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Abstract The piriform cortex (PC) is highly susceptible to
chemical and electrical seizure induction. Epileptiform activ-
ity is associated with an acid shift in extracellular pH, suggest-
ing that acid-sensing ion channels (ASICs) expressed by PC
neurons may contribute to this enhanced epileptogenic poten-
tial. In epileptic rats and surgical samples from patients with
medial temporal lobe epilepsy (TLE), PC layer II ASICla-
immunopositive neurons appeared swollen with dendritic
elongation, and there was loss of ASICla-positive neurons
in layer III, consistent with enhanced vulnerability to TLE-
induced plasticity and cell death. In rats, pilocarpine-induced
seizures led to transient downregulation of ASICla and con-
comitant upregulation of ASIC2a in the first few days post-
seizure. These changes in expression may be due to seizure-
induced oxidative stress as a similar reciprocal change in
ASICla, and ASIC2a expression was observed in PC12 cells
following H,O, application. The proportion of ASICla/
ASIC2a heteromers was reduced in the acute phase following
status epilepticus (SE) but increased during the latent phase
when rats developed spontaneous seizures. Knockdown of
ASIC2a by RNAI reduced dendritic length and spine density
in primary neurons, suggesting that seizure-induced upregula-
tion of ASIC2a contributes to dendritic lengthening in PC
layer Il in rats. Administration of the ASIC inhibitor amiloride
before pilocarpine reduced the proportion of rats reaching
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Racine level IV seizures, protected layer II and III neurons,
and prolonged survival in the acute phase following SE. Our
findings suggest that ASICs may enhance susceptibility to
epileptogenesis in the PC. Inhibition of ASICs, particularly
ASIC2a, may suppress seizures originating in the PC.
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Introduction

Temporal lobe epilepsy (TLE) is the most common partial sei-
zure syndrome and can involve many limbic structures includ-
ing the piriform cortex (PC). PC is the largest area of the mam-
malian olfactory cortex and is extensively interconnected with
the other major limbic regions, the amygdaloid nucleus, ento-
rhinal cortex, and hippocampus. The PC has been implicated in
olfaction and memory processing and also in the spread of
excitatory waves during ictogenesis. Pioneering investigations
using the kindling protocol confirmed the amygdala and PC as
major epileptogenic areas [1], but the specific circuit and elec-
trophysiological features that confer susceptibility to seizure
induction are still not completely clear. During and following
seizures, large quantities of lactic acid and glutamic acid are
released into the extracellular space, resulting in an acid envi-
ronment that activates acid-sensing ion channels (ASICs) [2,
3]. We speculated that the epileptic susceptibility of the PC may
be associated with activation of excitatory ASICs.

ASICs are multimeric proton-gated channels belonging to
the superfamily of degenerins/epithelial sodium channels
(DEG/ENaC). Three channel subunits have been cloned in
the mammalian central nervous system (CNS), ASICla,
ASIC2a, and ASIC2b, while ASIC1b and ASIC3 subunits
are almost exclusively localized or enriched in the peripheral
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nervous system [4, 5]. These channels are proposed to func-
tion at multiple subcellular locations, including dendritic
spines and synapses [6, 7]. Central neurons express both
homotrimeric and heterotrimeric ASICs. In vitro, ASIC tri-
mers are composed of ASICla homotrimers, ASIC2a
homotrimers, and 2:1 or 1:2 ASIC1a/ASIC2a heteromers
[8]. The assembly ratio depends on the cRNA injection ratio
in vitro, indicating random aggregation. The ASIC1a subunit
has a major influence on current amplitude, while ASIC2a
influences kinetics. Homotrimeric ASIC2a and ASICla/2a
heterotrimeric channels recover more rapidly than ASICla
homomultimers following a shift to pH 5 and so may induce
repetitive depolarization [9, 10]. The ASIC2a subunit also
influences the ASIC response to FRRFamide (Phe-Met-Arg-
Phe amide) and zinc and targets ASIC1a to the synapse via an
association with PSD-95 [11, 12].

ASICs may participate in the pathogenesis of cerebral is-
chemia and amyotrophic lateral sclerosis (ALS). Blockade or
knockout of ASIC1a protected the brain from ischemic injury
[13, 14], while ALS model mice with ASICla deficiency
exhibited delayed onset and slower progression of motor dys-
function [15]. The expression and function of ASICs
has also being linked to seizures and epileptogenesis.
Channels with ASICla or ASIC2a generate excitatory
currents in response to decreasing pH in vitro. In vivo,
production of lactic acid during intense neural activity
and seizures decreases extracellular pH which activates
ASICla [2, 3, 16]. Mossy fiber sprouting from dentate
gyrus (DG) granule neurons, a neuroplastic response to
temporal lobe seizures involved in progression to recur-
rent spontaneous seizures, increases the release of Zn*"
within the DG and hippocampus, which could enhance
ASIC2a-containing channel currents [17, 18]. Moreover, the
frequency of the ASICI gene rs844347-A allele is higher in
patients with TLE than in healthy controls [19]. ASIC blocker
amiloride delayed the onset of pilocarpine-induced seizures
and reduced both seizure frequency and myoclonic jerks
[20, 21]. Conversely, activation of ASICla channels
expressed on inhibitory interneurons decreased seizure sever-
ity and duration [22].

