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Introduction

Seizure is the clinical manifestation of a hyperexcitable network,
in which the electrical balance underlying normal neuronal activ-
ity is pathologically altered, which affects ~1% of the global popu-
lation [1]. Although antiepileptic drugs (AEDs) are available,
effective symptomatic relief achieved only in about two-thirds of
the patients [2]. Acquired diseases including trauma, central ner-
vous system (CNS) infections, hypoxic-ischemic and metabolic
disorders, tumors, and vascular abnormalities predict the develop-
ment of epilepsy [3]. Additionally, epileptic seizures are well-
known neurological complications following stroke, occurring in
3% of patients, particularly within the first 24 h after stroke.
Approximately 1-2% of stroke patients present with status epilep-
ticus [4]. However, the pathological correlation of seizures with
stroke remains largely unknown, and there is no effective drug to
rescue the biological events leading to epileptogenesis after stroke.

© 2014 John Wiley & Sons Ltd

SUMMARY

Aims: Epileptic seizures are well-known neurological complications following stroke,
occurring in 3% of patients. However, the intrinsic correlation of seizures with stroke
remains largely unknown. Hydrogen sulfide (H,S) is a gas transmitter that may mediate
cerebral ischemic injury. But the role of H,S in seizures has not been understood yet. We
examined the effect of H,S on seizure-like events (SLEs) and underlying mechanisms.
Methods and Results: Pentylenetetrazole (PTZ)- and pilocarpine-induced rat epileptic sei-
zure models were tested. Low-Mg**/high-K*- and 4-aminopyridine (4-AP)-induced epilep-
tic seizure models were examined using patch-clamp recordings in brain slices. It was found
that NaHS aggravated both PTZ- and pilocarpine-induced SLEs in rats, while both low-
Mg**/high-K*- and 4-AP-induced SLEs were also exacerbated by NaHS in brain slices,
which may be due to its regulation on the voltage-gated sodium channel, N-methyl-D-
aspartic acid receptor (NMDAR), and «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) function. Furthermore, these effects were reversed by blocking volt-
age-gated sodium channel, NMDAR, and AMPAR. Conclusions: These results suggest a
pathological role of increased H,S level in SLEs in vivo and in vitro. Enzymes that control
H,S biosynthesis could be interesting targets for antiepileptic strategies in poststroke
epilepsy treatment.

Hydrogen sulfide (H,S) is known to be a toxic gas and an envi-
ronmental hazard for many decades. However, it is recognized
that H,S has been classified as a third “gasotransmitter” signaling
molecule alongside nitric oxide (NO) and carbon monoxide (CO)
[5]. Several important biological actions of H,S have been identi-
fied in recent years, including regulation of blood pressure, insulin
release, cytoprotection, muscle relaxation, and cellular excitability
[5,6]. Moreover, H,S is involved in the pathophysiology of many
diseases, including inflammation, atherosclerosis, hypertension,
myocardial infarction, diabetes, sexual dysfunction, Alzheimer’s
disease (AD), Parkinson’s disease (PD), and stroke [5,7-11]. Inter-
estingly, a growing body of literature has documented a close link
between endogenous H,S signal and cerebral ischemia. Cerebral
ischemia causes an increase in H,S level in the lesioned cortex as
well as an increase in the H,S synthesizing activity in a short time,
indicating that H,S appears to act as a mediator of ischemic injury
[12]. In a small clinical trial, Wong et al. [13] found that high
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plasma cysteine (a precursor of H,S) level was correlated with
poor clinical outcome 3 months after acute stroke. Ren et al. [14]
found that the amount of H,S in the hippocampus was increased
significantly at 12 h of reperfusion after cerebral ischemia in rats.
On the other hand, H,S can maintain the excitatory/inhibitory
balance in neurotransmission and regulate the activity of a num-
ber of targets involved in seizures such as ion channel and NMDA
receptor (NMDAR) [15,16]. Moreover, one survivor of accidental
H,S inhalation toxicity developed status epilepticus and severe
neurotoxicity in Sri Lanka [17]. All of the above evidence suggests
that H,S may serve as a risk factor for seizures after stroke. How-
ever, the effect and underlying mechanisms of H,S on seizures
have not been elucidated. Here, we demonstrated that pathophys-
iological concentration (200 uM) of NaHS, a donor of H,S [15,18],
aggravated seizure-like events (SLEs) in rats in vivo and in vitro,
which may be due to an increase in neuronal excitation.

