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Abstract Temporal lobe epilepsy (TLE) is themost common
form of intractable epilepsy and is always accompanied with
hippocampal sclerosis. The molecular mechanism of this
pathological phenomenon has been extensively explored,
yet remains unclear. Previous studies suggest that ion chan-
nels, especially calcium channels, might play important
roles. Transient receptor potential canonical channel
(TRPC) is a novel cation channel dominantly permeable to
Ca2+ andwidely expressed in the human brain.Wemeasured
the expression of two subtypes of TRPC channels, TRPC3
and TRPC6, in temporal lobe epileptic foci excised from
patients with intractable epilepsy and in hippocampus of

mice with pilocarpine-induced status epilepticus (SE), an
animal model of TLE. Cortical TRPC3 and TRPC6
protein expressionswere significantlyhigher inTLEpatients
compared with those in controls. Expression of TRPC3 and
TRPC6 protein also increased significantly in the CA3 re-
gion of the hippocampus of SEmice. Inhibition of TRPC3by
intracerebroventricular injection of anti-TRPC3 antibody
prevented aberrant-sprouted mossy fiber collaterals in the
CA3 region, while inhibition of TRPC6 by anti-TRPC6
antibody reduced dendritic arborization and spine density
of CA3 pyramidal neurons. Our results indicate that TRPC3
and TRPC6 participate diversely in synaptic reorganization
in the mossy fiber pathway in TLE.
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Introduction

Temporal lobe epilepsy (TLE) is the most common form of
intractable epilepsy characterized by spontaneously recurrent
seizures, and anteromedial temporal lobectomy with
hippocampectomy is needed for patients who become drug-
resistant [1]. Until now, the molecular mechanisms underlying
the epileptogenesis in TLE remain elusive, but it is widely
accepted that hippocampal sclerosis (HS), including neuron
loss, astroglial proliferation, mossy fiber sprouting (MFS),
and synaptic reorganization, could be a pathological basis
for TLE [2].

Previous studies have extensively explored the involve-
ment of ion channels, especially calcium channels, in the
development of HS. L-type Ca2+ channel blocker nicardipine
was demonstrated effective in inhibiting MFS in both in vitro
and in vivo models of epilepsy [3]. Another study observed
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complete absence of hippocampal neuron loss and MFS, as
well as dramatically reduced spontaneous seizures, in
Ca(v)3.2(−/−) mice after status epilepticus (SE) [4].
Together, these results indicate calcium channels as critical
participants in epileptogenesis. Transient receptor potential
canonical channel (TRPC) is a nonselective cation channel
dominantly permeable to Ca2+. It consists of seven homo-
logues, TRPC1–TRPC7, based on their sequence similarity
[5, 6]. Under physiological conditions, mammalian TRPC
channels are widely distributed in a broad spectrum of tissues
especially having a strong expression in brain [7–10]. Among
the TRPCs, TRPC3 and TRPC6 are the most abundant iso-
forms in mouse cerebrum [11] and are also rich in the
human hippocampus [12]. They have diverse physiolog-
ical functions in processes including growth cone guid-
ance [13], neurite outgrowth [14], and formation of
excitatory synapses [13, 15, 16].

Studies have provided evidence of the correlation between
TRPC channels and pathophysiology of many CNS diseases,
such as subarachnoid hemorrhage [17], Alzheimer’s disease
[18], and cerebellar ataxia [19]. Recent attempts have also
been made to investigate the involvement of TRPC channels
in epileptiform activity or acute pathological changes after SE
[20, 21]. However, there has been far less focus on their
possible roles in regulating hippocampal plasticity during
chronic phase of epilepsy, which is important for revealing
the underlying mechanisms of epileptogenesis in TLE.
Therefore, the present study selected TRPC3 and TRPC6 as
potential candidates in investigating the possible roles of
TRPC channels in the HS of TLE. Here, we demonstrated
upregulated expressions of TRPC3 and TRPC6 in excised
human epileptic cortex and hippocampus of mice with SE.
Inhibition of TRPC3 exerted a preventive effect onMFS in the
CA3 region. On the other hand, inhibition of TRPC6 caused a
significant decrease in dendritic complexity of CA3 pyramidal
neurons. These data suggest that TRPC3 and TRPC6 channels
may be critical pathogenic factors in the epilepsy-related
synaptic remodeling, although their roles may be divergent.

