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Abstract Recent studies have indicated that acid-sensing ion
channels may play a significant role in the termination of
epilepsy. In particular, acid-sensing ion channel 3 (ASIC3) is
expressed in the central nervous system and is most sensitive
to extracellular pH. However, whether ASIC3 plays a role in
epilepsy is unknown. In this study, qRT-PCR, Western blot,
immunohistochemistry, double immunofluorescence labeling,
and slice recordings were used. We first detected elevated
ASIC3 expression patterns in the brains of temporal lobe
epilepsy patients and epileptic rats. ASIC3 was expressed in
neurons and glia in both humans and in an experimental
model of epilepsy, and ASIC3 was colocalized with inhibitory
GABAergic interneurons. By blocking ASIC3 with its antag-
onist APETx2, we observed that injected APETx2 shortened
the latency to seizure and increased the incidence of general-
ized tonic clonic seizure compared to the control group in
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models of both pilocarpine- and pentylenetetrazole (PTZ)-
induced seizures. Additionally, blocking ASIC3 significantly
decreased the frequency of action potential (AP) firing in
interneurons. Moreover, APETx2 significantly reduced the
amplitudes and frequencies of miniature inhibitory postsyn-
aptic currents (mIPSCs) while showed no differences with the
APETx2 + bicuculline group and the bicuculline group. These
findings suggest that elevated levels of ASIC3 may serve as an
anti-epileptic mechanism via postsynaptic mechanisms in in-
terneurons. It could represent a novel therapeutic strategy for
epilepsy treatment.

Keywords Acid-sensing ion channel 3 - Temporal lobe
epilepsy - APETX2 - Interneuron - GABA

Introduction

Epilepsy is the third most common chronic brain disorder [1].
At present, approximately 50 million people worldwide have
active epilepsy, with continuing seizures that require treat-
ment. Of these, 2040 % of patients with newly diagnosed
epilepsy will become pharmacoresistant [2], and such cases
are referred to as intractable epilepsy [3—5]. Temporal lobe
epilepsy (TLE) is one of the major focal epilepsies, and 70—
80 % of these cases develop into drug-refractory epilepsy [6].
However, the mechanisms underlying the pathogenesis of
epilepsy, especially intractable epilepsy, are not well under-
stood. Therefore, understanding critical anti-epileptic factors
may lead to more effective treatments for epileptic patients [5].

Acid-sensing ion channels (ASICs) are H'-gated, Na'-
permeable channels formed by the homomeric or heteromeric
association of six different subunits [7], including ASICla
(Waldmann et al. 1997b), ASIC1b [8], ASIC2a [9], ASIC2b
[10], ASIC3 [11, 12], and ASIC4 [13]. These channels open
when the extracellular pH decreases [14, 15]. ASIC3 is the
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most H" sensitive of the six isoforms and opens when the pH
drops from 7.4 to 7.0, whereas the other ASICs are less
sensitive to protons [16]. Additionally, ASIC3 is the only
acid-sensitive ion channel that generates a sustained current
in response to modest acidification within the limited range of
extracellular pH from 7.3 to 6.7 [17], and ASIC3 shares
aspects of permeation to and inhibition by Ca®", unlike the
other ASICs [18]. However, ASIC3 is mainly distributed in
sensory neurons, and functional ASIC3 channels are predom-
inantly found in sensory neurons [19-21]. Moreover, ASIC3
transcripts and ASIC3 immunoreactivity have been detected
in neurons of the hypothalamus [22], inferior colliculus [23],
and suprachiasmatic nucleus [8] in the rat brain, and higher
levels of ASIC3 was observed only in the midbrain and
brainstem regions (Wu et al. 2010b). However, it remains
unknown whether the central expression of ASIC3 plays a
role in diseases of the nervous system, such as epilepsy.

In this study, we examined the expression and cellular
localization of ASIC3 in the temporal cortex of patients with
TLE. To rule out the possibility that anti-epileptic drugs
(AEDs) affected ASIC3 expression, we investigated the dy-
namic changes in ASIC3 expression in the cortex and hippo-
campus using a rat model of epilepsy and also used the
inhibitor APETx2 to evaluate the potential function of
ASIC3 in epilepsy.

Materials and Methods
Human Brain Tissue Collection

The protocol used in this study complied with the guide-
lines for the conduct of research involving human subjects
as established by the National Institutes of Health of
China and the Committee on Human Research of
Chongqing Medical University. Every patient or their
relatives signed an informed consent form for the use of
their data and tissues in our study, which was in accor-
dance with the Declaration of Helsinki of the World
Medical Association. The diagnosis of each patient is
according to the criteria established by the International
League Against Epilepsy (ILAE) [24].

All 25 samples (15 females and 10 males with mean
age of 23.16+10.18 years, range 6—42 years) were chosen
randomly from our epilepsy brain tissue bank. The mean
time course was 9.68+6.68 years (range 1-22 years). All
patients were refractory to the maximal doses of three or
more AEDs, including phenytoin, valproic acid, carba-
mazepine, phenobarbital, topiramate, lamotrigine,
oxcarbazepine, or levetiracetam. Table 1 summarizes the
clinical features of the patients. The presurgical assess-
ment consisted of performing a detailed medical history, a
neurological examination, interictal and ictal
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electroencephalogram studies, neuropsychological testing,
and magnetic resonance imaging (MRI). Video-EEG,
sphenoidal electrode monitoring, and intraoperative elec-
trocorticography were used to localize the epileptiform
discharge zone during surgery. Then, the epileptiform
discharge zones in the anterior temporal cortex were
resected for treatment. Neuronal loss and gliosis were
the most common histopathological findings in all sam-
ples. Ten control brain samples (six females and four
males, mean age of 28.4+14.8 years, range 1055 years)
were obtained from patients who underwent therapeutic
surgical resection for increased intracranial pressure due
to head trauma. These patients had no history of epilepsy
or other neurological diseases, and their histopathological
findings were normal. Table 2 summarizes the clinical
features of these patients.