We speculate that epileptogenesis in the PC is associated
with the expression levels and subunit combinations of
ASICla and ASIC2a. To data, there are no published studies
on the ASICs related to the susceptivity of PC. In this study,
we found that ASICla-expressing PC layer II/III neurons in
human TLE patients and rats were particularly vulnera-
ble to damage. We also demonstrated that the expres-
sion levels of ASICla and ASIC2a, as well as the com-
bination pattern, were changed in the rat PC after sei-
zures. Furthermore, blockade of ASICs reduced the loss
of PC neurons and pilocarpine-induced seizures in rats, sug-
gesting that targeted inhibition of PC ASICs, particularly
ASIC2a, may suppress TLE.

Materials and Methods
Ethics Statement

The present study was performed in accordance with the
Guidelines for Animal Experimentation of the Fourth
Military Medical University and the National Institute of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23) revised in 1996. The protocol
and animal use for this study was approved by the Ethics
Committee for Animal Experimentation of the Fourth
Military Medical University. All efforts were made to mini-
mize the number of animals and their suffering.

All patients gave written informed consent prior to partic-
ipation in this study. The cases examined in the study were
treated surgically for intractable TLE by the Department of
Neurosurgery, Tangdu Hospital, Fourth Military Medical
University. Eight specimens were randomly selected from an
epilepsy brain tissue bank. The criteria, informed consent, and
brain tissue processing were referenced in our previous pub-
lications [23]. The individual patient details are listed in
Supplement Tables 1 and 2.

Animals and Treatments

Adult male Sprague—Dawley rats (200-240 g body weight)
were obtained from the Experimental Animal Center of the
Fourth Military Medical University. They were housed under
standard environmental conditions (temperature 22+1 °C, hu-
midity 50-60 %, and 12-h light/dark cycle). The experimental
procedures were approved by the Committee of Animal Use
for Research and Education of the Fourth Military Medical
University. Lithium chloride (125 mg/kg, intraperitoneal in-
jection (i.p.), Sigma, St. Louis, MO, USA) was injected 24 h
prior to injection of pilocarpine (40 mg/kg, i.p., Sigma). All
experimental animals received injections of 1 ml 0.9 % NaCl
(i.p.) immediately following a seizure and twice on the day
following a seizure to prevent dehydration. The control ani-
mals were treated with saline. Methyl scopolamine (1 mg/kg
in 0.9 % saline) was intraperitoneally administered 30 min
before pilocarpine administration to minimize the peripheral
effects of pilocarpine. There were eight animals per group in
this experimental. Control rats were treated identically except
they were injected with normal saline instead of pilocarpine.
All animals received special care until they were sacrificed.
The evoked behavioral seizures were scored using Racine’s
scale. We used Racine stages (I~V) as a quantifiable means to
describe seizure intensities: stage I, mouth and facial move-
ment; stage I, head nodding; stage III, forelimb clonus; stage
IV, rearing with forelimb clonus; and stage V, rearing and
falling with forelimb clonus. Racine stage IV was recognized
as the statistic criterion in this experiment. Animals were treat-
ed by diazepam (10 mg/kg, i.p.) to end the status epilepticus
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(SE) after at least 60 min. In the oxidative stress experimental,
the animals were treated by diazepam (10 mg/kg) to end the
SE. At the end of the scheduled time intervals from pilocar-
pine injection, the part of the animals were sacrificed by de-
capitation, and brains were rapidly extracted for the Western
blot analysis, another animals were perfused and fixed by the
paraformaldehyde for the immunohistochemistry analysis.

Tissue Preparation
Human

Immediately upon resection in the operating room, the tissues
from patients with intractable epilepsy and control were rinsed
in PBS. Tissue blocks (0.5-1.0 cm®) for immunohistochemis-
try (IHC) were fixed in 4 % paraformaldehyde for 4 h and then
embedded in paraffin following standard laboratory proce-
dures. The paraftin-embedded brains were cut into 5 pm thick
slices for IHC for immunochemical staining. Samples for
Western blotting were flash frozen on powdered dry ice and
stored at —70 °C.

Rats

Various time points following pilocarpine-evoked seizures,
six rats from each group were sacrificed by decapitation after
i.p. administration of a lethal dose of chloral hydrate. The six
rat brains were dissected to collect both the piriform cortex,
which were then flash frozen in liquid nitrogen and stored at
=70 °C for gPCR and Western blot analysis.