Methods

Patient Evaluation and Tissue Collection

Surgical specimenswere obtained from 20 patients (mean age,
26.95±9.383 years; range, 12–52 years) with intractable TLE
who had undergone standard cort ico-amygdalo-
hippocampectomy at Xiangya Hospital, the Second Xiangya
Hospital of Central South University, or the Second People’s
Hospital of Hunan Province. The study was approved by the
Ethics Committee of Central South University (Changsha,
China), and written informed consents were obtained from
the patients or their relatives prior to the surgery. Presurgical

assessments included a detailed history, neurological exami-
nation, interictal and ictal EEG studies, neuropsychological
testing, and neuroradiological studies. All cases showing neo-
plasm, vascular malformations, posttraumatic, and ischemic
lesions on preoperative magnetic resonance imaging (MRI)
were excluded. Before surgery, each patient’s lesion was
localized by high-resolution MRI, 24 h EEG or video-EEG,
sphenoidal electrode monitoring, and intraoperative electro-
corticography. For comparison, six histologically normal an-
terior temporal neocortex samples were obtained from patients
with head trauma. These subjects (mean age, 30.67±
6.439 years; range, 25–72 years) had no history of epilepsy
or exposure to AEDs.

Experimental Animals and Pilocarpine Model Establishment

This study utilized adult C57BL/6 male mice (6–8 weeks of
age, 20–27 g) obtained from the Experimental Animal Center,
Central South University, Changsha, China. Mice were
housed in groups (two to four per cage) under temperature-
and humidity-controlled conditions (18–25 °C, 50–60 %, re-
spectively). The housing rooms were maintained on a 12-h
light/dark cycle (lights on at 0700 hours) with food pellets and
water available ad libitum. Animal procedures were conduct-
ed in accordance with our institutional guidelines that comply
with the NIH Guide for the Care and Use of Laboratory
Animals. SE was induced in experimental animals according
to a modified version of Peng’s protocol [22]. Briefly, 30 min
before pilocarpine administration, mice received intraperito-
neal injections (i.p.) of methylscopolamine (1 mg/kg) to re-
duce peripheral cholinergic effects. Experimental animals
were then injected of a single dose of pilocarpine hydrochlo-
ride (320–340 mg/kg, i.p.; Sigma, St. Louis, MO, USA) to
induce SE. Unlike gradual progression in seizural behavior
observed in rats, mice could suddenly develop jumping and
wild running and end in tonic seizure without forelimb clonus
and rearing. Therefore, the pilocarpine-induced seizures were
evaluated according to a modified Racine scale [23]. SE was
defined as continuous clonus for 2 h after the onset of category
4 seizures or above. Mice that did not meet this criterion were
excluded from this study. Diazepam (5 mg/kg, i.p.; Tianjin
Pharmaceutical Industry Jiaozuo Limited Company, Tianjin,
China) was administered 2 h after the onset of SE to stop or
limit behavioral seizures. Half amount of diazepamwas added
if the seizures were not stopped 1 h after the first injection.
Control animals received identical series of injections, except
that pilocarpine was replaced with an equal volume of sterile
saline. The reason for using a relatively high dose of pilocar-
pine was to guarantee an optimal SE rate, although the mor-
tality rate could reach as high as 40%. To reduce the mortality
rate, all mice were placed under a heating lamp and received a
daily injection of 0.5–1.0 ml 5 % dextrose in lactate Ringer
solution for the first 3 days after SE.
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Tissue Processing

Patients

After excision, one part of the temporal cortex was immedi-
ately frozen in liquid nitrogen and then stored at −80 °C for the
use of Western blot analysis. The other part was immediately
fixed in 10% buffered formalin at 4 °C for 24 h and embedded
in paraffin, sectioned at 6 μm for immunohistochemistry.

