nique [17, 18] was used to record action potentials. The
internal solution contained (in mM): 60 K,SO,4, 60 NMG,
40 HEPES, 4 MgCl,, 0.5 BAPTA, 12 phosphocreatine, 2
Na,ATP and 0.2 Na;GTP, pH 7.2-7.3, and 265-
270 mOsm. Neurons in CA1l were selected and perfused
with ACSF to record AP, and then perfused with ACSF+
SB-399885, the data were then recorded. Once the re-
cording data were stable, the slice was bathed with
ACSF for the remainder of the recording. Multiclamp
700B amplifier (Axon, USA) and Digidata 1322A were
used to collect and analyze data, which were filtered at
10 KHz and low-pass filtered at 2 KHz, then recorded
with pClamp 9.2 software (Molecular Devices, Sunny-
vale, CA, USA).

Statistical Analysis
The data are reported as the means+SD. We analyzed
the data using one-way ANOVA and Student’s #-test

using SPSS 13.0 software. We defined statistical signif-
icance as P<0.05.
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Results

HTR6 Expression is Upregulated in Human and Pilocarpine
Rat Model of TLE

To demonstrate the relationship between HTR6 and
epilepsy, we first assessed HTR6 expression in the
temporal neocortices from TLE subjects and control
individuals by western blot analysis. Notably, HTR6
protein level in the TLE samples was significantly
higher than HTR6 protein level in the control group
(Fig. la). To clearly determine the HTR6 alterations
that occur during epilepsy, we turned to the pilocarpine
epilepsy model. HTR6 expression was assayed by west-
ern blotting at different time points (1, 3, 7, 14, and
30 days) after the onset of status epilepticus. Notably, 3
d after pilocarpine-induced status epilepticus, HTR6 ex-
pression increased and remained elevated until day 30
(Fig. 1b). This increase was observed both in the hip-
pocampus and neocortex. The HTR6 immunoreactivity
was faint in the hippocampus and neocortex neurons of
the control group (Fig. 2a and c) but relatively strong in
the hippocampus and neocortex neurons of the model
group (Fig. 2b and d). The localization of HTR6 in the
rat brain was estimated by double-labeling the sections
with the neuronal marker microtubule-associated protein
2 (MAP2) and the astrocyte marker glial fibrillary acidic
protein (GFAP) antibodies. HTR6 (green) was co-
expressed with MAP2 (red) in neurons but not with
GFAP (red) in astrocytes both in the hippocampus and
neocortex (Fig. 3).

Effect of HTR6 Antagonist on Epileptic Seizure Activity

To test whether HTR6 interferes with the seizure pheno-
type, we measured the effect of the HTR6 antagonist, SB-
399885, on seizure activities. SB-399885 (10 mg.kg-1.d-
1, i.p.) was intraperitoneally administered for three con-
secutive days before the induction of seizures through the
administration of pilocarpine. SB-399885 significantly in-
creased seizure latency in pilocarpine-treated rats. The
differences in latency between the SB-399885 group and
control group were statistically significant (39.8+7.5 min
in SB-399885, n=18; 26.4£6.5 min in control, n=18.)
(Fig. 4a). In terms of seizure severity, the Racine score
was estimated once, 10 min from after the rats were
treated with pilocarpine only or pilocarpine and SB-
399885 for 10 to 60 min. SB-399885 reduced the Racine
score (seizure severity) in pilocarpine-treated rats, com-
pared to the control group, *P<0.05 (Fig. 4b). To test
whether the effect of SB-399885 on behavioral activities
was due to the inhibition of hyperexcitability, we mea-
sured spontaneous action potentials in the hippocampal



Mol Neurobiol (2015) 51:1292-1299

1295

A

Human

CO ep CO ep coO ep co ep

HTR6

B —actin

Rat Hippocampus

0d(co)id 3d 7d 14d 30d

HTRE o e - o -

1 actin ————— — -
Neocortex

0d(co) 1d 3d 7d 14d 30d

Fig. 1 HTR6 expression is upregulated in human and pilocarpine rat
model of TLE. a The representative western blot shows HTR6 expression
in the temporal neocortex of control individuals (lanes 1, 3, 5, and 7) or
individuals with TLE (lanes 2, 4, 6, and 8). ¥*P<0.05, compared to the

CA1 neurons. As shown in Fig. 4d, slices from the
pilocarpine-treated rats presented outbursts of action po-
tentials, and slices from treated with SB-399885 showed