Rat Model of Epilepsy

The Institutional Animal Care and Use Committee of
Chongqing Medical University approved all procedures
used in this study. Male Sprague—Dawley rats (200—
260 g body weight) were purchased from the
Experimental Animal Center of Chongqing Medical
University and housed in a temperature-controlled room
with ad libitum access to food and water. All rats were
randomly divided into eight subgroups (#=8 animals in
each), consisting of animals that were sacrificed at 6 h,
24 h, 72 h, 1 week, 2 weeks, 1 month, and 2 months after
the onset of status epilepticus (SE) induced by lithium-
pilocarpine as well as a control group. Lithium chloride
(127 mg/kg, intraperitoneally (i.p.), Sigma, USA) was
injected 20 h prior to the first administration of pilocar-
pine. The experimental rats were initially injected with
atropine methyl nitrate (1 mg/kg, i.p.), followed 30 min
later by pilocarpine (50 mg/kg, i.p., Sigma, USA).
Pilocarpine (10 mg/kg) was injected repeatedly every
30 min until the rats developed SE. Seizures were scored
in each rat using the Racine seizure scale [25]. Only
animals that entered into stage 4 were used for subsequent
experiments. The control group received equivalent treat-
ment, with the exception that they were injected with
normal saline instead of pilocarpine. One hour later, diaz-
epam (10 mg/kg, i.p.) was injected to control SE. The
experimental rats were anesthesia by 3.5 % chloralic
hydras (1 mL/100 mg) then sacrificed at 6 h, 24 h, 72 h,
1 week, 2 weeks, 1 month, and 2 months after SE, and the
cortex and hippocampus were resected for our study.

Tissue Processing

Both human and animal tissues were immediately divided into
two portions. One portion was immediately frozen in liquid
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Table 1 Clinic characteristics of
TLE patients Number Age Sex Course AEDs before surgery Resection Neuropathological
(year) (M/F) (year) tissue diagnosis
1 19 M 1 VPA, CBZ, OXC TNr G
2 32 M 6 PHT, CBZ, VPA TNr NL, G
3 17 F 7 PHT, PB, VPA, LTG TNL NL, G
4 19 F 10 VPA, LTG, LEV TNr G
5 6 M 5 LEV, LTG, OXC TNI NL
6 45 M 10 CBZ, VPA,PHT, TPM TNl NL, G
7 30 M 18 PHT, VPA, TPM, PB TNI NL, G
8 7 F 1 LEV, LTG, TPM TNr G
9 29 F 22 VPA, CBZ, PHT, LTG TNr NL, G
10 26 M 2 VPA, TPM, LTG TNI NL
11 15 M 3 VPA, LTG, OXC, LEV TNr NL, G
12 16 F 15 VPA, CBZ, PHT TNI NL, G
13 30 M 10 VPA, PHT, LTG, LEV TNr NL, G
14 42 F 22 CBZ, VPA, TPM TNI G
15 35 M 6 VPA, LTG, TPM TNI NL
16 26 M 14 CBZ, VPA, TPM TNr NL, G
17 30 M 10 VPA, CBZ, PHT, OXC TNr G
18 15 M 14 VPA, LTG, OXC, LEV TNI NL
F female, M male, AEDs anti- 19 17 F 4 TPM, LTG, VPA TNr G
epileptic drugs, CBZ 20 14 M 7 TPM, OXC, LEV TNI NL, G
carbamazepine, LTG lamotrigine, 21 9 F 1 LEV, TPM, VPA TNI G
LEV levetiracetam, OXC' 2 18 F 16 VPA, CBZ, PB, LTG TNr G
oxcarbazepine, PHT phenytoin,
PB phenobarbital, 7PM 23 32 F 7 VPA, PHT, CBZ, OXC ~ TNI NL, G
topiramate, VP4 valproic acid, TN 24 24 M 20 VPA, CBZ, PHT, TPM TNI NL, G
temporal neocortex,  right, /left, 25 26 M 9 PHT, CBZ, VPA, PB TNI NL, G

NL neuronal loss, G gliosis

nitrogen and then stored at —80 °C for Western blot analysis
and quantitative real-time PCR. The remaining tissue was
fixed in 4 % phosphate-buffered formalin for 48 h. Then,
one portion of the remaining tissue was frozen and cut into
10-um-thick sections with a cryostat for double immunofluo-
rescence labeling analysis and stored at —20 °C, whereas the
other portion was embedded in paraffin and divided into
5-um-thick sections for immunohistochemistry analysis.
Additionally, two sections from each specimen were proc-
essed for hematoxylin-eosin staining.