Animals

At 60 days following SE, animals were perfused transcardially
with 30 ml saline followed by 30 ml 4 % paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB, pH 7.4) under 10 %
chloral hydrate anesthesia (5 ml/kg i.p.). The brains were
removed, postfixed in the same fixative overnight, and rinsed
in 0.1 M PB containing 30 % sucrose at 4 °C for 3–5 days.
Thereafter, the tissues were frozen and sectioned with a cryo-
stat (Leica, Wetzlar, Germany) at 25 μm.

Immunohistochemistry

Patients

The paraffin-embedded tissue sections were deparaffinized in
xylene (100 %), rehydrated in graded ethanol, and incubated
in 0.3 % H2O2 diluted in methanol for 20 min to quench
endogenous peroxidase activity. Antigen retrieval was per-
formed with EDTA (1:50) by heating in a microwave oven.
After rinsing with 0.01 M phosphate-buffered saline (PBS)
and incubation with 10 % normal goat serum for 2 h at 37 °C
to block nonspecific binding, the sections were then incubated
with anti-TRPC3 antibody (1:300, rabbit polyclonal antibody,
Abcam, Cambridge, UK) or anti-TRPC6 antibody (1:500,
rabbit polyclonal antibody, Sigma) at 4 °C overnight, followed
by incubation with goat anti-rabbit secondary antibody
(Zhongshan Goldenbridge Biotechnology Co., Beijing,
China) for 30 min at 37 °C. The immunoreactions were
visualized in 3,3′-diaminobenzidine tetrahydrochloride
(Zhongshan Goldenbr idge Biotechnology Co. ) .
Counterstaining was carried out with hematoxylin. Five ran-
domly chosen visual fields (400×) were imaged on every
section using a microscope (BX-50, Olympus, Japan) to count
the positive cells.

Animals

The frozen sections were air-dried at room temperature (RT)
and incubated in 0.3%H2O2 diluted in methanol for 20min to
quench endogenous peroxidase activity. Antigen retrieval was
performed with citrate buffer by heating in a microwave oven.
After rinsing with 0.01 M PBS and incubation with 10 %

normal goat serum for 2 h at 37 °C to block nonspecific
binding, the sections were then incubated with anti-TRPC3
antibody (1:1,000, rabbit polyclonal antibody, Sigma) or anti-
TRPC6 antibody (1:150, rabbit polyclonal antibody, Sigma) at
4 °C overnight, followed by incubation with goat anti-rabbit
secondary antibody (Zhongshan Goldenbridge Biotechnology
Co.) for 30 min at 37 °C. The immunoreactions were visual-
ized in 3,3′-diaminobenzidine tetrahydrochloride (Zhongshan
Goldenbridge Biotechnology Co.). The tissue was stained
together to avoid background variance. Five sections of each
animal were collected. Images from consecutive, nonoverlap-
ping fields (magnification 200×) of CA1, CA3, and hilus area
were captured using the BX-50 microscope (Olympus) and
High Resolution Pathological Image & Word Analysis
System (HPIAS-1000; Wuhan Qianping Image Technology
Co., Ltd., Wuhan, China). The gray values of the different
layers of each subregion were measured and converted into
optical density (OD) values to indicate the expression of
protein. The researchers did not know the group information
at the time of evaluation.

