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Abstract: Background and Purpose: Although recent studies have indicated that acid-sensing ion channels (ASICs)
may play an important role in suppressing status epilepticus (SE) in rats, the precise mechanism is unclear. We
attempted to investigate the antiepileptic effect of amiloride in SE rats and its mechanism. Methods: Rats with
seizures induced by Li-pilocarpine were randomly divided into four groups, phosphate buffer saline (PBS) group,
amiloride group, levetiracetam group and acidic liquid group, respectively. The electroencephalogram (EEG) of each
group was recorded. Then rats treated with different drugs (2 h after amiloride or PBS injection or 1 h after PBS in-
jection) and a normal control group was selected for reverse transcription-polymerase chain reaction (RT-PCR). The
expression of ASIC1a, ASIC3 and sodium-hydrogen exchanger (NHE) in each group was detected. Results: Amiloride
reduced the frequency of discharge in 60~90 min after injection significantly. In acidic liquid group, the epileptic dis-
charge was increased in 0~30 min. Moreover, the expression of ASIC1a, ASIC3 and NHE was obviously increased in
the SE groups. Compared with SE groups, the expression of ASIC1a and ASIC3 mRNA in amiloride group decreased
significantly. While NHE mRNA expression in the SE groups showed no significant difference. Conclusion: Amiloride
inhibited pilocarpine-induced SE and the anti-epileptic mechanism was associated with deactivation of the ASICla
and ASIC3 instead of NHE in rats.
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Introduction

Epilepsy is the third most common chronic
brain disorder affecting more than 50 million
people worldwide, which is characterized by an
enduring predisposition to generate seizures
[1]. Drug therapy remains the main therapeutic
choice of epilepsy despite of a variety of anti-
epilepsy measures, such as surgery and tran-
scranial magnetic stimulation (TMS). As sei-
zures are caused by excessive discharge of
neurons, pharmacological studies of epilepsy
have primarily focused on modulation of volt-
age-gated ion channels, enhancement of GAB-
Aergic inhibition, and reduction of glutamater-
gic excitation [2]. However, according to clini-
cal medicine, classic antiepileptic drug (AED)
is neither universally effective nor invariably
safe. It's necessary to find potential therapeu-
tic targets, such as acid-sensitive ion channels
(ASICs), a hot area of anti-epilepsy research for
several years.

ASICs, which belong to epithelial Na* channel
(ENaC) superfamily of ion channels, are typi-
cal voltage-independent proton sensors in the
central nervous system and peripheral ner-
vous system [3]. ASICs are coded by four genes
with alternative splicing generate isoforms,
and each has distinct biophysical properties
(ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 and
ASIC4) [4]. ASICs are activated during acidic pH
fluctuations. All ASIC subunits have different pH
sensitivities that enable them to detect a wide
range of physiological pH. ASICla and ASIC3
are sensitive to slight extracellular acidosis,
whereas ASIC2a requires more acidic pH value
for activation [5, 6]. It is well known that seizure
induces the decrease of pH levels in the brain
[7]. Recently, investigators have discovered
that ASICs are involved in activation and termi-
nation of seizures [8, 9]. Some studies have
demonstrated that ASICs are blockaded by
amiloride and the selective ASICla blocker,
Psalmotoxin 1 (PcTX1), significantly inhibits the
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Table 1. RT-PCR primer sequence and the size of magnification

Animals and epilepsy models

Gene Primer Sequence

Bp size Male SD rats weighted 150~

ASICla Forward primer CGGATCCATGGAATTGAAGACCGAGGA 1593
Reverse primer CGATATCTGCAGGTAAAGTCCTCAAACG

ASIC3  Forward primer CGCGAATTCATGAAACCTCGCTCCGGACTG 1617
Reverse primer GCGCTCGAGGAGCCTTGTGACGAGGTAAC

NHE Forward primer TCT GCC GTC TCA ACT GTC TCTA
Reverse primer CCC TTC AAC TCC TCA TTC ACCA

200 g were used. The rats
were housed in groups of 5-
10 per cage and maintain-
ed at 20-30°C and 50-55%
423 humidity in a natural light and
dark cycle, with free access

increase of neuronal firing and the sustained
membrane depolarization [8].