Western Blot Analysis

Total protein was extracted from homogenized brain tissue
using the enhanced RIPA lysis buffer (Beyotime Institute of
Biotechnology, Jiangsu, China) according to the manufac-
turer’s protocols. Then, 50 pg of extracted protein was sepa-
rated on an 8 % polyacrylamide Tris—HCI gel and transferred to
a PVDF membrane (Millipore, Billerica, MA, USA, pore size
0.45 pum). After incubating with primary rabbit polyclonal anti-
ASIC3 antibody (1:3500, catalogue number ab77383, Abcam,

Cambridge) or primary mouse monoclonal anti-GAPDH anti-
body (1:1000, Beyotime), the membranes were reacted with
goat anti-rabbit or goat anti-mouse peroxidase-conjugated sec-
ondary antibody (1:2000, Beyotime), respectively, at 37 °C for
1 h. The resulting protein bands were visualized using an

Table 2 Clinical characteristics of control group

Number  Age Sex Etiology Resection Tissue
(year) (F/M) diagnosis tissue pathology
1 10 M Trauma TNr N
2 12 F Trauma TNI N
3 22 M Trauma TNI N
4 36 M Trauma TNI N
5 22 F Trauma TNr N
6 30 F Trauma TNr N
7 47 M Trauma TNI N
8 55 F Trauma TNr N
9 34 M Trauma TNI N
10 16 M Trauma TNr N

F female, M male, TN temporal neocortex, r right, / left, N normal
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enhanced chemiluminescence substrate kit (Beyotime) and
were scanned and analyzed with Quantity One software (Bio-
Rad Laboratories). Optical density values were normalized to
the corresponding value of GAPDH.

Quantitative real-time PCR

Total RNA was extracted using RNAiso Plus (TaKaRa
Biotechnology Co. Ltd., Dalian, China). Contaminated geno-
mic DNA (gDNA) was removed, and RNA was reverse-
transcribed using the PrimeScript RT reagent kit with gDNA
Eraser according to standard protocols. Quantitative real-time
PCR was performed using an ABI Prism 7500 Fast Real-Time
PCR system (Bio-Rad Laboratories). Each reaction was per-
formed in a volume of 20 pL containing 1 pg cDNA, 10 uL
SYBR Green PCR Master Mix (Applied Biosystems), and
10 uM of each (forward and reverse) PCR primer. All reac-
tions were performed in triplicate. Levels of the various mes-
senger RNAs (mRNAs) were normalized to those of the rat
housekeeping gene (3-actin. The following forward and re-
verse primers were used: ASIC3, 5'-aaggaacagtgggacctgacc-
3'and 5'-gggctaaggaggctaagatagga-3’', and (3-actin, 5'-
ccacgaaactaccttcaactcc-3’ and 5'-gtgatcte cttetgeatectgt-3'.
The relative expression level of ASIC3 mRNA in TLE pa-
tients compared to the controls was calculated using the 2 24"
method [26].

Immunohistochemistry

We performed immunohistochemistry using streptavidin/
peroxidase kits (Zhongshan Golden Bridge Biotechnology
Co. Ltd., Beijing, China), according to the protocols rec-
ommended by the manufacturer. Tissue sections were im-
mersed in xylene for 20 min for deparaffinizing, and then
rehydrated in graded ethanol for 5 min at each grade. Then,
sections were blocked with 0.3 % H,O, for 10 min follow-
ed by antigen retrieval. Sections were immersed in 10 mM
sodium citrate buffer and heated (92-98 °C) in a micro-
wave oven for 20 min. Nonspecific binding was blocked
with goat serum for 30 min at 37 °C. Then, sections were
incubated with primary rabbit polyclonal anti-ASIC3 anti-
body (1:200) at 4 °C overnight. Then, the sections were
incubated with biotinylated goat anti-rabbit secondary an-
tibody and avidin—biotin complex (ABC) working solu-
tion, after which point the sections were incubated with
3,3-diaminobenzidine (DAB) (Zhongshan) for 3 min. As a
negative control, primary antibody was replaced with
phosphate-buffered saline (PBS). Counterstaining was car-
ried out with Harris’s hematoxylin. An Olympus PM20
automatic microscope (Olympus, Osaka, Japan) and TC-
FY-2050 pathology system (Yuancheng Inc., Beijing,
China) were used to collect the images. Image-Pro plus
6.0 software (Media Cybermetrics Inc., USA) was used for
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the semiquantitative analysis of ASIC3 expression. The
mean optical density (OD) of each visual field was auto-
matically calculated to measure the differences between
the TLE group and the control group.

Double Immunofluorescence Labeling

The sections were fixed in acetone for 20 min, and then
antigen retrieval was performed using microwave heating.
The tissue was permeabilized with 0.4 % triton X-100 for
15 min, followed by incubation with 5 % goat serum
(Zhongshan) for 30 min at 37 °C. Then, sections were then
incubated with a mixture of rabbit polyclonal anti-ASIC3
antibody (1:50) and mouse monoclonal anti-neuron-specific
enolase (NSE) antibody (1:100, Zhongshan) or anti-glial fi-
brillary acidic protein (GFAP) antibody (1:100, Wuhan Boster
Biological Technology, Wuhan, China) or anti-GAD67 anti-
body (1:100, catalogue number ab26116, Abcam, Cambridge)
at 4 °C overnight. Subsequently, the sections were incubated
with DyLight488-Conjugated AffiniPure Goat Anti-Rabbit
IgG (1:200, Zhongshan) and DyLight594-Conjugated
AffiniPure Goat Anti-Mouse IgG (1:200, Zhongshan) in a
darkroom for 90 min at 37 °C and mounted in 1:1 glycerol/
PBS. Fluorescence was examined by laser scanning confocal
microscopy (Leica Microsystems Heidelberg GmbH,
Germany) using an Olympus IX 70 inverted microscope
(Olympus) equipped with a Fluoview FVX confocal scan
head.