Western Blot

The frozen epileptic lesions and control samples were dissect-
ed on a freezing table and homogenized. Protein was extracted
by homogenization in RIPA lysis buffer [50mMTris-HCl (pH
7.4), 150 mM NaCl, 1 % NP-40, and 0.1 % sodium dodecyl
sulfate (SDS)] mixed with protease inhibitors (1 mM
phenylmethanesulfonyl fluoride, PMSF) and centrifuged at
12,000 rpm for 10 min at 4 °C. Protein concentrations were
determined using a BCA protein assay kit (Beyotime,
Nanjing, China), and the samples were degenerated by being
boiled for 5 min diluted in Laemmli buffer. Proteins (50 μg
per lane) were then subjected to SDS-PAGE (5 % spacer gel,
60 V; 8 % separation gel, 110 V). The separated proteins were
electro-transferred to a polyvinylidene difluoride (PVDF)
membrane at 300 mA (TRPC3 for 80 min, TRPC6 for
90 min). Membranes were treated in PBS containing 5 %
dried skim milk at RT for 1.5 h to block nonspecific binding.
The blots were incubated with primary antibody (TRPC3,
1:500, rabbit polyclonal antibody, Abcam; TRPC6, 1:200,
rabbit polyclonal antibody, Sigma; β-actin, 1:800, monoclo-
nal antibody, Boster, Wuhan, China) overnight at 4 °C,
followed by 1-h incubation with goat anti-rabbit secondary
antibody (Zhongshan Goldenbridge Biotechnology Co.) at
RT. The immunoreactive bands were visualized by enhanced
chemiluminescence (ECL). Densitometry analyses using
Image-Pro Plus software (Media Cybernetics, Silver Spring,
MD, USA) were then performed to quantify the immunoblot-
ting. Incubation with anti-β-actin confirmed equivalent pro-
tein loading. The ratio of the TRPC3/6 and β-actin band
density from the same time was analyzed.
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Intracerebroventricular Drug Infusion

SE mice were randomly divided into three groups: anti-C3
group (n=12), anti-C6 group (n=12), and sham (vehicle con-
trol) group (n=12). Each group was treated with intracerebro-
ventricular injection of anti-TRPC3 antibody (Sigma, 1:6.5,
2 μl), anti-TRPC6 antibody (Sigma, 2 μl), or PBS (2 μl),
respectively at 1 and 15 days following SE, time points when
MFS was detectable or stable based on our preliminary results
(data not shown). The total volume of cerebrospinal fluid was
assumed as 300 μl. The concentration of each antibody was
determined by the optimal binding concentration for immu-
nohistochemistry (TRPC3 1:1,000, TRPC6 1:150). Animals
were anesthetized with 10% chloral hydrate (5 ml/kg i.p.) and
placed in a stereotaxic frame. Intracerebroventricular (ICV)
injections weremade directly into the lateral ventricle (1.2mm
lateral and 0.4 mm caudal to the bregma at a depth of 2.5 mm).
ICV injection sites were confirmed by dye before perfusion.

Timm Staining

At 60 days following SE, animals were injected with 10 %
chloral hydrate and perfused transcardially with 30 ml saline
followed by 20ml of 4% sodium sulfide solution and 20ml of
4 % PFA. The brains were removed, postfixed in 4 % PFA
overnight, and cryoprotected in 30 % sucrose solution in
0.1M PB. Cryostat sections of 25μm thick were cut coronally
through the hippocampus and mounted on gelatin-coated
slides. The slides were developed in the dark at 26 °C for
45–90min in a solution of 30ml of 50%Arabic gum solution,
10 ml citrate buffer, 15 ml of 5.6 % hydroquinone, and 0.5–
1 ml of 17 % AgNO3. After development, the sections were
rinsed several times in distilled water, processed for light Nissl
staining with cresyl violet, dehydrated, cleared, and
coverslipped with Permount. Four sections from the septal
area where the two blades of the dentate were equal and
formed a V shape were selected for each mouse. Timm stain-
ing was assessed in the inner molecular layer (IML) of the
dentate gyrus (DG) and the pyramidal and infrapyramidal
CA3 regions on each section according to previously pro-
posed Timm scales [24]. Both hippocampi of the specimen
were analyzed and the score reflected the mean for the two
sides. The average score of the four sections was the Timm
score of each mouse. Slides with poor staining or excessive
artifact were not scored.

Golgi Staining

For dendritic analysis, Golgi staining was performed at
60 days following SE using the FD Rapid GolgiStain Kit
(FD Neurotechnologies, Inc., Ellicott City, MD, USA).
Briefly, freshly dissected brains were immersed in solution
A and B for 2 weeks at RT and transferred into solution C for

1 week at 4 °C. The brains were sliced using a cryostat (Leica)
at a thickness of 100 μm. Dendritic arborization was exam-
ined under 20× objectives by quantitating the number of
apical dendrite branch (bifurcation) points of CA3 pyramidal
neurons. Randomly selected neurons (ten per section) meeting
all of the following criteria were analyzed: (1) with typical cell
morphology (shown in Fig. 4a), (2) dark and consistent im-
pregnation throughout all dendrites and spines, (3) soma lo-
cated in the middle third section to minimize the number of
truncated branches, and (4) relative isolation from neighbor-
ing impregnated cells.