Accumulating evidence indicated that amilo-
ride (a potassium-sparing diuretic agent) inhib-
ited status epilepticus (SE) induced by pentyl-
enetetrazole (PTZ), pilocarpine and maximal
electroshock in vivo and vitro experiments [10,
11]. However, the mechanisms underlying the
potential anticonvulsant effects of amiloride
are not yet fully understood. As we all know,
amiloride is not only a non-specific blocker of
ASICs, but also the blocker of sodium-hydrogen
exchanger (NHE). Itis unclear whether amiloride
suppresses seizures via the ASICs and/or NHE
pathway. Therefore, the present study aimed to
investigate the antiepileptic effect of amiloride
in pilocarpine-induced SE in rats and the regu-
lation of their expression during SE.

Materials and methods
Materials

Sodium phenobarbital was from Shanghai.
Amiloride and pilocarpine were purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA),
and levetiracetam was purchased from UCB
(Belgium). Lithium chloride was bought from
Wuhan Yixin biotechnology Co., Ltd. Atropine
sulfate was obtained from Wuhu Kanggi Phar-
maceutical Co., Ltd. The aforementioned drugs
were dissolved in distilled water, and solutions
were injected at total volumes of 10 mi/kg. The
acidic phosphate buffered saline (PBS) was
made from PBS and hydrochloric acid, and the
pH value was 1.57. Three pairs of primers for
reverse transcription-polymerase chain reac-
tion (RT-PCR) were designed and synthesized
by Invertrigen, Wuhan Co., Ltd (Table 1). The
RM-6240 multichannel physiologic recorder
was made in Chengdu, China. The stereotactic
instrument was provided from Second Military
Medical University.
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to food and water. The experi-
ments were performed after
the animals were adjusted to laboratory condi-
tions. All animals were procured from animal
laboratory of Wuhan University, Wuhan, China.
All protocols of the animal experiments were
approved by the Administrative Panel on
Laboratory Animal Care of Wuhan University.
This study was conducted in accordance with
the International Association for the Study of
Pain guidelines on the use of animals in experi-
mental research [12]. All efforts were made in
order to minimize the frequency of animals
used and their suffering.

SE was induced by administration of pilocar-
pine hydrochloride (100 mg/kg, i.p.) 18-24 h
after lithium chloride (127 mg/kg, i.p), and
30 min after atropina (1 mg/kg, i.p), which
was injected to limit the peripheral effects of
the convulsant [13, 14]. Following pilocarpine
administration, each rat was observed for be-
havioral signs. The animals which were identi-
fied as generalized seizures and stayed for 30
min were enrolled.

Grouping and drug treatment

SE rats were divided into five groups randomly,
each having 6 rats. Another six normal rats
were drawn into Gp.VI for RT-PCR, which were
not performed with Li- pilocarpine. Only one
type of treatment was offered to each rat and
test was not reused. All drugs were given at a
volume of 10 ml/Kg.

Gp. I: Levetiracetam (SE model); Gp. II: Acidic
liquid (SE model); Gp. Ill: PBS (SE model); Gp. IV:
Amiloride (SE model); Gp. V: SE for 1 h (SE
model for RT-PCR); Gp. VI: Normal control (nor-
mal rats for PT-PCR).

EEG record

Gp. I~IV were elected for electroencephalo-
gram (EEG) record, which were prepared as

Int J Clin Exp Pathol 2015;8(11):14507-14513



Amiloride suppresses pilocarpine-induced seizures via ASICs other than NHE in rats

o —

[ %]
1
*

e
'S

——PBS
-o—Amiloride
—— | evetiracela
-a—Acidic liquid

Frequency of EEG discharge
(=] =
ta o

o

30 60 30
Time (min)

[=]

Figure 1. Effect of amiloride on the frequency of EEG discharge in rats. The
difference of the frequency of rats EEG discharge in 30~90 min among
the four groups after abdominal injection was statistically significant
(P30-60<0.05, Py, ,,<0.01). Moreover, in both of amiloride group and leve-
tiraceta group, the frequency of EGG discharge was significantly declined
in 60~90 min after injection (P, ,<0.05), compared with PBS group, re-
spectively. There was no statistical difference between amiloride group and
levetiraceta group. On the contrary, in acidic liquid group, the frequency of
EGG discharge in 0~30 min (P, _,, . <0.05) was moderately increased, while
there was no statistically significant difference in 30~90 min between acidic

liquid group and PBS group. *Compared with PBS group, P<0.05.

from the skull. On dry ice, the
cerebral cortex was quickly
isolated, and then stored at
-80°C for RNA extraction.