Materials and methods
Slice Preparation

The research was conducted in accordance with the Declaration of
Helsinki. All experimental protocols were approved by the Review
Committee for the Use of Human or Animal Subjects of Huazhong
University of Science and Technology.

Entorhinal cortex (EC) slices of rat were prepared as described
previously with minor modification [19]. In brief, Sprague-Daw-
ley rats (postnatal 15-25 day) were decapitated, and transverse
EC slices (350 um) were prepared using a Vibroslice (VT 1000S;
Leica, Germany) in ice-cold ACSF. The slice-cutting solution
contained 220 mM sucrose, 2.5 mM KCl, 1.3 mM CaCl,
2.5 mM MgSO,4, 1 mM NaH,PO,, 26 mM NaHCOs;, and 10 mM
glucose, pH 7.4, whereas the ACSF contained 129 mM Nacl,
3 mM KCI, 1.25 mM NaH,PO,, 1.8 mM MgSO,, 1.6 mM CaCl,,
21 mM NaHCOs;, and 10 mM glucose, pH 7.4. After at least 1 h
of recovery at room temperature (25 £+ 1°C), an individual slice
was transferred to a submerged recording chamber and continu-
ously superfused with ACSF at room temperature (25 £ 1°C) at
a rate of 3-4 mL/min. All solutions were saturated with 95%
0,/5% CO, (vol/vol).

Electrophysiological Recording

Recordings in brain slice were made with a MultiClamp 700B
amplifier (Molecular Devices, Sunnyvale, CA, USA) in conjunc-
tion with Digidata 1322A digitizer (Molecular Devices) and
Clampex 10.0 software. Low-Mg>*/high-K*-induced SLEs were
obtained according to a previous study with some modifications
[20]. SLEs were induced by omitting of Mg®* from ACSF (low-
Mg?* condition), and the extracellular K* concentration ([K*],)
was elevated to 8 mM (high-K* condition). 4-AP-induced SLEs
were induced by adding 50 uM 4-AP into ACSF. When the
current-clamp mode was used to record the changes in cell
membrane potential and firing properties, an SLE was defined as
at least five consecutive action potentials [21].

Chemicals, other electrophysiological recordings, lateral ventri-
cle cannulation and injection, animal models, and data analysis
were as described in Data S1.

412 CNS Neuroscience & Therapeutics 20 (2014) 411-419

Y. Luo et al.

Results

More recent studies have shown that H,S is present in mamma-
lian tissues up to 50-160 uM [22,23] as measured in rat, human,
and bovine brain tissues in physiological conditions. The level of
H,S in the brain after stroke is about one time more than control
[12,14]. Thus, 200 uM H,S was used to mimic pathophysiological
concentration in vivo and in vitro.

H,S Facilitates Pentylenetetrazole (PTZ)- and
Pilocarpine-Induced SLEs in Rat In Vivo

We investigated the role of H,S in SLEs in vivo using two epilepsy
models as mentioned in Data Sl. First, PTZ-induced epilepsy
model was adopted [24]. As shown in Figure 1A, the seizure
severity was increased in NaHS-treated groups compared with
control. In our experiments, 2 of 8 rats in 75 mg/kg PTZ group
were dead; thus, a lower dose of 60 mg/kg PTZ was further
employed. In addition, the seizure latency was significantly short-
ened by NaHS treatment from 152.5 + 8.5 st0 96.2 £ 5.9 s (Stu-
dent’s t-test, P < 0.01 vs. control; Figure 1B), and the duration of
seizure was obviously increased from 153 +2.3s to
61.8 £ 10.8 s by NaHS treatment (Student’s r-test, P < 0.01 vs.
control; Figure 1C).