Spine density was determined under 100× oil immersion
objectives in selected CA3 pyramidal neurons. Dendritic
branches emerging from stratum lucidum (the mossy fiber-
recipient layer) were assessed (most were the first- to third-
order branches, see Fig. 4a). Three to five segments of
branches were randomly chosen for each neuron, while ten
neurons were chosen for each brain.

Statistical Analysis

Data were expressed as mean±SEM. Statistical significance
was assessed using unpaired Student’s t test or one-way
ANOVA for multiple group comparisons followed by post
hoc Tukey’s tests for individual pairwise comparisons. α=
0.05 was the level of test; p<0.05 was considered statistically
significant. All statistical analyses were two-sided and were
performed using Statistical Package for the Social Sciences
(SPSS) version 17.0 (SPSS, Chicago, IL, USA).

Results

Expressions of TRPC3 and TRPC6 Proteins Were Increased
in the Temporal Cortex of TLE Patients
and in the Hippocampus ofMice with Pilocarpine-Induced SE

Both TRPC3 and TRPC6 mRNAwere previously detected in
the human hippocampus [12]. Here, we first examined the
protein levels of TRPC3 and TRPC6 by Western blot in the
temporal cortex from TLE patients and normal controls. The
bands were respectively detected at levels of 97 kDa (TRPC3)
and 106 kDa (TRPC6). Compared with controls, a significant
upregulation of TRPC3 and TRPC6 immunoreactivity was
observed in the samples from TLE patients (p<0.01)
(Fig. 1a, c).

Immunohistochemistry further revealed the expression pat-
tern of TRPC3 and TRPC6 proteins. In the control group,
TRPC3 and TRPC6 displayed relatively weak staining in the
cell bodies and dendrites of neurons in the temporal cortex
(Fig. 1b). However, in the TLE group, strong staining for
TRPC3 and TRPC6was observed in the corresponding region
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(Fig. 1b). Moreover, TRPC3 or TRPC6 positive cells in the
temporal cortex from TLE patients significantly increased
compared with controls (TRPC3: 25.85±4.13 vs 18.13±
4.19, TRPC6: 22.49±2.86 vs 15.93±3.37, p<0.01)
(Fig. 1d). Similar results were observed in mouse hippo-
campus. In the control group, as reported previously in
rats [21, 25], TRPC3 immunoreactivity was abundantly
detected in the cell bodies and dendrites of CA1-3 pyra-
midal cells and cell bodies of dentate granule cells
(DGCs) and hilar neurons. As previously reported [26],
TRPC6 protein was expressed in all the regions of hippo-
campus, rather than exclusively localized in the molecular
layer of the DG as observed by an earlier study [25]. The
subcellular expression pattern of TRPC6 protein was sim-
ilar with TRPC3. Two months after SE, elevated TRPC3
and TRPC6 expressions were observed in the CA3 pyra-
midal cell layer (Fig. 2e, f), while their expressions in
CA1 and DG did not change significantly at the same
time point. To better understand the significance of the
upregulation of TRPC3 and TRPC6 in the CA3 region,
we further performed separate analysis for other layers of
CA3. Interestingly, similar expression increases of these

two proteins were also seen in the stratum oriens and
stratum lucidum of the CA3 region.