Fig. 2 HTR6
immunohistochemical staining in
rat brain sections. a, ¢ HTR6
immunoreactivity was faintly
visible in the hippocampus (a)
and neocortex (¢) of the control
group. b, d HTR6
immunoreactivity was relatively
strong in the hippocampus (b) and
neocortex (d) of the pilocarpine
group. As indicated by the
arrows, HTR6 was expressed in
the cytoplasm and cell membrane
of neurons in hippocampus and
neocortex. Scale bar is 40 pm
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control group. b Three days after status epilepticus, HTR6 expression
increased and remained elevated until 30 days both in the hippocampus
and the neocortex of rats. *P<0.05, compared to nontreated rats (0 day/
control)

significantly reduced spontaneous action potentials fre-
quencies. Consistently, EEG results showed similar
changes in the SB-399885 pretreated group (Fig. 4c¢).
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Fig. 3 HTRG6 double-labeling
immunofluorescence in the brain
sections of pilocarpine-treated
rats. a, ) In the hippocampus,
HTRG6 (green) was co-expressed
with MAP2 (red) in neurons (a)
but not with GFAP (red) in
astrocytes (b). ¢, d In the
neocortex, HTR6 (green) was co-
expressed with MAP2 (red) in
neurons (c¢) but not with GFAP
(red) in astrocytes (d). Scale bar
is 75 um

mTOR is Activated and HTR6 Mediates the Activation
of mTOR in Pilocarpine-treated Rats

To determine whether mTOR activity was changed in the
pilocarpine-treated rats, we used western blot analysis to assay
the ratio of P-S6 protein to total S6 protein at different time
intervals (1, 3, 7 days) after status epilepticus. This ratio is a
marker of mTOR activity [19]. Notably, by 3 days after status
epilepticus, the mTOR activity in the hippocampus increased
significantly and remained elevated 7 days after status epilep-
ticus. This finding was reflected by an increase in the P-S6/
total S6 ratio (Fig. 5a). This increase indicates mTOR activa-
tion in the pilocarpine epilepsy model. When the rats were
pretreated with the mTOR specific inhibitor rapamycin, the
activation of mTOR was inhibited (Fig. 5b). The HTR6 an-
tagonist SB-399885 was administered intraperitoneally for
three consecutive days prior to pilocarpine injection. We
found that pretreatment with SB-399885 effectively prevented
the increase of HTR6 expression that occurred in the hippo-
campus after pilocarpine-induced seizures (Fig. 6a).We also
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examined the ability of SB-399885 pretreatment to block
mTOR activation in the pilocarpine-treated rats by assaying
the P-S6 to total S6 ratio. Interestingly, SB-399885 pretreat-
ment significantly inhibited the increase of mTOR activity
that occurred in the hippocampus after epileptic seizures
(Fig. 6b).

Discussion

In the present study, we detected an increase in HTR6 expres-
sion in human brain tissues and in the TLE rat model and
verified that the HTR6 antagonist SB-399885 could suppress
epileptic seizures in pilocarpine rat model. We also demon-
strated that HTR6 might effect on mTOR in epilepsy. To our
knowledge, this is the first demonstration of a relationship
between HTR6 and mTOR in epilepsy.

HTRG6 is one of the most recently cloned receptors among
the known serotonin receptors. It is almost exclusively
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Fig. 4 The effect of HTR6 antagonist SB-399885 on seizure activities. a
After pretreatment with SB-399885, seizure latency was significantly
increased in pilocarpine-treated rats. *P<0.05, compared to the control
group. (each group n=12); b After pretreatment with SB-399885, the
Racine score (seizure severity) was reduced in pilocarpine-treated rats.
*P<0.05, compared to the control group. (each group n=12). ¢ In chronic
period (30 days), intensive spontaneous action potentials in CA1 neurons

localized in the CNS and is abundantly distributed in the limbic
and cortical regions. Thus, new therapeutic agents targeting
HTR6 may have relatively few peripheral side effects. Conse-
quently, HTR6 has generated much interest for potential drug
discovery and as a biological research target involved in neu-
rological disorders. Using immunohistochemistry, Gerard et al.
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Fig. 5 The effect of rapamycin pretreatment on mTOR activation in the
pilocarpine rat model. a Three days after status epilepticus, mTOR
activity was significantly increased and remained elevated 7 days after
status epilepticus. ¥*P<0.05, compared to nontreated rats (0 day). b
Representative western blots show the hippocampus of nontreated rats
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on coronal brain slices (350 pum) of pilocarpine-treated rats were detected
by whole-cell patch clamp. After posttreatment with SB-399885, spon-
taneous action potentials in CA1 neurons were significantly decreased.
After being washed with ACSF, spontaneous action potentials were
increased to some extent. (n=6). d In chronic period (30 days), EEG ictal
discharges were reduced in rats pretreated with SB-399885 when com-
pared with pilocarpine-treated rats only (each group n=6)

[20] found that HTR6 was highly expressed in the olfactory
tubercles, nucleus accumbens, striatum and hippocampus, and
moderately expressed in the cerebellum, cerebral cortex, and
substantia nigra in the rat brain, while, Marazziti et al. [6]
showed the presence of HTR6 in both pyramidal and glial cells
in the prefrontal cortex, using immunohistochemistry and

B

0d 3d 3d 7d 7d
pilo - + + + +
rapamycin __- - + - +

PS T
so DA - -

0.9+
0.84
0.74
0.6+
0.54

*

1Y

The time after pilocarpin injection

M pilo- rapamycin- |
I pilo+ rapamycin-
I pilo+ rapamycin+

0.44
0.34
0.24
0.1 -

0.0 -

The activity of mTOR (the ratio of P-S6/S6)