To further confirm whether H,S could facilitate SLEs in vivo,
the type 1 muscarinic receptor agonist pilocarpine-induced epi-
lepsy model was used. As shown in Figure 1D, the seizure sever-
ity was increased in NaHS-treated groups, especially the seizure
induced by 50 mg/kg pilocarpine (P < 0.05 vs. control). More-
over, NaHS prolonged the duration of seizure from 300.00 +
20.41 to 507.0 + 58.0 s (Student’s t-test; P < 0.05 vs. control;
Figure 1F), but failed to affect the seizure latency (control:
2737.5 £ 191.1 s, NaHS: 1807.5 + 541.2 s; Student’s f-test; Fig-
ure 1E). However, the seizure severity was not induced by NaHS
alone (n = 8), indicating that NaHS facilitates, but not induced
SLEs in rat in vivo.

H,S Aggravates low-Mg?**/high-K*- and 4-AP-
Induced SLEs in Rat Brain Slices In Vitro

Next, we investigated the role of H,S in SLEs in vitro using two
SLE models. The EC receives input from the parahippocampus,
prefrontal cortex, and frontal cortex and then projects to the hip-
pocampus via the perforant path and the temporoammonic path.
It serves as a gateway to the hippocampus and plays a pivotal role
in epileptogenesis and seizures. Furthermore, electrical stimula-
tion of EC interferes with the activity of specific brain regions,
including the amygdaloid nucleus, piriform cortex, and hippo-
campus. EC is a potential target for low-frequency stimulation to
interfere with amygdaloid-kindling seizures in vivo [25]. We used
low-Mg**/high-K* models of epilepsy in EC to explore the effect
of H,S on seizures [26]. As shown in Figure 2A, the onset latency
of first SLEs was significantly shorter in 200 uM NaHS-treated
slices when compared with control slices (236 + 43 s, NaHS:
417 + 64 s; Student’s t-test, P < 0.05; Figure 2B). The duration of
SLEs was significantly longer in NaHS-treated slices than that of
control slices (control: 70 + 19 s, NaHS: 173 + 32 s; Student’s ¢-
test, P < 0.01; Figure 2C).
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Figure 1 NaHS facilitates pentylenetetrazole (PTZ)- and pilocarpine-induced epilepsy in rat. (A) The seizure severity was increased in NaHS-treated group
than in thecontrol group, especially for the seizure induced by 30 mg/kg and 75 mg/kg PTZ (n = 8, Mann-Whitney rank sum test, *P < 0.05, **P < 0.01).
(B) The seizure latency was shortened in NaHS-treated group (control: n = 4, NaHS: n = 6, unpaired t-test, P < 0.01). (C) The seizure duration was
prolonged in NaHS-treated group (control: n = 4, NaHS: n = 6, unpaired t-test, P < 0.01). (D) The seizure severity was increased in NaHS-treated group
than in the control group, especially for the seizure induced by 50 mg/kg pilocarpine (n = 8, Mann—-Whitney rank sum test, *P < 0.05). (E) The seizure
latency was not changed in NaHS-treated group (n = 4, unpaired t-test). (F) The seizure duration was prolonged in NaHS-treated group (n = 4, unpaired

t-test, P < 0.05).
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We further investigated the effect of NaHS on 4-AP-induced
SLE. It is well known that 4-AP interferes with different types of
K* channels, including D- and A-type K* currents and a subpor-
tion of delayed rectifier currents [27]. As shown in Figure 2D, we
found that NaHS decreased the onset latency of SLEs significantly
(control: 698 + 95 s, NaHS; 391 £+ 83s; Student’s t-test,
P < 0.05; Figure 2E), although the duration of SLEs was not obvi-
ously increased by NaHS treatment (control: 29 + 8 s, NaHS:

© 2014 John Wiley & Sons Ltd
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42 £ 13 s; Student’s t-test; Figure 2F), indicating that NaHS facili-
tates SLEs in vitro.