Inhibition of TRPC3 Decreased MFS in the CA3 Region
Following SE

Many published studies demonstrated CA3 MFS in
animals with spontaneous seizures of temporal lobe
origin [24, 27, 28]. Interestingly, our current study
observed the upregulation of both TRPC3 and TRPC6
exclusively in the CA3 region of hippocampus. This
observation led to our postulation that these two TRPC
channels might be involved in CA3 MFS. To test our
hypothesis, we further investigated the relationship be-
tween TRPC3/6 and MFS by performing intracerebro-
ventricular infusion of anti-TRPC3 or anti-TRPC6 an-
tibody in SE mice. In normal controls, stained mossy
fibers entered the hilus, and a band of fibers was
formed transversing the long axis of the hippocampus,
ending in the stratum lucidum, where mossy fibers
innervate the apical dendrites of the CA3 pyramidal
cells. No obvious Timm granules were seen in the

Fig. 1 TRPC3 and TRPC6 protein expression in the temporal cortex of
TLE patients and control subjects. aRepresentativeWestern blot showing
TRPC3 and TRPC6 protein expression in the temporal cortex of control
subjects and TLE patients. b Representative photomicrographs of immu-
nohistochemical staining for TRPC3 and TRPC6 in the temporal neocor-
tex of humans. Strong TRPC3 and TRPC6 immunoreactivity was

observed in intractable TLE patients, whereas faint immunoreactivity
for TRPC3 and TRPC6 was observed in controls. c Densitometric anal-
ysis ofWestern blot. d Comparison of positive cells of TRPC3 or TRPC6
between the TLE group (n=20) and control group (n=6). **p<0.01.
Scale bar=50 μm
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supragranular region of the dentate gyrus and the py-
ramidal cell layer and stratum oriens of the CA3 region
(Fig. 3a). In the sham group, prominent MFS was
observed in the inner molecular layer of the dentate
gyrus. In the CA3 region, Timm staining was noted

primarily in the pyramidal cell layer, although
infrapyramidal staining was also seen (Fig. 3b).
Consistently, the Timm scores in the supragranular
region and CA3 region of the sham group were signif-
icantly higher than those of controls (3.76±0.50 vs

Fig. 2 TRPC3 and TRPC6 expression in the hippocampus of SE mice
and controls. Both immunohistochemical staining (a–d) and quantitative
analysis (e, f) showed increased expressions of TRPC3 and TRPC6 in the
pyramidal cell layer, stratum oriens, and stratum lucidum of the CA3
region in SE mice (n=6) compared with that of controls (n=5). CA1

pyramidal cell layer, CA3 pyramidal cell layer, DG dentate gyrus, SO
stratum oriens, SR stratum radiatum, SL stratum lucidum.
**p<0.01, *p<0.05. Scale bar=200 μm (A1, B1, C1, D1) and 100 μm
(A2–A4, B2–B4, C2–C4, D2–D4)
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0.15±0.20, p<0.01; 3.27±0.45 vs 0.50±0.20, p<0.05)
(Fig. 3e, f). Treatment with anti-TRPC3 or anti-TRPC6
antibody did not lead to significant changes in Timm
score in the supragranular region compared with the
sham group (4.00±0.32 and 3.16±0.62 vs 3.27±0.45)
(Fig. 3e). However, treatment with anti-TRPC3 anti-
body significantly reduced Timm score in the CA3
region compared with the sham group (1.47±0.48 vs
3.27±0.45, p<0.05) while anti-TRPC6 antibody did not
(3.06±0.74 vs 3.27±0.45) (Fig. 3f).

Inhibition of TRPC6 Attenuated Dendritic Remodeling
in Area CA3 Following SE

Upregulation of TRPC3 and TRPC6 in the stratum
lucidum of CA3, the projection field of granule cell
mossy fiber axons and the principal localization of
pyramidal cell thorny excrescences, indicates that
CA3 pyramidal apical dendrites would be a target of
interest. The apical dendrite branch points and spine
density of CA3 pyramidal neurons in the sham group

Fig. 3 The effect of anti-TRPC3 and anti-TRPC6 antibodies on MFS in
mice hippocampus following SE. No obvious Timm-stained granules
were seen in the inner molecular layer of the dentate gyrus and the
pyramidal cell layer and stratum oriens in the CA3 region in normal
control animals (a A1–A3). However, Timm staining showed prominent
mossy fiber terminals (asterisk) in the inner molecular layer in the sham
(b B1, B2), anti-C6 (c C1, C2), and anti-C3 (d D1, D2) groups, with
Timm scores significantly higher than those of controls (e). Timm stain-
ing also showed prominent mossy fiber staining (arrow) in the pyramidal
cell layer and stratum oriens of CA3 in the sham (b B1, B3), anti-C6 (c