(pilo—, rapamycin—), pilocarpine-treated rats (pilo+, rapamycin—), and
rapamycin-pretreated rats prior to pilocarpine (pilo+, rapamycin+t). Pre-
treatment with rapamycin inhibited mTOR activation, as reflected by the
P-S6 to total S6 ratio that was assayed 3 and 7 days after pilocarpine-
induced seizures, *P<0.05 . (each group n=06)
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Fig. 6 HTR6 mediates the activation of mTOR in the pilocarpine rat
model. Representative western blots show the hippocampus of nontreated
rats (pilo—, SB-399885—), pilocarpine-treated rats (pilo+, SB-399885-),
and SB-399885-pretreated rats prior to pilocarpine (pilo+, SB-399885+).
a Pretreatment with SB-399885 inhibited the increase in HTR6

double-label immunofluorescence microscopy experiments,
positive cells were mainly identified as pyramidal neurons in
the hippocampus. In our study, we detected HTR6 in the
cytoplasm and cell membrane of neurons in the hippocampus
and neocortex of rats, but HTR6 was not expressed in astro-
cytes. Interestingly, epileptic seizures could induce HTR6 up-
regulation. In the TLE rat model, HTR6 expression was highest
during spontaneous recurrent seizures period, which was con-
sistent with that of human TLE. The temporal and spatial
variation of HTR6 provides a preliminary explanation that it
may play a role in epilepsy.

HTR6 appears to be a promising target for treating some
neurological disorders, and HTR6 ligands, particularly selec-
tive antagonists, have shown beneficial effects in multiple
studies, and some of them are currently used in clinical trials
[21, 7]. They have a beneficial effect on neuronal plasticity
and modulated the function of neurotransmitters, such as
cholinergic and glutamatergic systems. For instance, HTR6
blockade can improve memory processes and reverse age-
related spatial episodic like memory deficits [8]. Treatment
with an HTR6 antagonist, such as SB-271046, Ro 04—6790,
SB-258510, and SB 357134, increase seizure threshold in the
MEST rat model [7, 9, 10]. Various selected HTR6 antago-
nists have different affinities for HTR6. SB-399885 is a po-
tent, selective, brain penetrant HTR6 antagonist, which dis-
plays over 200-fold selectivity for HTR6 over all other recep-
tors and has a high affinity for human recombinant and native
HTRG6 [22]. In this study, we selected SB-399885 to antago-
nize HTR6 activity. Pretreatment with SB-399885, signifi-
cantly increased seizure latency and relieved seizure severity
in rats after pilocarpine intraperitoneal injection. During
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expression, as shown 3 and 7 days after pilocarpine-induced seizures,
*P<0.05. b SB-399885 pretreatment also inhibited mTOR activation, as
reflected by the P-S6 to total S6 ratios that were determined 3 and 7 days
after pilocarpine-induced seizures. *P<0.05. (each group n=6)

chronic period, pretreatment of the pilocarpine rat models with
SB-399885 alleviated spontaneous recurrent seizures as ob-
served by EEG recording and posttreatment with SB-399885
could also mitigate hippocampal neurons discharge. These
results suggest that HTR6 blockade might have anti-seizures
effect and SB-399885 might be a good choice to achieve this
effect.

Some recent experiments have indicated that HTR6 may
participate in the modulation of mTOR, which is a potential
downstream component of the HTR6 signaling pathway [11].
mTOR is an evolutionarily highly conserved serine/threonine
kinase belonging to the phosphoinositide 3-kinase-related
kinase family and represents one of the most recently studied
pathways in relation to seizures and epileptogenesis and a
potential novel therapeutic target for epilepsy, due to its sug-
gested crucial role in many aspects of cellular proliferation
and growth also including neurodegeneration, neurogenesis,
and synaptic plasticity [23]. In the present study, we found that
mTOR was activated in the pilocarpine epilepsy model and
that this activation could be abrogated through HTR6 antag-
onism. As reflected by the P-S6 to total S6 ratio, nTOR was
markedly activated after pilocarpine-induced status epilepti-
cus. Pretreatment with rapamycin, an mTOR specific inhibi-
tor, significantly inhibited the activation of mTOR after sei-
zure activity. More importantly, mTOR activation was effec-
tively blocked by pretreatment with a selective HTR6 antag-
onist SB-399885, indicating that HTR6 might be upstream of
mTOR in pilocarpine-induced seizures.

In conclusion, we found that HTR6 expression was upreg-
ulated in both the epileptic foci of individuals with TLE and
the pilocarpine rat model. HTR6 antagonist SB-399885 can
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suppress seizure activities, and HTR6 may mediate epileptic
seizures by activating mTOR. The HTR6/mTOR signaling
pathway could be a potential therapeutic target for epilepsy.
Further studies are needed to thoroughly elucidate the role of
the HTR6/mTOR signaling pathway in epilepsy.
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