Quantitative Reverse Transcription Polymerase Chain
Reaction

The total RNA of tissue was extracted by TRIzol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s proto-
col. RNA was reverse transcribed by PrimeScript™ Double
Strand cDNA Synthesis Kit (Takara, JP). The products were
used as the template. Quantitative reverse transcription PCR
(qPCR) was carried out with SYBR® Premix Ex Taq™ using
the 1Q5 multicolor real-time PCR detection system (Bio-Rad).
The thermal profile was 50 °C for 30 min, 95 °C for 15 min,
and then 40 cycles of 95 °C for 30 s, and 55 °C for 30 s. The
primer sequences were as follows: ASICla forward, 5'-
AAAGTGCCAGAAGGAGGCTAAG-3"; ASICla reverse,
5'-AGGTAGGATGTTGGCAGCGTA-3’; ASIC2a forward,
5'-ATCCTTGTGTTGTTTGTGACCG-3'; ASIC2a reverse,
5'-TGGGAAAAGAAGGAGGTTGGT-3"; B-actin forward,
5'-GATCCTGACCGAGCGTGGCTACA-3"; and (-actin re-
verse, 5'-ACGGATGTCAACGTCACACTTCA-3'.
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Primary Neuron Culture

The pregnant rats from the Experimental Animal Center of the
Fourth Military Medical University were sacrificed in a CO,
chamber according to current Fourth Military Medical
University (Animal Use for Research and Education
Committee) guidelines. The pregnant rats were sacrificed.
Place the pups (E15) in the large culture dish. The brain was
then released by using a microspatula. The cerebrum was sep-
arated from the cerebellum and brain stem, and the cerebral
hemispheres were separated from each other by gently sepa-
rating along the midline fissure. The meninges were gently
peeled from the individual cortical lobes that were placed into
a culture dish containing neurobasal media. After 0.125 %
trypsin solution digestion, cortices were triturated gently with
a 1-ml tip and dissociated into a cell suspension. Cells were
plated in 60-mm cell culture dish at a concentration of 5x 10°
cells. Incubate the dish at 37 °C in a moist 5 % CO,, 95 % air
atmosphere. The medium was changed every 72 h until the
cells were ready to be used.

Antibodies and Reagents

The tissues from patients with TLE or epileptic rats were
lysised by the lysis buffer containing EDTA-free protease in-
hibitor cocktail (Roche, CH). Immunoprecipitation was per-
formed overnight at 4 °C using anti-ASIC1 (sc-13905, Santa
Cruz, CA) and anti-ASIC2 (sc-22333, Santa Cruz, CA). The
complex was captured with 20 pl of 25 % slurry of Protein
A/G plus agarose beads (sc-2003, Santa Cruz, CA) for 4 h at
4 °C. Proteins were separated by 10 % SDS-PAGE and trans-
ferred onto PVDF (Millipore, USA) at 350 mA at 90 min.
Nonspecific binding sites were blocked by immersing the
PVDF membrane in 1 % blocking solution (TBST solution,
1 % BSA power). Proteins were probed with antibodies in 5 %
nonfat milk: anti-ASIC1 (ab87514, Abcam, UK), anti-
ASIC2a (ab169768 and ab77384, Abcam, UK), anti-
ASICla (LS-C155923, LSBio, USA), anti-ASIC2a (LS-
B4731, LSBio, USA), anti-beta-actin (04-1116, Millipore,
USA), NeuN (ABN78, Millipore, USA), and DAPI (28718-
90-3, Millipore, USA). The secondary antibodies included
goat anti-rabbit IgG H&L (Alexa Fluor® 647) (ab150079,
Abcam, UK), goat anti-mouse IgG H&L (Alexa Fluor®
488) (ab150113, Abcam, UK), goat anti-rabbit IgG conjugat-
ed to HRP (ab6721, Abcam, UK), and goat anti-mouse IgG
conjugated to HRP (ab97023, Abcom, UK). The dendritic
spines were labeled by Dil (468495, Sigma, USA).

Immunocytochemistry and Immunofluorescence
The rats were sacrificed and perfused with physiological sa-

line and then fixed by 4 % paraformaldehyde. Fifteen micro-
meters thick sections were cut by freezing microtome. The
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sections were processed for immunostaining. The endogenous
peroxidase activity was blocked by 1 % H,0, in the PBS for
5 min. Nonspecific immunoglobulin binding of the tissue was
blocked by 1 % bovine serum albumin in PBS. The sections
were incubated with the primary antibodies overnight at 4 °C:
ASICI1 (Abcam, UK) and ASIC2 (Abcam, UK). The sections
were washed with PBS (3x10 min) and incubated with the
goat anti-rat IgG HRP secondary antibody. DAB Color
Developing Reagent Kit (Millipore, USA) was used. The im-
ages were acquired with a Nikon eclipse Ti microcopy.