C1, C3) groups but occasional Timm granules in the pyramidal cell layer
in the anti-C3 group (d D1, D3). Note that in the sham group, the
pyramidal cell layer narrowed as a result of CA3 pyramidal cell loss (b
B3). The Timm score of the anti-C3 group was significantly reduced
compared with that of the sham group and anti-C6 group (f). IML inner
molecular layer, DGC dentate granule cell layer, H hilus, SO stratum
oriens, PCL pyramidal cell layer, SL stratum lucidum. **p<0.01,
*p<0.05, compared with controls; #p<0.05, compared with the sham
and anti-C6 groups. Scale bar=100 μm
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were slightly higher than those in normal controls, but
without statistic significance. In anti-C6 group, the
apical dendrite branch points and the density of thorns
along the second-order dendritic segments of CA3
pyramidal cells were significantly reduced compared
to those from the sham group and anti-C3 group
(p<0.05) (Fig. 4b–d). Similar trends towards reduced
thorn density were observed for the third-order den-
dritic segments, although the effect did not reach
significance (Fig. 4c). Treatment of anti-TRPC3 anti-
body did not produce significant effects on apical
dendrite branch points and spine density of CA3 py-
ramidal neurons compared with the control and sham
groups.

Discussion

In our study, we were able to show for the first time the
expression levels and patterns of TRPC3 and TRPC6
proteins in the temporal cortex from TLE patients. Both
molecular biological and histological measures demon-
strated upregulation of each channel protein. Similar
observation was obtained in the hippocampus of mice
after pilocarpine-induced SE. These findings contrast
with a previous report of opposite alterations in
TRPC3 and TRPC6 expressions in the hippocampus of
rat pilocarpine model [21]. The reasons for the differ-
ences are unclear but could be related to the different
intervals at which the subjects were studied or to spe-
cies differences. Such differences, when elucidated,
could provide new insights into multiple mechanisms
and network alterations involved in TLE.

In the mouse pilocarpine model, we observed an increase in
both TRPC3 and TRPC6 expressions specifically in CA3
subfield, a location where aberrant MFS could take place,
which suggests that these channels might participate in this
axonal reorganization. Indeed, inhibition of TRPC3 prevented
MFS in the CA3 region, but not in the IML. This result
indicates that TRPC3 may be involved in the generation of
epilepsy-associated aberrant projection of the mossy fiber
collaterals in the CA3 region. The present study used anti-
TRPC3/6 antibodies to suppress TRPC3/6 channel function.
Both antibodies have a molecular weight of around 150 kDa.
Previous studies by our group and other research groups
demonstrated effectiveness of intracerebroventricular delivery
of antibodies with similar or even larger size to brain regions
including hippocampus [29, 30]. Therefore, it is very likely
that anti-TRPC3/6 antibodies have penetrated into the region
of interest in our study. However, our results must be
interpreted with considerable caution for that we did not
directly test the effectiveness of anti-TRPC3/6 antibodies.

Future studies are needed to test the functional validity of
these antibodies. The possible mechanism of the involvement
of TRPC3 channel in MFS could be related to its function in
the growth cone guidance and neurite outgrowth. In cultured
hippocampal CA1 pyramidal cells, TRPC3 channels are
activated by brain-derived neurotrophic factor (BDNF)
and implicated in dendritic remodeling [31]. Knockdown
of TRPC3 expression with siRNAs inhibits the BDNF-
induced turning of growth cones in cultured cerebellar
granule cells [13]. Exactly how guidance cues activate
TRPC channels on growth cones remains unclear, but it
seems that these cues activate phospholipase C [13], which
hydrolyses phospholipids into Ins(1,4,5)P3 and diacylglyc-
erol. Ins(1,4,5)P3 activates Ca2+ release from the endoplas-
mic reticulum, and the depletion of these stores can open
store-operated Ca2+ channels, which include some TRPC
channels [32].