Behavioral Assays

To evaluate the role of ASIC3 in seizures, we injected
APETx2 (catalogue number RTA-100, Alomone labs), the
selective blocker of ASIC3, or artificial cerebral spinal
fluid (ACSF, 124 mM NaCl, 3 mM KCIl, 1.2 mM
NaH,POy4, 1.2 mM MgSO,4, 2 mM CaCl,, and 26 mM
NaHCOs;) into rats to record the differences between the
experimental group and the control group according to the
Racine seizure scale [25]. Right-lateral, intracerebroven-
tricular (ICV) guide cannulae were implanted in anesthe-
tized by 3.5 % chloralic hydras (1 mL/100 mg) rats (AP
—1.0 mm, ML —1.5 mm, DV =3.25 mm).We injected 5 uL
of APETx2 in ACSF (5 or 10 uM), ACSF alone or
normal saline 2 days later into rats using a 10-uL micro-
pipette connected to an injection tube (over 10 s).
Following injection with pilocarpine (50 mg/kg, i.p.),
the rat’s behavior was scored as above, and only scores
exceeding stage 4 were considered successful and were
incorporated into our study (5 uM APETx2 + pilocarpine
(pilo), n=10; 10 uM APETx2 + pilo, n=9; ACSF + pilo,
n=28; control + pilo, n=9). Lithium chloride (127 mg/kg,
i.p.) was injected 20 h prior to the administration of
pilocarpine. The pilocarpine model of epilepsy in rodents
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Table 3  Comparison of clinical data in patients with TLE and the
control group

Variable TLE group Control group P value
(n=25) (n=10)
Course (year) 9.68+6.68 NA NA
Age (year)
Mean+SD 23.16+10.18 28.4+14.86 0.238
Range (year) 6-42 10-55 NA
F/M ratio 10:15 4:6 0.652

P values were counted using an independent samples ¢ test (age) or a
Fisher’s exact test (male/female ratio). P<0.05 was considered significant

F female, M male, N4 not applicable

is a commonly used model to study temporal lobe epilep-
sy [27]. Pentylenetetrazole (PTZ) kindling is the most
widely accepted animal model for studying the effects of
novel antiepileptic molecules [28]. So, we performed ex-
periments with PTZ (75 mg/kg, i.p.) substituted for

pilocarpine and without injection of lithium chloride. A
trained observer who was blinded to experiment scored
the seizure severity.

In Vivo Multichannel Electrophysiological Recording
and LFP Analysis

Left-lateral ICV guide cannulae were implanted in anes-
thetized by 3.5 % chloralic hydras (1 mL/100 mg) rats
(AP —1.0 mm, ML 1.5 mm, DV —3.25 mm). A intracra-
nial electrophysiological recording microwire array (2x4
array of platinum-iridium alloy wire, each with 25-um
diameter, Plexon, Dallas, TX) was implanted into the
right dorsal hippocampus (AP —3.2 mm, ML —2.5 mm,
DV —2.6 mm) and fixed on the skull by dental cement.
Animals were recovered from surgery for several days
before the electrophysiological recording. Local field po-
tentials (LFPs) were recorded using OmniPlex® D neural
Data Acquisition System (Plexon, Dallas, TX). The sig-
nals were filtered (0.1-1000 Hz), preamplified (1000x),
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b 15 2.0
* [ Control : 3 Control
Il TLE
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EN
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Fig. 1 Altered expression of ASIC3 in patients with TLE. a
Representative bands of ASIC3 and GAPDH. ASIC3 expression was
strong in the temporal cortex of TLE patients (lanes 5-8), whereas it was
relatively weak in the controls (lanes 1-4). b Comparison of the intensity
ratio indicated significantly increased ASIC3 expression in the TLE
group (n=25) as compared to the control group (n=10) (¥P<0.05). ¢
The mRNA expression of ASIC3 in the patients with TLE (n=15) was

0.6
iJ
0.0 i

[ Control
W TLE

significantly decreased compared to the controls (n=10) (¥P<0.05). d
Faint staining of ASIC3 in the temporal cortex of control subjects. e
Strong staining of ASIC3 in the temporal cortex of TLE patients. f
Comparison of the mean OD values indicated significantly higher
expression of ASIC3 in patients with TLE (n=15) as compared to the
control subjects (n=10) (*P<0.05). Black arrows show the ASIC3-
positive cells. Scale bars 50 pm
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and digitized at 4 kHz. The LFP analysis was conducted
using Neuro Explorer v4.0 (Plexon, Dallas, TX).
Electrophysiological data were reviewed and scored by
two laboratory assistants who did not know the experi-
mental program. Seizures were induced in rats by lithium
chloride-pilocarpine or PTZ. APETx2 (10 um) or saline
was injected into the lateral ventricle by microinjection
cannula. Thirty minutes later, convulsant drug (pilocar-
pine or PTZ) was injected into abdomen, and the electro-
physiological recording was continuously recorded more
than 70 min (pilocarpine) or 10 min (PTZ). An electro-
physiological seizure were defined as high amplitude (>2
times the baseline), high frequency (>5 Hz), lasting longer
than 5 s [29].

Slice Recordings and Analysis

Experiments were performed according to standard
methods on rat brain slices prepared using a vibratome.
Male Sprague—Dawley rats (6—7 weeks of age) were anes-
thetized with 3.5 % chloral hydrate and then transcardially
perfused with a high-Mg**/low-Ca®" solution (4.9 mM
MgS0O,, 0.5 mM CaCl,, 126 mM NaCl, 5 mM KClI,
1.25 mM NaH,POy4, 27.7 mM NaHCO;3, 10 mM dextrose,
1.1 mM MgCl,, pH 7.35) chilled to 4 °C. Then, the rats
were sacrificed by decapitation, and their brains were
removed and washed in cold ACSF. Slices were sectioned
in a horizontal plane from the hippocampus (350 pum),
followed by incubation in prewarmed, oxygenated (95 %
0,/5 % CO,) ACSF for at least 1 h prior to testing.

For extracellular recordings, glass electrodes (3—5 MXY2)
were filled with ACSF and placed in the CA3 cell layer.
Spontaneous epileptiform activity was induced by a convul-
sant ACSF containing 0 Mg>".