H,S Increases the Excitability of EC Neurons in
Rat Brain Slices

Next, we used current clamp to inject depolarizing current and
counted action potentials fired (i.e., input—output determination)
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to explore the excitability of neurons. Injection of constant cur-
rent into neurons of NaHS-treated EC slices resulted in more
action potentials fired at the same time compared with controls
(Figure 3A, B), indicating that NaHS increases the membrane
excitability of EC neurons.

We then wondered whether neuronal network excitability was
changed. sEPSCs were recorded at a holding potential of =70 mV,
in the presence of 100 uM picrotoxin. It was shown that the mean
amplitude of sEPSCs was significantly increased in NaHS-treated
slices compared with control (control: 31.16 + 1.09 pA, NaHS:
37.32 £ 1.68 pA; test; P <0.01; Fig-
ure 3C-E), indicating that NaHS affects the postsynaptic function.
Meanwhile, the interevent interval sEPSC was significantly
decreased in NaHS-treated slices compared with control (control:
0.29 + 0.02 s, NaHS: 0.14 £+ 0.01 s; Kolmogorov—Smirnov test;
P < 0.01; Figure 3F, G).

The decreased time interval might be resulted from the
increased presynaptic transmitter release. To further confirm
whether presynaptic transmitter release was changed, mEPSC was
recorded in the presence of 1 uM TTX. It was shown that NaHS

Kolmogorov—Smirnov

Y. Luo et al.

increased the mEPSC amplitude (control: 22.24 + 0.38 s, NaHS:
25.69 £+ 0.66 pA; P < 0.05; Fig-
ure 3H-J), but not the time interval of mEPSC (control:
0.38 £ 0.05 s, NaHS: 0.37 £ 0.03 s; Kolmogorov—-Smirnov test;
Figure 3K, L). These results suggest that the changes in action
potential and postsynaptic mechanisms contribute to NaHS-facili-
tated SLEs.

Kolmogorov—Smirnov test;

H,S Activates Voltage-Gated Sodium Channel of
EC Neurons in Rat Brain Slices

Voltage-gated sodium currents contribute to intrinsic membrane
hyperexcitability, including action potential of neurons. To test
whether sodium current was affected by H,S, sodium currents
were recorded from EC neurons of P6—P8 rat pups, which allowed
for adequate clamping of sodium currents and excluded synaptic
involvement. Voltage-gated sodium currents were evoked by volt-
age commands as described in Data S1. A major finding of our
studies was the profound increase in the peak sodium current
amplitude (2-9 nA) induced by NaHS after 2-5 min of treatment
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(121.31 £ 3.92% of control; Student’s t-test; P < 0.01; Figure 4A,
B). We also found that NaHS did not affect the shape of I-V curve,
the steady-state activation, steady-state inactivation, and steady-
state reactivation curves of voltage-gated sodium current (Fig-
ure 4C-F). As voltage-gated sodium current is important for
action potential burst and membrane excitability, it is likely that
alterations in this current contribute to NaHS-induced neuronal
hyperexcitability.

H,S Facilitates the Function of AMPAR and
NMDAR in EC Neurons

NaHS increased the amplitude of mEPSC, and we next explored
the effect of H,S on the function of postsynaptic receptors. eEPSCs
were recorded as mentioned in Data S1. We showed that the
amplitude of eEPSC was significantly increased in NaHS-treated
groups compared with control after 2-5 min of treatment (NaHS-
treated: 146.4 £ 10.9%, washout: 127.2 + 10.0%; F5 4 = 7.394,
P = 0.003; Figure 5A, B). Then, both AMPAR- and NMDAR-med-
iated eEPSCs were recorded. We found that the amplitude of
AMPAR-mediated eEPSC was significantly increased in NaHS-
treated group compared with control (NaHS-treated: 143.5 +
6.6%, washout: 124.2 + 5.0%; F5,4 = 20.567, P < 0.001; Fig-
ure 5C, D). Furthermore, the amplitude of NMDAR-mediated
eEPSC was increased in NaHS-treated group (NaHS-treated:
128.1 + 3.1%, washout: 114.0 + 3.1%; F, ;5 = 30.05, P < 0.001;

H,S Exacerbates Seizure-Like Events

Figure 5E, F). These results indicate that NaHS facilitates the post-
synaptic function via AMPAR and NMDAR.