The primary neurons were separated from the E15 rats and
cultured in the polylysine coating sterile glasses for 8 days.
The cells were washed with PBS (3% 10 min) and fixed with
4 % paraformaldehyde. Before immunostaining, the cells
were washed with PBS (3x 10 min) and stained by ASIC2
(Abcam, UK) and NeuN (Millipore, USA) overnight at
4 °C. Then, the cells were washed with PBS (3x15 min)
and incubated with Goat Anti-Rabbit IgG H&L (Alexa
Fluor® 647) and Goat Anti-Mouse IgG H&L (Alexa Fluor®
488) (Abcam, USA) for 4 h at room temperature. Confocal
images were acquired with a Nikon C2 confocalmicrocopy
(Nikon, JP).

The primary neurons were cultured for 2 weeks and then
rinsed in PBS. Cells were fixed in 4 % paraformaldehyde for
30 min and then washed with PBS (3 x 10 min). The cells were
stained with Dil overnight at 4 °C and then washed with PBS
(3x 15 min). Confocal images were acquired with a Nikon C2
confocalmicrocopy (Nikon, JP).

Western Blotting

Total proteins from tissues or cell extracts (50 pg/gel lane)
were separated by SDS-PAGE, blotted, and probed with an-
ti-ASICla, anti-ASIC2a, and anti-f3-actin, and then probed
with secondary antibodies (goat anti-mouse IgG conjugated
to HRP and goat anti-rabbit IgG conjugated to HRP). The
images were collected by the ChemiDoc XRS+ (Bio-Rad,
USA).

Co-immunoprecipitation

The tissue of pyriform cortex was obtained from the
pilocarpine-treated rats and control rats in RIPA buffer
(150 mM NacCl, 20 mM Tris—HCI, pH 7.4, 5 mM EDTA,
1 % NP-40, 1 % Na-deoxycholate, 0.1 % SDS, 1 mM
PMSEF, 20 pg/ml leupeptin, 20 pg/ml aprotinin, and 3 pg/ml
pepstatin A). Lysates were incubated overnight with ASICla
and ASIC2a antibody before being absorbed with protein A/G
PLUS-agarose beads. Precipitated immunocomplexes were
released by boiling with 2x SDS electrophoresis sample buffer
and prepared for Western blot analysis.

Behavior Analysis After the Oral Administration of Amiloride

Amiloride was chosen as ASICs inhibitor against LiCl-
pilocarpine-induced seizures. Amiloride was dissolved in wa-
ter. The rats were randomly divided into two groups (control
group and treated group). Each group had 20 rats. The treated
group was injected by amiloride (30 mg/kg) 90 min before
injection of pilocarpine (40 mg/kg). The control group was
only administered by physiologic saline before the injection
of pilocarpine. The behaviors of seizures were observed. The
time from the end of pilocarpine injection to appearance of
Racine stages IV was recorded. Data analysis of the time to
Racine stages IV was performed using Student’s ¢ test.

Statistical Analysis

All data are presented as the mean+SEM (r=number of indi-
vidual samples). Statistical analysis was performed using
GraphPad Software. The statistical data were presented as
follows. Paired ¢ test was mainly applied in the analysis of
the number of neurons in layers II and III in Fig. 1. Paired ¢
test was also applied in the analysis of protein level of co-IP. In
vitro experiments, the data came from the primary neuron
culture experiments (n=4). Paired ¢ test was applied in the
analysis of dendritic length and number of spines. One-way
ANOVA (Dunnett’s multiple comparison test) was applied in
the analysis of the differences of mRNA and protein expres-
sion. In the analysis of ratio of Racine IV of rats, chi-squared
test was used (Fig. 7a). We defined statistical significance as
P<0.05.

Results

Abnormal Morphology of ASIC1a-Positive Neurons
in Tissue from Epileptic Rats and TLE Patients

The similar phenomena in piriform cortex from the epileptic
rat and TLE patients included the decreased number of
ASICla-positive cells in the layer III and the increased num-
ber of abnormal morphology in the SICla-positive cells
(Fig. la—i). But, there were some differences between epilep-
tic human and rats. In the cortical layer II from epileptic rats,
the number of neurons with abnormally elongated dendrites
increased (Fig. 1a, b, f). Compared with the rats, the neurons
with abnormally elongated dendrites were not found in epi-
leptic patients (Fig. 1d). The number of ASICla-positive neu-
rons was higher in layer II of piriform cortex from TLE pa-
tients compared to controls (Fig. 1g), while individual layer II
neurons exhibited altered morphology with swollen cell bod-
ies (Fig. lc, d, h). There were remaining neurons that exhib-
ited aberrant dendritic structure and ill-defined somal outlines
in layer Il compared to controls (Fig. 11).
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Fig. 1 Abnormal morphology and reduced numbers of ASIC1a-positive
neurons in epileptic tissues. a, b Sections from rats (n=4). ¢, d Sections
from the TLE patient (n=4). All sections were immunostained for