To measure cell excitability, the whole-cell current-
clamp technique was used to record action potentials
(AP) in CAl region. (Chen et al. 2006). The pipettes
(3—5 MO polished glass pipettes) contained 5 mM NacCl,
90 mM potassium gluconate, 15 mM KCl, 1 mM MgCl,,
10 mM EGTA, 60 mM HEPES, and 3 mM Na,ATP,
adjusted to pH 7.3 with KOH. Cells were not used if the
initial resting membrane potential was more depolarized
than —60 mV. For spontaneous firing recordings, a small
depolarizing current was applied to adjust the interspike
potential to —60 mV. To evoke seizure activity, we re-
placed normal ACSF with ACSF lacking MgSO,. After
recording 2 min of epileptiform spike, we reduced the pH
to 6.6 by buffering the solutions with HEPES. We mea-
sured pH in the recording chamber both before and during
the infusion of ACSF (pH 6.6). The effects of low pH
were then recorded for 2 min, after which time we infused
ACSF (pH 6.6) containing 63 nM APETx2 and recorded
the epileptiform spike. To quantify epileptiform activity,
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Fig. 2 Double immunofluorescence labeling for ASIC3 in TLE patients.
Representative pictures showing the coexpression of ASIC3 and NSE (a),
ASIC3 and GFAP (b), and ASIC3 and GAD67 (c) in the cortex of
patients with TLE. ASIC3 (green), NSE or GFAP or GAD67 (red),
merged (vellow). White arrows show ASIC3/NSE/GFAP/GAD67-
positive cells. Scale bars 75 pm (color figure online)

we used a previously described method. Using the
Clampfit10.3 software, we quantified the total number of
APs before and after infusion with ACSF containing
APETx2. Inhibitory neurons and pyramidal neurons of
the CAl region were identified according to their loca-
tion, morphology, and firing pattern (Parra et al. 1998).

To record miniature inhibitory postsynaptic currents
(mIPSCs), the recording electrode was filled with internal
solution (containing (in mM) CsCl, 100; HEPES, 10;
MgCl,, 1; EGTA, 1; N-methyl-D-glucamine (NMG), 30;
MgATP, 5; Na,GTP, 0.5; phosphocreatine,12, pH 7.2-7.3,
270-280 mOsm). The recordings were done at a holding
potential of =70 mV in the presence of 6,7-
dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) (10 uM),
dL-2-amino-5-phospho-novaleric acid (DL-APV)
(50 uM), and tetrodotoxin (TTX) (1 uM). The recorded
mIPSCs were analyzed by Mini Analysis 6.0.1 and
Clampfit10.3.

For assessments of presynaptic GABAergic contributions,
a paired pulse protocol executed for two stimuli at an
interpulse interval of 50 ms in the presence of DNQX
(10 uM) and DL-APV (50 uM) to block glutamatergic trans-
mission. Each current response is averaged from ten repetitive
stimuli at a frequency of 0.1 Hz. The paired pulse ratio (PPR)
was defined as the amplitude of the second response to the
amplitude of the first response. Analysis was performed with
Clampfit 10.3.
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Fig. 3 Representative Western blot image for ASIC3 in
experimental rats. a In the cortex, ASIC3 protein was detected as
a band at approximately 59 kDa, and GAPDH was detected as a
band at 36 kDa. Lane 1 represents the normal rat sample, and lanes
2-8 represent different time points after seizures. b A distinctly
stronger immunoblot was observed in experimental rats at each
time point (n=5 of each) compared to the controls (n=5)
(*P<0.05). ¢ Representative Western blot image of ASIC3 and
corresponding GAPDH expression in the hippocampus. d

When a whole cell recording configuration was
achieved, a Multiclamp 700B amplifier (Axon, USA)
was used for the recording. Signals were sampled at

ampus n
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Comparison of the intensity ratio of ASIC3 expression between
the control (n=5) and epileptic rats at different time points (n=>5
of each) after kindling in the hippocampus (%*P<0.05). Faint
staining was evident in the control group in the cortex (e), DG
(g), and CA3 region (i), whereas f, h, and j show strong staining
in epileptic rats. k, 1 A comparison of the mean OD value for ASIC3
in the cortex and hippocampus, respectively, between epileptic rats
and control subjects (%P<0.05). Black arrows show the ASIC3-
positive cells. Scale bars e, £ 50 um; g, h 200 um; i, j 100 pm

10 kHz and filtered at 2 kHz. Data were collected after
currents had been stable for 5-10 min. Results were
discarded if the series resistance changed by >15 %.
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Fig. 4 Double immunofluorescence labeling for ASIC3 in epileptic rats
ASIC3 (green) and NSE (red) were coexpressed (merged) in the cortex of
an epileptic rat (a) and CA1 region of an epileptic rat (¢). ASIC3 (green)
and GFAP (red) were coexpressed (merged) in the soma in the temporal
cortex of an epileptic rat (b). ASIC3 (green) and GADG67 (red) were
colocalized (merged) in the cortex (d), CA1 region (e), and CA3 region of
epileptic rats (f). White arrows show ASIC3/NSE/GFAP/GADG67-
positive cells. Scale bars a, b, d, e 75 um; ¢, £ 150 um (color figure
online)

Results

All the values are presented as mean+SD. Differences
were considered statistically significant with a P value
<0.05.
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Comparison of Clinical Data in Patients with TLE
and Controls (see Table 3)

Altered ASIC3 Expression in the Temporal Cortex of Patients
with TLE

ASIC3 protein was detected as a single band at approximately
59 kDa, with GAPDH detected at 36 kDa (Fig. 1a). ASIC3
protein expression was normalized by calculating the intensity
ratio of the bands according to the corresponding level of
GAPDH. The intensity ratio was significantly increased in
TLE patients (mean intensity ratio 1.005+0.279) as compared
to controls (0.1223+0.1129) (P<0.05) (Fig. 1b). Next, we
examined the expression of ASIC3 mRNA using quantitative
real-time PCR. The relative expression level of ASIC3 mRNA
in control patients was 1.79 times greater than in TLE patients,
as calculated using 22" method (P<0.05) (Fig. 1c). By
immunohistochemical staining, we observed faint ASIC3
staining in sections from the control group (Fig. 1d), whereas
strong staining was detected in TLE samples (Fig. le).
Significantly elevated ASIC3 protein expression was detected
in TLE patients (mean OD value 0.414+0.105) compared to
the control group (0.173+0.075) (P<0.05) (Fig. 1f) using an
independent samples # test.