The Effects of H,S are Reversed by Blockade of
Voltage-Gated Sodium Channel, NMDAR, and
AMPAR In Vitro and In Vivo

We have found that H,S facilitated SLEs in vitro and in vivo via
enhancing the function of voltage-gated sodium channel,
NMDAR, and AMPAR. However, whether blocking these chan-
nels will reverse or reduce the effects of H,S is still unknown. To
test the hypothesis, we carried out the experiments in low-Mg?*/
high-K*- and PTZ-induced SLEs.

Interestingly, it was found that TTX prevented low-Mg?*/high-
K*-induced change in the cell membrane potential and firing
properties and also inhibited the effects of H,S (Figure 6A). More-
over, in the presence of 100 uM AP-5 or 20 uM CNQX, although
the action potentials were still induced, NaHS cannot cause SLEs
(Figure 6B, C)

Next, we tested the effects of blocking agents on PTZ model.
Sixty-four rats were randomly divided into eight groups. NaHS
and 60 mg/kg PTZ were intraperitoneally injected 5 min after lat-
eral ventricle injection of blocking agents or equal volume saline
as mentioned in supplemental materials and methods. We found
that the seizure severity was increased in the presence of NaHS
(n = 8, Mann-Whitney rank sum test, *P < 0.05); however, the
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Figure 4 Effects of H,S on voltage-gated sodium channel of EC neurons in rat brain slices. (A) Representative traces of voltage-gated sodium currents,
which were elicited by stepping from —70 mV to +30 mV. The red trace represented the maximum current. Voltage-gated sodium currents cannot be
elicited, while sodium chloride was removed by choline chloride in ACSF as shown in the bottom. (B) The normalized current—voltage curves before and
after 200 uM NaHS treatment (n = 6). (C) NaHS increased the peak sodium currents of EC neurons (n = 6). (D) NaHS had no obvious effects on the steady-
state activation of sodium current (n = 5). Voltage dependence of activation Vy,, (mV) was —32.12 + 0.85 in control group and —32.32 + 0.88 in NaHS-
treated group. Schematic diagram of protocol is on the right. (E) NaHS did not shift the steady-state inactivation of sodium current (n = 5). Voltage
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on the left. (F) NaHS had no effect on the steady-state reactivation of sodium current (n = 7). T was 5.03 4 0.8 ms in control group and 6.32 £+ 0.9 ms in
NaHS-treated group. Schematic diagram of protocol is on the right. *P < 0.05; **P < 0.01 versus control, unpaired t-test.
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Figure 5 NaHS facilitates the function of
postsynaptic glutamate receptors.

(A) Representative traces of eEPSC under the
condition of control, NaHS, and washout.

(B) The amplitude of eEPSC was increased in

NaHS-treated group (n = 9). (C) Representative
traces of AMPAR-mediated eEPSC under the
condition of control, NaHS, washout, and
AMPAR antagonist 20 uM CNQX. (D) The

ey amplitude of AMPAR-mediated eEPSC was
increased in NaHS-treated group (n = 9).

(E) Representative traces of NMDAR-mediated
eEPSC under the condition of control, NaHS,
washout, and NMDAR antagonist 100 M AP-5.
(F) The amplitude of NMDAR-eEPSC was
increased in NaHS-treated group (n = 7).

*P < 0.05, **P < 0.01, ***P < 0.001 versus
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effect was inhibited by pretreatment with TTX, AP-5, or CNQX
(Figure 6D). These results suggest that blockade of voltage-gated
sodium channel, NMDAR, or AMPAR could prevent the facilitated
effect of NaHS on SLEs.