Abnormal Morphology and Cell Loss in Rat Piriform Cortex
After Status Epilepticus

To examine the relationship between ASICs expression and
the epileptic susceptibility of piriform cortex, we measured
ASICla expression levels in rats administered LiCl-pilocar-
pine, a well-established model of TLE. After intraperitoneal
injection, rats experienced at least 1 h of status epilepticus
(SE) and gradually developed spontaneous seizures after the
acute and latent phases. We observed obvious tissue damage
and redistribution of ASICla immunohistochemical staining
in the PC at 2 weeks after SE (Fig. 2a). In PC layer II, the
dendrites of semilunar and pyramidal cells appeared abnor-
mally elongated, extending into layer I or III, while the den-
drites of pyramidal cells and large multipolar cells in layer I1I
shrank and even disappeared. Loss of layer I1I cells was great-
er than loss of layer II neurons (Fig. 2¢). Unexpectedly, we
observed no change in ASICla protein level in PC homoge-
nate at 2 weeks after SE compared to control (Fig. 2b, d),
although changes in the early phase following SE are still
possible.

Downregulation of ASICla and Upregulation of ASIC2a
in the Acute Phase

To determine whether ASIC expression changes in the acute
phase after status epilepticus (before returning to control
levels, Fig. 2b), we examined mRNA levels of ASICla and
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100 pm. Data in e—i are presented as mean=+standard error of mean
(SEM). Student’s ¢ test: *P<0.05 compared to control

ASIC2a at 1, 6, 12, 24, 48, and 72 h post-SE. Expression of
ASICla mRNA was downregulated at 24, 48, and 72 h after
SE before gradually returning to control levels in latent phase
(Fig. 3a and Supplemental Fig. la). In contrast, ASIC2a
mRNA expression was upregulated 12, 24, 48, and 72 h after
SE and then gradually declined to control levels in latent phase
(Fig. 3b and Supplemental Fig. 1b). The protein expression
patterns of ASIC2a were similar with the respective mRNA
expression patterns (Fig. 3d and Supplemental Fig. 1d).
Though mRNA and protein of ASICla gradually declined in
the acute phase, the statistically significant differences of pro-
tein level were prior to mRNA level (Fig. 3c and
Supplemental Fig. 1c).

We also examined if the changes of ASICla and ASIC2a
were associated with seizure duration by comparing expres-
sion in rats in which seizures were terminated by diazepam 1
or 2 h following pilocarpine-induced SE. After 24 h, ASICla
protein expression decreased with SE duration in 2-h group
compared with 1-h group (Fig. 3e). Conversely, the level of
ASIC2a increased in 2-h group compared with 1-h group

(Fig. 31).

Oxidative Stress Regulates the Expression of ASICla
and ASIC2a

Enhanced metabolism and other events associated with the
brief or prolonged seizures, such as NO release, induce oxi-
dative stress in epileptic tissue [24]. We examined if oxidative
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Con

Fig. 2 ASICla immunohistochemical staining in rat brain sections. a
The left panel is a coronal section from a saline-treated (control) rat,
and the right is a coronal section from a pilocarpine-treated rat at
2 weeks after status epilepticus, both immunostained for ASICla. In
saline-treated control rats (n=4), ASICla immunoreactivity did not
differ between the piriform cortex and other areas. In pilocarpine-
treated rats (n=4), ASICla immunoreactivity was markedly stronger in
the piriform cortex compared to other areas. b, d The protein level of

stress induces a similar reciprocal change in ASICla and
ASIC2a expression by treating PC12 cells with different doses
of H,O, (50, 100, and 400 uM) and measuring ASICla and
ASIC2a protein expression levels by Western blotting after
24 h. ASICla expression was progressively downregulated
with H,O, dose (Fig. 4a), while expression of ASIC2a was
upregulated at the lowest dose (50 M) but was downregulat-
ed by higher doses (100 and 200 uM) (Fig. 4b). Thus, at least,
moderate oxidative stress induces these changes similar to
those observed in piriform cortex 1 day after SE.

Changes in ASIC Subunit Combinations After SE

The kinetic properties of ASICs depend on subunit composi-
tion (ASICla homotrimer, ASIC2a homotrimer, or ASICla/
2a heterotrimer). To investigate whether seizures affect the
subunit composition of ASICs, we conducted co-
immunoprecipitation experiments. Expression of the
ASICla—ASIC2a complex was lower 1 day after
pilocarpine-induced SE (Fig. 5a, c) but higher in the latent
phase 2 weeks post-SE (Fig. 5b, d).
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ASICla did not differ significantly from control (Con) at 2 weeks (2 w)
after pilocarpine treatment (n=4). ¢ Higher resolution photomicrograph
of the demarcated region (right, region in black box) in a, right panel. Lefi
is control. Layers of the piriform cortex are separated by black dashed
curves. The dendrites of layer II neurons grew abnormally and extended
into layer 1. Karyopyknosis appeared in layer III. Scale bar in c—d:
200 pm. Data in d are presented as mean+standard error of mean
(SEM). Student’s # test: P>0.05 compared to control