RNA extraction, reverse tran-
scription: Total RNA of these
tissues was extracted by TR-
Izol reagent (Invitrogen, Carls-
bad, CA, USA) according to
the manufacturer’s protocol.
Immediately following extrac-
tion, total RNA was concen-
trated and determined by
spectrophotometric measure-
ments by 260/280 nm. The
0D260/280 absorption ratio
was calculated during 2.0-
2.2. Total RNA was reversely
transcribed by SuperScript-

mentioned above, like levetiracetam group,
acidic liquid group, PBS group and amiloride
group. The rats were drugged by urethane
(1.0 g/kg), and then fixed with tridimensional
to record the cortex EEG. The record lasted at
least 30 minutes as baseline for subsequent
experiments. In amiloride group, the rats were
then administered intraperitoneally  with
amiloride (100 mg/Kg). The EEG was recorded
for 90 minutes after injection. The rats of other
groups followed the same procedures except
that they received alternative treatment indi-
vidually, such as Levetiracetam (80 mg/Kg),
PBS (10 ml/Kg) and acidic liquid (10 ml/Kg).

The EEG date was artificially divided into four
phases (-30~0 min, 0~30 min, 30~60 min and
60~90 min), and the earliest phase (-30~0
min) was dated before drug injection. The data
of 30 min EEG per rat before injection were set
as baseline. The values were processed as the
ratio of the data of different phase to those of
30 min EEG per rat before injection.

Tissue preparation: In order to learn the ex-
pression of ASIC1, ASIC3 and NHE mRNA in SE
model, Gp. lll, IV, V and VI rats were elected for
RT-PCR. Gp. lll, IV and VI rats were anaesthe-
tized with sodium pentobarbital (50 mg/kg, i.p.)
and decapitated at 2 h after drugs injection,
while Gp. V rats were sacrificed at 1 h after PBS
injection. Their brains were rapidly removed
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TM First-Strand Synthesis sys-

tem (Invitrogen, Carlsbad, CA,
USA), with the thermal profile at 42°C for 60
min, at 70°C for 5 min and at 4°C for 5 min.

Semi quantitive RT-PCR: The expression of
ASIC1a, ASIC3 and NHE was evaluated by
semi-quantitative reverse transcription poly-
merase chain response (RT-PCR). Amplification
was performed with a priming step of 5 min at
95°C, followed by 33 cycles of 30 s at 95°C for
denaturation and 35 s at 55°C for annealing
and 40 s at 72°C for extension. Lastly, amplifi-
cation was conducted at 72°C for 10 min, and
saved at 4°C. The primer sequences of Gp. lll,
IV, V and VI are listed in Table 1.

The PCR products of Gp. lll, IV, V and VI rats
were electrophoretically separated on 2% aga-
rose gels, respectively. By staining with ethid-
ium bromide, the cDNA bands were visualized
and analyzed. The relative amount of ASIC1,
ASIC3 or NHE mRNA was expressed as the
ratio of the optical density (OD) of ASIC1, ASIC3
or NHE to that of GAPDH cDNA band.

Statistical analyses

All statistical analyses are expressed as the
mean * standard error of mean (SEM). Data
were analyzed using a one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s test for
multiple comparisons. P<0.05 was chosen as
the threshold for statistical significance.

Int J Clin Exp Pathol 2015;8(11):14507-14513
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in 60~90 min after injection
compared with PBS group
(Pso-g0 min<0-05), respectively.
There was no significant dif-
ference between amiloride
group and levetiracetam gro-
up. On the contrary, in acidic
liquid group, the frequency of
EEG discharge in 0-30 min
was moderately increased
(P <0.05).

0~30 min

Alterations of ASIC and NHE

N
\\ expression induced by sei-
N zure and amiloride treatment

Normal control SE 1h SE 2h

Figure 2. Expression of ASIC1a mRNA was increased by seizures. A: Photo-
graph of an agarose gel showed ASIC1la mRNA expression. The expression
of ASIC1la mRNA was decreased in amiloride group measured by RT-PCR. B:
Compared with normal control group, the expression of ASICla mRNA was
increased significantly in both SE 1 h group and SE 2 h group (P<0.01). Com-
pared with other SE groups, the expression of ASIC1la mRNA in amiloride
group was decreased significantly (P<0.01). **P<0.01, amiloride group vs.
SE 1 h group, #P<0.01, amiloride group vs. SE 2 h group.

Results
Behavior of epilepsy model

After pilocarpine injection, the animals entered
stage | seizure activity after a few minutes
(4+0.6 min) and rapidly progressed through
stage Il to IV, such as mouth and facial automa-
tism, head nodding, forelimb clonus without
rearing, etc. Then, they developed to general-
ized clonic-tonic seizures (stage V) within
35+4.0 min. Few animals (n=8) didn’t enter
stage V were discarded.