Discussion

H,S is recognized as a toxic gas for centuries. For decades, more
and more attention has been paid to the physiological and patho-
physiological of H,S, including cerebral ischemia [12-14]. Few
reports focused on the etfect of H,S on SLEs. In the present study,
we provided evidence for the first time that H,S may serve as a
pathological risk factor that facilitated SLEs in vivo and in vitro. The
major findings in the present study are as follows: (1) NaHS, a
donor of H2S, in a pathological concentration (200 uM), facilitated
PTZ- and pilocarpine-induced epilepsy of rat, (2) NaHS facilitated
low-Mg**/high-K*- and 4-AP-induced SLEs in rat brain slices, (3)
NaHS enhanced the excitability of neuron and neuronal network
via facilitating the function of voltage-gated sodium channel,
AMPAR, and NMDAR, and (4) the effect of H,S is reversed by
blocking voltage-gated sodium channel, NMDAR, and AMPAR.
Animal models have played a substantial role in understanding
the pathophysiology and treatment of human epilepsies. The PTZ
test identifies drugs with efficacy against generalized nonconvul-
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NaHS  Washout control, one-way ANOVA.

sive seizures [28,29]. The pilocarpine-treated rat model is also
adopted in many studies [30], and the changes along with
NMDAR upregulation in parahippocampal areas such as the EC
have been reported in this model [31]. In the low-Mg>*/high-K"-
induced epilepsy model, the generation of SLEs has been attrib-
uted to the reduced surface charge of neuronal membrane and the
disinhibition of NMDAR followed by calcium influx [32]. 4-AP
can induce SLEs by inhibition of potassium channel and facilita-
tion of action potential [27]. Thus, both neuronal and network
hyperexcitabilities have been induced in these models. 200 uM
NaHS facilitates SLE in these models mainly via modulating the
function of voltage-gated ion channels and glutamate receptors.
Neuronal excitability is determined by the properties of the ion
channels in the neuronal membrane, so that the aberrant excit-
ability associated with an epileptic discharge is necessarily medi-
ated by voltage-gated and ligand-gated ion channels and may
even be the result of defects in the function of these channels.
Voltage-gated sodium channels play a significant role in epilepsy,
and an enhanced function of these channels results in SLE [33].
H,S is known to target various ion channels, such as facilitating
Karp channels in vascular smooth muscle cells, stimulating L-type
Ca?* channels in neurons, inhibiting big-conductance K¢, chan-
nels, and activation of ClI~ channels [16]. We found that NaHS
(200 uM) increases amplitude but did not affect the shape of I-V
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Figure 6 The effects of H,S are reversed by
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treated slices in low-Mg®*/high-K* model using
the current-clamp mode. The arrows indicated

the treatment. (D) The seizure severity was \L

Seizure severity
et
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increased in NaHS-treated group than in the
control group. TTX, AP-5, or CNQX inhibited
NaHS-aggregated seizure severity (n = 8,
Mann-Whitney rank sum test, *P < 0.05 vs.
control).

curve, the steady-state activation, steady-state inactivation, and
steady-state reactivation curves of voltage-gated sodium current
in neurons. The increase in Na* peak current may be from
increased number of Na* channels available for opening at thresh-
old, accounting for reaching action potential threshold quickly,
increased conduction velocity in neurons. Strege et al. [34] found
NaHS (1 and 10 mM) increases native Na® peak currents in
human jejunum smooth muscle cells and interstitial cells of Caj
and shifts the half-point (V,,;) of steady-state activation and
inactivation, respectively. This difference is thoughtful, because
NaHS in lower concentration (200 M) does not where in higher
concentrations (1, 10 mM) does affect steady-state activation
and inactivation curves of voltage-gated sodium current. More-
over, different doses of NaHS may have distinctive effects on
different tissues and cells. Chao et al. [18] found NaHS increases
Na* influx in a concentration-dependent manner in the cortex.
NaHS (150 uM)-evoked Na* influx could be entirely blocked
by TTX, while NaHS (300 uM) could be partially blocked by
TTX or NMDAR blocker MK 801. We found NaHS (200 uM)
enhances the function of voltage-gated sodium channels and
NMDAR, which is in accordance with their finding. Moreover, we
provided direct evidence for the first time that NaHS enhances the
function of TTX-sensitive voltage-gated sodium channels of
neurons in brain slices via electrophysiological methods. Thus, we
conclude that H,S aggravates SLEs via regulation of neuronal
excitation.