Knockdown of ASIC2a Interferes with Development
of Dendrites and Dendritic Spines

ASICla and ASIC2a participate in synaptic plasticity [6].
ASIC2a targets ASICla to synapse via an association with
PSD-95 [11]. To investigate whether upregulation of
ASIC2a is involved in the abnormal dendritic morphology
of layer II neurons, we interfered with ASIC2a expression in
primary cortical neurons. Mean length of dendrites decreased
about 20 % in the siRNA group compared to the control group
(Fig. 6a, b). The mean number of dendritic spines per 10-um
length of dendrite was reduced about 59 % in the knockdown
group (Fig. 6c, d).

Amiloride Prevents Neuronal Loss in PC Layer 111
after Seizures

To further investigate whether the abnormal expression of
ASIC subunits in PC neurons confers vulnerability to seizures,
we examined the effects of the ASCI inhibitor amiloride on
seizure semiology and outcome following pilocarpine. Racine
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Fig.3 The mRNA and protein expression levels of ASIC1a and ASIC2a
in rat piriform cortex after pilocarpine-induced SE. a The expression of
ASICla mRNA was 35+6 % of control on 24 h post-SE, 44+3 % on
48 h, and 45+5 % on 72 h (n=3 rats/group). b Expression of ASIC2a
mRNA was 2.7+0.5-fold higher than control on 12 h, 2.7+0.3-fold on
24 h, 3.1+0.5-fold on 48 h, and 2.5+0.3-fold on 72 h (n=3 rats/group). ¢
Representative immunoblot and densitometric analysis of ASICla
protein showing that expression was 39+4 % of control on 24 h, 51+
8 % on 48 h, and 62+3 % on 72 h (n=3 rats/group). d Representative
immunoblot and densitometric analysis of ASIC2a showing that protein

IV stage (rearing with forelimb clonus) was easy to discern
and so was used as an index of seizure severity. The fraction of
rats reaching Racine stage IV and the time to Racine IV were
lower in amiloride-treated rats compared to the control pilo-
carpine group (Fig. 7a, b). Survival rate was also higher in the
early phase (12-48 h) following pilocarpine in the group
pretreated with amiloride (Fig. 7c). Finally, Nissl staining
and immunohistochemistry revealed decreased loss of PC

@ Springer

Relative expression of
ASIC2a mRNA

Con 1h

6 h 12h 24h 48h 72h

Asicza T ESEEEDEREE

B-actin juums e e ww e w— —

1.0- *
* %

(ASIC2a/B-actin)
o e o
o @

Relative value of density
o
R

0.0-

Con 1h 6h 12h 24h 48h 72h

L e—

ASIC2a
B-actin — — —

1.0 *
*%

(ASIC2alB-actin)

Con 1h 2h

Relative value of density

expression was 1.7+0.8-fold higher than control on 12 h, 1.8+0.2-fold on
24 h, 1.9+0.8-fold on 48 h, and 1.9+0.3-fold on 72 h (n=3 rats/group). e
Representative immunoblot and densitometric analysis of ASICla
protein showing that expression was 60+7 % of control on 1 h and 52
+8 % on 2 h. f Representative immunoblot and densitometric analysis of
ASIC2a protein showing that expression was 1.4+0.1-fold higher than
control on 1 h and 2.1+0.1-fold on 2 h. Data in a—f are presented as mean
+standard error of mean (SEM). *P<0.05 and **P<0.01 by one-way
ANOVA compared to the control

neurons and greater preservation of morphology in the
amiloride-treated group (Fig. 7d, e).
Discussion

Our study provides evidence that ASICs contribute to seizure-
induced damage of PC neurons and to the epileptogenic
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Fig.4 Changes in ASICla and ASIC2a protein expression in PC12 cells
under oxidative stress. a Representative immunoblot and densitometric
analysis showing that ASIC1a protein expression decreased progressively
with H,O, dose (64+14 % of control in 50 uM, 53+12 % in 100 uM, 43
+4 % in 400 uM, n=3). b Representative immunoblot and densitometric
analysis of ASIC2a expression showing that protein levels increased to
1.5+0.06-fold in 50 pM but did not change significantly at higher doses

susceptibility of piriform cortex. This conclusion is based on
the following lines of evidence. Piriform cortex neurons ex-
pressing ASIC2a appeared more sensitive to neuroplastic and
destructive changes in human TLE patients. In a rat model of
TLE, the patterns of ASICla and ASIC2a expression were
altered by seizures, possibly due to seizure-associated
oxidative stress. Among these changes was an increase