Cellular Localization of ASIC3 in the Cortex of Patients
with TLE

ASIC3 protein was mainly expressed in the neuronal cyto-
membrane and cytoplasm of the temporal cortex tissue of
control and TLE patients, as shown by colocalization with
the neuron marker NSE (Fig. 2a). ASIC3 was also expressed
in glia, but it was only expressed in the soma and not in the
dendrites. As shown by colocalization with the astrocyte
marker GFAP, only the soma staining merged with that for
ASIC3 (Fig. 2b). To explore the function of ASIC3 in epilep-
sy, we observed that ASIC3 was colocalized with GAD67, a
marker for the production of the inhibitory neurotransmitter
GABA (Fig. 2¢).

Elevated ASIC3 Expression in the Cortex and Hippocampus
of Epileptic Rats

We performed experiments using a rat model of epilepsy, and
the results were in accordance with our findings from TLE
patients. ASIC3 was detected as a band of protein at approx-
imately 59 kDa, whereas GAPDH was detected at 36 kDa
(Fig. 3a, ¢). Furthermore, ASIC3 expression began to increase
from 6 to 72 h after seizure, demonstrated a slight decrease at 1
and 2 weeks after seizure, then increased again at 1 and
2 months after seizure and was maintained at a relatively high
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Fig. 5 Effect of the ASIC3 inhibitor on seizure severity. a APETx2
significantly shortened the latency to seizure in 5 uM APETx2-treated
(*P<0.05) and 10 uM APETx2-treated rats (%P<0.05) compared to the
controls (n=8) in a model of pilocarpine-induced seizures. b Comparison
of the incidence of GTCS between 5 uM APETx2-treated (%P<0.05),

T
10

level during the chronic stage both in the cortex (Fig. 3b)
(P<0.05) and the hippocampus (Fig. 3d) (P<0.05). As shown
in Fig. 3e, g, i, only faint staining for ASIC3 was detected in
control samples, whereas strong staining for ASIC3 was de-
tected in the temporal cortex (Fig. 3f), hippocampus (Fig. 3h),
and CA3 pyramidal cell layers (Fig. 3j). Moreover, we con-
firmed the elevated expression of ASIC3 in the cortex
(Fig. 3k) (P<0.05) and hippocampus (Fig. 31) (P<0.05) of
epileptic rats; expression was increased during the acute stage
(6,24, and 72 h), decreased in the silent stage (1 and 2 weeks),
although still exceeding that in the control group, and was
then increased again during the chronic stage (1 and 2 months).
The mean OD values of ASIC3 for the control and epileptic
rats were significantly different, according to one-way
ANOVA followed by Tukey’s HSD (Honestly Significant
Difference) post hoc multiple comparison test.

Cellular Localization of ASIC3 in the Cortex
and Hippocampus of Epileptic Rats

ASIC3 was expressed in neurons, as shown by coexpression
with the neuron marker NSE in the cortex (Fig. 4a) and CAl
region (Fig. 4c). Moreover, Fig. 4b shows the coexpression of
ASIC3 with the astrocyte marker GFAP in the cortex.
Similarly, we found that ASIC3 was colocalized with
GADG7 in the rat cortex (Fig.4d), hippocampal CA1 region
(Fig. 4e), and CA3 region (Fig. 4f).

Percentage of GTCS o~

latency to seizure(s) Q.

T = 1 3 Control+pilo
1004 * )
ACSF+pilo
3 5uM APETx2+pilo
50 Wl 10uM APETx2+pilo
7
150
— [ Control+PTZ
100 T ACSF+PTZ
[ 5uM APETx2+PTZ
- Bl 10uM APETX2+PTZ
504
O 1

10 uM APETx2-treated (%P<0.05), and controls (#=10 of each). ¢ The
rats treated with APETx2 developed more severe seizures compared to
the controls over time (%P<0.05). d Rats treated with APETx2 demon-
strated shorter latency to seizure after PTZ injection