Dendritic spines are the main unitary postsynaptic com-
partments for the excitatory input [33]. Neurons could modu-
late their capacity for information input by altering the mor-
phology of dendrites like the size and complexity of dendrites
and the density, size, and shape of dendrite spines. Recent
studies have revealed the important roles of TRPC6 in pro-
moting dendritic growth and spine formation in cultured hip-
pocampal neurons [16, 26]. Consistently, our study found that
TRPC6 channel participated in both dendritic spine growth
and dendritic arborization in SE mice, indicating that TRPC6
channel acts as an environmental sensor and cellular modula-
tor in epileptic hippocampus. As observed in cultured rat
hippocampal neurons, TRPC6 was mainly localized to excit-
atory postsynaptic sites [16]. This specific subcellular location
could facilitate its role in modulating dendritic growth.

Results from previous studies testing the dendritic plastic-
ity of hippocampal neurons after SE are equivocal. A number
of studies have observed a significant density decrease or
alterations in shape and size of dendritic spines in cortical
and hippocampal neurons from SE or chronic epileptic models
[34–37]. Conversely, others reported increase of DGC
dentritic spines in both TLE patients and rat pilocarpine model
[38, 39]. Interestingly, either way of remodeling could be
responsible for the hyperexcitability in epilepsy. Increase of
dentritic spine density and arborization could increase the
postsynaptic area of excitatory synapses, therefore potentiat-
ing the transmission efficiency of these synapses. On the other
hand, a decrease or loss of dentritic spines could trigger
reconstruction of synaptic network, therefore increasing the
overall excitability [40]. Differences in observation time and
subjects are possible causes for the contradictory results. In the
rat pilocarpine model, dendrites of DGCs revealed an exten-
sive spine loss immediately after pilocarpine-induced SE.
However, this generalized damage was transient and followed
by recovery and plastic changes in spine shape and density,
which occurred 15 to 35 days after the initial acute status, i.e.,
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the period of establishing a chronic phase of this model with
the induction of spontaneous seizures [39]. Another study on
TLE patients showed that the number of dendritic branches
was significantly lower and spine density was significantly
higher in DGCs that had aberrant collaterals. In particular, in
the proximal dendrites, the spine density was five times higher

in DGCs whose own mossy fibers were sending aberrant
collaterals to this dendritic region than the DGCs without such
collaterals [41]. Our current study revealed that at 2 months
following SE, there was no significant difference in the num-
ber of apical dendrite branch points and dendritic spine den-
sity of proximal dendrites of CA3 pyramidal neurons

Fig. 4 The effect of anti-TRPC3 and anti-TRPC6 antibodies on dendritic
complexity in the CA3 region following SE. a A demonstration of a
typical CA3 pyramidal neuron. The red dots indicate the apical dendrite
branch points of CA3 pyramidal neurons; 1°, 2°, and 3° point to the first-,
second-, and third-order branches of CA3 pyramidal neurons, respective-
ly. b Quantitative analysis of apical dendrite branch points in the stratum

lucidum (the layer with red dots shown in a) of CA3 pyramidal neurons. c
Quantitative analysis of spine density in dendritic branches with different
orders among different groups. dRepresentative images of sections of the
second-order dendritic branches and spines in CA3 pyramidal cells from
different groups. Con control. *p<0.05. Scale bar=10 μm
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compared with normal controls. However, anti-TRPC6 anti-
body decreased the number of apical dendrite branch points
and dendritic spine density of the second-order dendritic
branches of CA3 pyramidal neurons compared with the sham
group and anti-C3 group. These results indicate that the den-
drites of hippocampal neurons might have experienced a
recovery after acute SE-induced injury, and TRPC6 channel
could possibly mediate this recovery process.

In conclusion, we report the upregulation of both TRPC3
and TRPC6 channel proteins in the temporal cortex of TLE
patients and in the hippocampus of mouse pilocarpine model.
Our results also suggest that these two channels participate in
different parts of MF axonal remodeling: TRPC3 is involved
in the aberrant sprouting of MF in area CA3 while TPRC6
mediates recovery of CA3 pyramidal dendrites after SE-
induced damage. These findings open up new possibilities
for seeking potential therapeutic targets for TLE.
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