Discharge of EEG in epilepsy model

The rats (Gp. I~1V, n=24) were divided into four
groups, levetiracetam group, acidic liquid
group, PBS group and amiloride group to inves-
tigate the effects of amiloride. Levetiracetam
group was used as positive control, while the
PBS group was used as negative control. In
general, as showed in Figure 1, the frequency
of EEG discharge decayed linearly in time.
There were significant differences in the fre-
quency of EEG discharge in 30~90 min after
abdominal injection (P, ., . <0.05, P, . . <
0.01) (Figure 1). Furthermore, in the recording
of EEG, animals treated with amiloride and
levetiracetam exhibited a significant reduction
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Amiloride To investigate whether ASIC
and NHE expression changes
in the acute phase after SE,
Gp.lll, IV, V and VI rats were
elected for the detection of
ASIC and NHE expression as
SE 2 h group, amiloride group,
SE 1 h group and normal con-
trol group, respectively. mRNA
levels of ASIC1a, ASIC3 and
NHE were examined via RT-PCR. DNA fragment
was successfully amplified from the cDNA tem-
plate. For rats receiving different drugs treat-
ment, the results were different. The gel images
showed the clear bands of ASIC1a, ASIC3 and
NHE in different groups (Figures 2-4). IOD of
semi quantitative analysis indicated that the
expression of experimental groups was higher
than that in normal control group (Figures 2-4).

Downregulation of ASIC1la and ASIC3 expres-
sion in brain of rats treated with amiloride:
Alterations in ASIC1a mRNA levels were detect-
ed in the four groups mentioned above (Figure
2). ASICla was expressed in all of the four
groups. The difference of ASICla expression
in rats was statistically significant (P<0.01).
Expression levels of ASICla in the three SE
groups were higher than those in normal con-
trol groups (P<0.01). Compared with amiloride
group, ASICla mRNA expression in SE 1 h
group and SE 2 h group was increased signifi-
cantly (P<0.01), which indicated the expres-
sion of ASIC1la mRNA could be decreased by
amiloride.

The expression of ASIC3 in the four groups
was also different (Figure 3). ASIC3 was low-
ly expressed in normal control group, while
its expression was obviously increased in SE

Int J Clin Exp Pathol 2015;8(11):14507-14513
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Figure 3. Expression of ASIC3 mRNA was increased by seizures. A: Photo-
graph of an agarose gel showed ASIC3 mRNA expression. The expression
of ASIC3 mRNA was decreased in the amiloride group measured by RT-PCR.
B: Compared with normal control group, the expression of ASIC3 mRNA was
increased significantly in SE 1 h group, SE 2 h group and amiloride group
(P<0.01). Compared with other SE groups, the expression of ASIC3 mRNA
in the amiloride group was decreased significantly (P<0.01). **P<0.01,

amiloride group vs. SE 1 h group, #P<0.01, amiloride group vs. SE 2 h group.
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Figure 4. Expression of NHE mRNA was not affected by amiloride. A: Photo-
graph of an agarose gel showed NHE mRNA expression. The decline of NHE
mRNA was not evident in amiloride group measured by RT-PCR. B: Compared
with the normal control group, the expression of NHE mRNA was increased
significantly in SE 1 h group, SE 2 h group and amiloride group (P<0.01). On
the contrary, compared with 1 h seizure group and 2 h seizure group, the
expression of NHE mRNA in the amiloride-treated group was not statistically
different.

groups, indicating that the expression of ASIC3
played an important role in epilepsy. The differ-
ence of ASICla expression in rats was statisti-
cally significant (P<0.01). Expression levels of
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ASIC3 in the three SE groups
were higher than those in nor-
mal control groups (P<0.01).
Compared with SE 1 h group
and SE 2 h group, ASIC3
MRNA expression in the
amiloride-treated group was
decreased significantly. (P<
0.05), also indicating that the
expression of ASIC3 mRNA
could be decreased by amilo-
ride.

NHE mRNA expression was
not affected by amiloride: To
investigate the effects of
amiloride on NHE expression,
NHE expression was exam-
ined among the four groups
mentioned above. As shown
in Figure 4, the expression of
NHE in normal control group
was close to zero, while it
was obviously increased in
the SE groups, indicating that
SE may promote the expres-
sion of NHE. Expression levels
of NHE in the three SE groups
were higher than those in
normal control groups (P<
0.01). Compared with amilo-
ride group, NHE mRNA expres-
sion in SE 1 h group and SE 2
h group was not statistically
different (P>0.05), indicating
the mechanism of the amilo-
ride terminating the seizures
was independent of NHE.