Effect of ASIC3 Inhibition on Seizure Severity

To examine the role of ASIC3 in the progression of epilepsy,
we acutely inhibited ASIC3 in rats via an intracerebroventric-
ular injection of the ASIC3 inhibitor APETx2. APETX2 is a
potent and selective inhibitor of homomeric ASIC3 channels
and ASIC3-containing channels and reversibly inhibits the rat
ASIC3 peak current with an ICs of 63 nM, without any effect
on the ASICla, ASIC1b, ASIC2a, and ASIC2a+3 currents.
Additionally, APETx2 displays no neurotoxicity in mice, even
after intracisternal injection up to 20 pug [30], and APETX2 has
previously been administered at concentrations ranging from
0.022 to 22 uM in vivo [31]. We observed that treatment with
APETx2 dramatically shortened the latency to seizure (Fig. 5a)
(P<0.05), and there were no significant differences between
the 5 and 10 uM APETx2 treatment groups (P>0.05), accord-
ing to the results of one-way ANOVA analysis followed by
Tukey’s HSD post hoc multiple comparison test. Furthermore,
blockade of ASIC3 with APETxX2 increased the incidence of
generalized tonic clonic seizure (GTCS) following pilocarpine
injection compared to the control group (Fig. 5b) (P<0.05),
with no significant differences between the 5 and 10 pM group
(P>0.05) according to Fisher’s exact test. In addition, the
Racine score for each 10-min interval was recorded; during
the first 10 min after injection, all four groups had similar
seizure scores, although rats treated with APETx2 developed
more severe seizures over time (Fig. 5c) (P<0.05), which
confirmed that ASIC3 reduced epilepsy severity. For these
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Fig. 6 Effect of APETx2 on local field potential (LFP). a, d Typical trace
of LFP on rats treated with APETx2. b, e APETx2 significantly shortened
the latency to seizure compared to the controls in a model of pilocarpine-
induced (b) and PTZ-induced (e) seizures (n=5, %P<0.05). ¢, f The
duration of seizure last longer on rats treated with APETx2 in a model of
pilocarpine-induced (b) and PTZ-induced (e) seizures (n=5, %P<0.05). g

comparisons, an ANOVA with repeated measures was used.
Moreover, rats injected with APETx2 presented decreased
latency to seizure in a model of PTZ (Fig. 5d), further
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APETX2 reversibly increases amplitude and frequency of interictal-like of
eplileptiform activity in hippocampal slice. The averaged frequency of
interictal-like events was elevated from 0.23 to 0.5 Hz, and amplitude was
increased from about 0.75 to 1 mV. h Expanded view of g before
(control), during (APETx2), and after (washout) the application of
APETx2

confirming that ASIC3 had anti-epileptic effects. Epilepsy is
characterized by synchronized discharges of a population of
neurons simultaneously, so we further used an in vivo
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Fig.7 Effect of the ASIC3 inhibitor on neuronal excitability. a, b Typical
image of an AP at no Mg®~ ACSF, low pH without Mg®" and in perfusion
slices treated with 63 nM APETx2 under the same conditions in
interneurons and pyramidal neurons. ¢ After perfusion, slices treated

multichannel electrophysiological recording to record the effect
of APETx2 on LFP. The typical changes of LFP after perfusion
with APETx2 are shown in Fig. 6a, d. We observed that
treatment with APETx2 dramatically shortened the latency to
seizure (Fig. 6b) (P<0.05) and prolonged the duration of
seizure (Fig. 6¢) (P<0.05) in a model of pilocarpine-induced
seizures. Moreover, we verified the results in PTZ-induced
seizures. Rats injected with APETx2 presented decreased la-
tency to seizure in a model of PTZ (Fig. 6e) (P<0.05) while
prolonged duration of seizure (Fig. 6f) (P<0.05) further
confirming that ASIC3 had anti-epileptic effects according to
the results of independent samples ¢ test. The result of LFP on
brain slices supported our idea. APETx2 reversibly increased
amplitude and frequency of interictal-like of eplileptiform ac-
tivity in hippocampal slice (Fig. 6g, h). Our results further
demonstrated ASIC3 may have anti-epilepsy function.

Effect of APETx2 on and Neuronal Excitation, PPR,
and mIPSCs

We used the whole cell patch-clamp technique to further char-
acterize the function of ASIC3 in epilepsy. The typical changes
in the APs of interneurons and pyramidal neurons after perfu-
sion with APETx2 are shown in Fig. 7a, b. In addition, brain
slices perfused with 63 nM APETx2 demonstrated significant-
ly decreased AP frequencies of both interneurons and pyrami-
dal neurons (Fig. 7¢) (P<0.05), according to the results of

20mv|

1s no M92+ ACSF,low pH,63nM APETx2

//

3 Interneuron
Wl Pyramidal neuron

with APETx2 showed significantly decreased AP firing frequency in
interneurons and pyramidal neurons in comparison to the control (n=5)
(%*P<0.05). d Significantly decreased AP frequencies of interneurons
was detected than that of pyramidal neurons (n=5) (%P<0.05)

paired samples ¢ tests. Morever, significantly decreased AP
frequencies of interneurons was detected than that of pyramidal
neurons (Fig. 7d) (P<0.05), according to the results of inde-
pendent samples ¢ test. However, we still do not know the
function via presynaptic or postsynaptic. To prove the inhibi-
tion, we conducted PPR and mIPSC experiments. We found
brain slices perused with 63 nM APETx2 demonstrated no
significant difference compared to the control on PPR
(Fig. 8a, b) (P>0.05) according to the results of paired samples
t tests. The results indicated that the inhibition of ASIC3 on
epilepsy may via postsynaptic. Figure 8c showed the typical
changes of mIPSCs after perfusion with APETx2, APETx2 +
bicuculline or bicuculline. After blocking ASIC3 by APETx2,
the amplitude of mIPSCs showed significantly decreases com-
pared with the control (Fig. 8d) (P<0.05), while the APETx2
group showed no differences with the APETx2 + bicuculline
group and the bicuculline group (Fig. 8d) (P>0.05). The cu-
mulative fraction of mIPSC amplitude (Fig. 8e) proves the
results. Furthermore, the trace of frequencies is the same
(Fig. 8f, g). For these comparisons, one-way ANOVA followed
by Turkey’s HSD post hoc multiple comparison tests.