Fig. 5 Changes in expression of A

the ASIC1a—ASIC2a complex in M
piriform cortex of rats after Ccon 1d

SE. a Expression of the
ASICla—ASIC2a complex was
lower than control in the acute

phase (1 day) following SE ASIC1a
(n=3 rats/group). b In the

latent phase, expression of the ;
ASICla—ASIC2a complex was ASIC2a
higher than control (n=3 (Input)

rats/group). ¢ Representative
immunoblot and densitometric
analysis of ASICla protein
showing that expression was
2445 % of control. d
Representative immunoblot
and densitometric analysis of
ASIC2a protein showing that
expression was 4.1+0.5-fold
higher than control. Data in ¢
and d are presented as mean=+
standard error of mean (SEM).
Student’s ¢ test: *P<0.05
compared to control

@)

1.54

Con

Relative value of density
(ASIC1a/ASIC2a)

B

ASIC2a e v s s

B-actin e e w— —

1.2
1.04
0.8
0.6
0.4+

0.2+

(ASIC2a/B-actin)

0.0~

Relative value of density

Con 50 uM 100 pM 400 pM

(n=3). ¢ In pilocarpine-treated rats, ASIC2a expression increased with
seizure duration. Protein level of ASIC2a increased to 1.4+0.04-fold in
1-h group and 1.9+0.26-fold in 2-h group compared with control groups
(n=3 rats/group). Data in a—c are presented as mean=standard error of
mean (SEM). *P<0.05 and **P<0.01 by one-way ANOVA compared to
the control

in ASCI2a-containing channels in the latent phase, and
ASCI2a RNAi knockdown experiments suggested that this
might account for the abnormal dendritic morphology of PC
layer 1I neurons during the latent phase when rats develop
spontaneous seizures. Finally, the ASIC antagonist amiloride
suppressed epileptogenesis, preserved PC neuronal morphol-
ogy and viability, and enhanced survival in rats.
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Fig. 6 Knockdown of ASIC2a interferes with the development of
dendrites and dendritic spines in primary cortical neurons. a ASIC2a/
NeuN double-labeling immunofluorescence in primary neurons. Higher
resolution photomicrographs of the single cell were inserted (the
demarcated region in white box) in a. b ASIC2a knockdown reduced

Piriform cortex is a highly epilepsy-prone region.
Moreover, the PC projects directly to amygdala, lateral ento-
rhinal cortex, and subiculum [25, 26], thereby allowing the PC
to particulate in spread of seizure activity. HSP90 immunore-
activity is decreased in PC neurons at 12 h-4 weeks after SE
[27], and HSP90 degradation is related to neuronal vulnera-
bility to SE insult, which indicates that a loss of synaptic input
from the dying neurons may be a signal to induce axonal
sprouting and synaptic-circuit reorganization [28, 29].
Indeed, the PC is involved in the epileptogenic network of
patients with focal epilepsies [30, 31]. Under pathophysiolog-
ical condition, interneuronal plasticity results in a change in
PC firing behavior. Cezar et al. reported loss of interneuron
functional diversity in the PC after induction of experimental
epilepsy [32], which could lead to hyperexcitability. In the
present study, ASICla expression was reduced and ASIC2a
expression elevated in the acute phase of TLE modeling by
pilocarpine (1-3 days post-SE), accompanied by changes in
dendritic architecture (elongation in layer II and shrinkage in
layer III) and loss of layer III neurons. Layer II consists of
semilunar cells and pyramidal cells thought to be glutamater-
gic, whereas layer III consists of pyramidal cells and large
presumably GABAergic multipolar cells. Channels composed

@ Springer

Con KD

mean dendritic length to 80+2 % of control (n=4). ¢, d ASIC2a
knockdown reduced mean number of spines per 10 um of dendritic
length to 41£7 % of control (n=4). Scale bar in a at 100 um. Scale
bar in ¢ at 10 um. Data in b, d are presented as mean=standard error of
mean (SEM). *¥P<0.05 by Student’s # test compared to control

of ASIC2a only or containing at least one ASIC2a subunit
recover more rapidly than ASICla homomultimers following
a shift to pH 5 in vitro [9, 10]. We speculate that excitatory
ASICs may recurrently open, inducing excitotoxicity in layer
III and hyperexcitability and neuroplasticity in layer II. Loss
of layer III neurons and elongation of layer II dendrites into
other layers may disturb intrinsic inhibitory loops, resulting in
epileptogenesis.