Discussion

Our study provided eviden-
ce that amiloride suppressed
pilocarpine-induced seizures
and SE in rats, and ASICla
and ASIC3 may play an impor-
tant role in the pathogene-
sis of the antiepileptic effect
of amiloride. On the contrary,
it was confirmed that amilo-
ride had no influence on NHE
expression in pilocarpine mo-
dels.

According to the available evidence, it was sug-
gested that amiloride exhibited anticonvulsant
effects in epileptic animal models [10, 14-18].
As widely recognized that levetiracetam sup-

Int J Clin Exp Pathol 2015;8(11):14507-14513
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pressed seizures induced by pilocarpine, our
research set levetiracetam as positive control
group to evaluate the anticonvulsant effects of
amiloride via EEG [19]. The EEG data showed
pilocarpine-induced seizures were significantly
suppressed by amiloride. And there was no
statistical difference between amiloride group
and levetiracetam group, meanwhile, either of
which was significantly different compared with
PBS group. However, the epileptic discharge
was increased in acidic liquid group in a short
time after acidic liquid injection, and there was
a synchronous attenuation with the PBS group
at the later stage of EEG record. It is confirmed
that quick down-regulation of the pH in vivo
may activate ASIC channels with the epileptic
discharge increased before the compensation
of the body. All the findings above suggest that
amiloride modulates the occurrence of pilocar-
pine-induced SE, as is also associated with
deactivation of the acidic channels.

Amiloride is a potent and non-selective blocker
of ASICs and NHE [20]. In view of amiloride
reducing the expression of ASICs or NHE, the
expression of ASICs and NHE gene in pilocar-
pine-induced rats was examined. Our study
supported that the expression of ASIC1a, ASIC3
and NHE was significantly increased in acute
epilepsy rats. The expression of ASICla and
ASIC3 was reduced in amiloride-treated rats
obviously. On the contrary, the expression of
NHE was declined insignificantly after amiloride
treatment. Xiong et al. claimed that slices pre-
pared from the brains of ASIC1a knockout mice
demonstrated the reduction of stimulation-
evoked seizure activities [8]. Biagini et al. also
revealed the decrease of ASICla mRNA in
amiloride treated pilocarpine-induced SE rats
[18]. Cao et al. suggested that elevated levels
of ASIC3 may serve as an anti-epileptic mecha-
nism via postsynaptic mechanisms in interneu-
rons [21]. Therefore, we concluded that block-
ade of ASICla and ASIC3, especially ASIC1a,
rather than inhibition of NHE was primarily
responsible for the mechanism of amiloride ter-
minating seizures.

There were also certain limitations of the cur-
rent study. Our results did not rule out the pos-
sibility that the observed neuroprotective effect
of amiloride was due to inhibition of sodium-
calcium exchanger. Growing evidence suggests
that ethosuximide, as a clinical anticonvulsant
and potent blocker of T-type calcium channels,
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failed to prevent the occurrence of pilocarpine-
induced seizures [22, 23]. Likewise, carbam-
azepine and phenytoin, clinically used as sodi-
um channel blockers, also failed to prevent
pilocarpine-induced seizures [24, 25].

Furthermore, there are still some controver-
sies. Several studies reported that extracellular
acidosis, in turn, activated ASICs, which termi-
nated seizure activity by increasing the inhibi-
tory function [7, 26, 27]. It was demonstrated
that severity of seizure could be enhanced by
disrupting the ASICla and ASIC3 gene [9].
These results were contrary to our study. The
mechanism of the high expression of ASICs and
NHE in models with acute epilepsy is a novel
direction for our future research.

It was reported that amiloride had low potential
to be used as a future analgesic or neuropro-
tective agent in human subjects due to its non-
specificity for various ion channels and ion
exchange systems [8]. However, the structure
of amiloride may be chemically modified to pro-
duce a molecule that specifically blocks ASICs,
or at least has more selectivity to these ion
channels.

In conclusion, amiloride decreased ASIC1a and
ASIC3 gene expression to suppress epileptic
seizures, suggesting that ASICs played a more
pivotal role than NHE in the mechanisms of
amiloride against pilocarpine-induced seizures
in rats. However, the mechanisms underlying
the potential antiepileptogenic and anticonvul-
sant effects of amiloride are not yet fully under-
stood, which remain to be further investigated.
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