Discussion

The data presented here are the first to confirm that ASIC3 is
expressed in the temporal cortex and hippocampus of the
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Fig.8 Effect of APETX2 on miniature PPR and IPSCs (mIPSCs) in CA1
neurons. a Typical image of PPR. b PPR showed no significant difference
in slices treated with APETx2 in comparison to the control (n=>5)
(%P>0.05). ¢ Representative traces of mIPSCs in slices in the CAl
region of hippocampal slice. d APETx2 significantly decreases the
amplitude of mIPSCs in seizure neurons compared with the con-
trol (n=5, %P<0.05), while showed no differences with the

human brain. In particular, ASIC3 protein was detected in the
cell membrane and cytoplasm of neurons both in the cortex
and hippocampus, as well as the CA3, CA2, and CA1 regions
of the rat brain. Additionally, ASIC3 was also expressed in
astrocytes, which is accordance with a recent study reporting
that ASIC3 is expressed in both cultured astrocytes and
in vivo brain tissues [32]. However, we detected ASIC3
expression in the soma of astrocytes but not the dendrites.
Accumulating evidence suggests cell-type-specific expression
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Inter-event interval(s)

APETx2 + bicuculline group and the bicuculline group (n=5,
*P>0.05). e, g Cumulative fraction of mIPSC amplitude and frequen-
cy. f APETX2 significantly decreases the frequency of mIPSCs in seizure
neurons compared with the control (n=5, %P<0.05), while showed no
differences with the APETx2 + bicuculline group and the bicuculline
group (n=5, %¥P>0.05)

of acid-sensing ion channels in hippocampal interneurons
[33]. Indeed, we found that ASIC3 was colocalized with the
GABAergic interneuron marker GAD67 [34] in both the
temporal cortex and hippocampus; however, there was no
100 % colocalization between ASIC3 and GABAergic inter-
neurons, which implies that ASIC3 is also expressed in excit-
atory cells. ASIC3 protein presented an elevated expression
pattern in the temporal cortex of TLE patients, and decreased
ASIC3 mRNA levels were detected in TLE patients compared
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to controls, which was similar to a previous result found in the
rat brain showing that ASICla and ASIC2b mRNA levels
were decreased in different hippocampal areas during
pilocarpine-induced SE [35]. The lithium-pilocarpine rat mod-
el has also shown similar patterns of epilepsy and molecular—
neuropathological alterations as compared to human TLE
[36], and the elevated level of ASIC3 expression in the epi-
leptic cortices and hippocampus after pilocarpine-induced
seizures provides additional data to support the notion that
ASIC3 is involved in epilepsy.

However, the role of ASIC3 in epilepsy remains unknown.
We treated rats with the ASIC3 inhibitor APETxX2 to evaluate
its function in the progression of epilepsy. PTZ kindling is the
most widely accepted animal model for studying the effects of
novel anti-epileptic molecules [28]. Therefore, we treated rats
with APETx2 prior to PTZ kindling and found that blockade
of ASIC3 shortened the latency to seizure and increased the
incidence of induced GTCS in rats, which indicated that
inhibition of ASIC3 increased the severity of epileptic sei-
zures. Moreover, we obtained identical results in a model of
pilocarpine-induced seizures, as rats treated with APETx2
developed more severe seizures over time. These results are
also similar to findings on the role of ASICla, as disruption of
the ASICla gene or pharmacological inhibition of ASICla
was shown to increase seizure severity, whereas overexpres-
sion of ASIC1a has the opposite effect [37].

The brain pH reduces from 7.35 to 6.8 in epileptic condi-
tions through lactic acid production, CO, accumulation, and
other mechanisms [38, 39]. Study indicated acidosis has effect
in seizure inhibition both in patients with epilepsy and brain
slices [40, 41]. However, the method which acidosis inhibits
seizures is still unknown. The ability of extracellular acidosis
to activate the ASICs suggests that these proteins might also
mediate the effects of pH on seizures. Our results indicate that
ASIC3 may play a role in inhibiting epilepsy, although its
underlying mechanism remains unknown. Many studies have
shown that GABAergic inhibitory interneurons in the hippo-
campus have larger ASIC currents than glutamatergic excit-
atory pyramidal neurons [42, 43, 37]. In our study, we found
that blocking ASIC3 significantly decreased the frequency of
APs in inhibitory neurons and pyramidal neurons. This result
indicates that APETx2 inhibits the excitability of inhibitory
neurons and pyramidal neurons during epileptic states. Loss of
interneuron or decrease excitability of inhibitory neurons trig-
gers epilepsy, while excitability of inhibitory pyramidal neu-
rons prevents epilepsy [44, 45]. Our results further demon-
strated that interneurons had significantly decreased AP fre-
quencies than pyramidal neurons, and inhibition of ASIC3
increased the severity of epileptic seizures. The results pre-
sented here reveal that ASIC3 may inhibit epileptic seizures
by triggering inhibitory interneuron activity, which is similar
to the findings of a recent report showing that ASICla null
mice could not stimulate AP firing in inhibitory neurons and

therefore failed to demonstrate inhibited seizure activity [37].
Changes of the PPR, coefficient of variance, and mIPSC
frequency would be consistent with a presynaptic site of
action [46]. We found that APETx2 did not significantly alter
the PPR, and APETx2 significantly reduced the amplitudes
and frequencies of mIPSCs while showed no differences with
the APETx2 + bicuculline group and the bicuculline group.
Taken together, our data suggest that ASIC3 modulates
GABAergic neurons primarily via postsynaptic mechanisms
in interneurons [47]

The current study had certain limitations. Due to ethical
requirements, we could not obtain normal brain tissue, so the
selected relatively normal brain tissue served as the control.
Moreover, as there was no selective agonist for ASIC3, we
could not directly observe its function in epilepsy. However,
the findings described here proposed a new, anti-epileptic
function for ASIC3 and that agent that potentiate ASIC3
activity might reduce seizure severity or duration and possibly
prevent epilepsy.
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