Seizures increase the frequency of future seizures, suggest-
ing that neural processes or factors generated by seizures may
facilitate epileptogenesis. Oxidative stress is one possible
mechanism for “seizures begetting seizures.” Oxidative stress
may damage key inhibitory interneurons. In addition, oxida-
tive stress leads to protein degradation [33, 34]. In the kainic
acid model of epilepsy, oxidative damage to proteins in-
creased in the piriform cortex and hippocampus at 8 h post-
treatment and returned to control levels by 48 h [35]. Reactive
oxygen species (ROS) damage protein structure and increase
proteolytic susceptibility. We show that the protein levels of
ASICla and ASIC2a in PC12 cells were both reduced at
higher doses of H,O,. Unexpectedly, however, ASIC2a pro-
tein was higher in PC12 cells under lower dose of H,0,,
suggesting that ASIC2a expression may be upregulated by
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Fig. 7 Pharmacological inhibition of ASICs reduced seizure severity,
protected piriform cortex neurons, and enhanced survival in the early
period after pilocarpine treatment. a, b Amiloride (30 mg/kg; i.p.) was
administered 90 min before pilocarpine (40 mg/kg; i.p.). a The proportion
of rats with Racine IV motor seizures after pilocarpine treatment was
lower in the amiloride-treated group (41.10+£6.75 %) than the control
pilocarpine group (80.57+3.38 %) (n=3). Chi-square test: P value=
0.0012, chi-square=10.52, df=1. b The time interval from pilocarpine
injection to Racine IV seizures was longer in the amiloride-treated

milder oxidative stress associated with seizures. Indeed, sei-
zures activate certain stress-responsive transcription factors,
such as NF-kappa B, HIF-1, and Sp-1 [36-38], the latter of
which can bind to the ASIC2 promoter. The increase in Sp-1
activity is associated with long-term changes in hippocampal
functional plasticity after KA-induced seizures, possibly
resulting in ASIC2a upregulation. The increase in ASIC2 ex-
pression and ensuing increase in ASIC channels containing
ASIC2a could lead to hyperexcitability and epileptogenesis
in the acute phase, in turn triggering cell loss and changes in
microcircuitry in the latent phase (such as death of layer III
interneurons and ectopic projections of layer II dendrites) that
confer spontaneous epileptogenic potential on the PC.

Inhibition of ASIC1a appears neuroprotective under certain
pathological conditions [6, 10, 14]. The acidosis-induced
death of motorneurons was reduced by inhibiting ASICla in
an ALS model [15], and inhibition of ASICla endocytosis
exacerbated injury caused by acidosis [39]. In a previous
study [40], ASICla mRNA was reduced to approximately
43 % of baseline 24 h after pilocarpine treatment as evidenced
by in situ hybridization, consistent with our findings using
quantitative PCR. These results suggest that downregulation
of ASICla following pilocarpine-induced SE may be a
self-protective mechanism to prevent further seizures in
the acute phase.

O

-e- Control
90 -+ treated by amiloride

after seizures

Amiloride

Survival rate of Rats

Con Treated

group (32+4 min) compared with control group (21+1 min) (n=7
rats/group). Student’s ¢ test: ¥*P=0.024, t=2.58, df=12. ¢ Amiloride
enhanced survival in the acute phase. d Nissl staining showed that
injury of the piriform cortex after seizures was attenuated in the
amiloride-treated group (n=3 rats/group). Scale bar in d at 50 pm. e In
amiloride-treated rats, ASICla immunoreactivity was reduced in the
piriform cortex compared to pilocarpine controls (n=4 rats/group).
Higher resolution photomicrographs of single cell were inserted (the
demarcated region in black box) in e. Scale bar in e at 100 pm

In contrast to ASIC1a, ASIC2a has not been linked directly
to epilepsy. Unlike ASICla, the presence of ASIC2a has little
effect on ASIC current amplitude but does influence desensi-
tization, recovery from desensitization, pH sensitivity, and the
response to modulatory agents such as zinc [10]. ASICla and
ASIC2a subunits are randomly mixed and yield ASICla/
ASIC2a heterotrimers together with ASICla and ASIC2a
homotrimers in vitro [8]. Reducing ASICla expression in-
creased the severity of chemoconvulsant-induced seizures
[22], strongly suggesting that circuits with predominantly
homotrimeric ASIC2a channels are more seizure-prone. Our
study showed that channels containing ASIC2a increased fol-
lowing seizures. The higher proportion of ASIC2a-containing
channels may promote neuronal loss in the PC. ASICla/
ASIC2a heteromers recover more quickly from depolarization
[10] and so may induce repeated depolarization, leading to
excitotoxicity (in layer III) or dendritic and synaptic plasticity
(in layer IT) [41, 42], resulting in the formation of epilepsy-
prone neural circuits.

In conclusion, our study implicates ASICs in the high ep-
ileptic susceptibility of the piriform cortex. Seizure-induced
oxidative stress may alter ASCI subunit expression, resulting
in enhanced expression of ASCI2a-containing channels that
contribute to hyperexcitability, excitotoxicity, ectopic dendrite
formation, and ultimately in spontaneous seizures. Inhibition

@ Springer
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of ASICs was neuroprotective in the acute phase after sei-
zures. Thus, ASIC2a inhibitors are a potential therapeutic tar-
get for epilepsy. Further studies are needed to thoroughly un-
ravel the role of ASICs in epilepsy.
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