Apart from voltage-gated sodium channels, ligand-gated ion
channels, such as AMPAR and NMDAR, are also particularly
important in an epileptic discharge [33]. The AMPAR is large mul-
tisubunit protein complex that spans the membrane and has an
ion-selective central pore that is closed to ion flow in the absence
of glutamate. Binding of glutamate causes the AMPAR to gate
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open, which allows cations to flux across the postsynaptic mem-
brane, resulting in a brief depolarization known as the excitatory
postsynaptic potential (EPSP) [35]. AMPAR is thought to play a
key role in inducing seizures by initiating and synchronizing
glutamatergic transmission. AMPA itself, administered systemi-
cally or by cerebroventricular infusion, is able to elicit seizures in
preclinical models, thereby supporting a role for AMPA receptors
in the development of seizures [33]. Activation of the NMDAR
has been implicated in a number of disease states including stroke
and neurodegenerative and seizure disorders. Increased NR2B in
both extrasynaptic and presynaptic neuronal compartments and a
concomitant decrease in this subunit in postsynaptic density-95
(PSD-95) protein contribute to excitotoxicity in epileptogenesis
[36]. H,S is shown to maintain the excitatory/inhibitory balance
in neurotransmission. It selectively stimulates NMDAR-mediated
currents via activation of adenylyl cyclase and the subsequent cyc-
lic adenosine monophosphate (cAMP)-protein kinase A (PKA)
cascades [37]. Here, we found that NaHS (200 uM) enhanced the
function of NMDAR, which is in consistent with the results from
Abe and Kimura [15]. Moreover, the function of AMPAR was also
enhanced. Partly because H,S activates cCAMP-PKA cascades and
then induces GluR1 serine 845, phosphorylation enhances the
function of AMAPR [38]. It is interesting that NaHS at a short per-
iod (2-5 min) of drug treatment was able to influence the synaptic
receptors. Moreover, the effect of NaHS persisted after washout,
suggesting that the effect of NaHS on glutamate receptors is largely
mediated through a direct not an indirect way. Recent studies
show that cysteine residues can be sulthydrated by H,S and this
redox-dependent posttranslational modification (PTM) controls
the activity of ion channels [39,40]. H,S can exert its function by
sulfthydrating cysteine residues of key potassium channels in a
DTT-sensitive manner [40]. The effect of H,S on Nay1.5 is blocked
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by DTT pretreatment in human jejunum smooth muscle cells
[34]. Thus, we hypothesize that H,S modulates glutamate recep-
tor activity via a direct sulthydration-dependent mechanism.
These results indicate that H,S facilitates SLEs partly via enhanc-
ing the postsynaptic function of AMPAR and NMDAR.

The effect of H,S on SLEs was prevented by the blockers of volt-
age-gated sodium channel, AMPAR, and NMDAR, indicating that
some AEDs, including felbamate, topiramate, or zonisamide, exert
their effects by blocking of Na* channel [33], AMPAR antagonists
such as perampanel [41], and NMDAR antagonists such as
traxoprodil [42] which could also be used in the treatment with
H,S-aggregated SLEs.

Although our data focus only on voltage-gated sodium channel,
NMDAR, and AMPAR and our previous study showed that NaHS
(200 uM) facilitated voltage-gated calcium channel while sup-
pressed voltage-gated potassium channel (data not shown), other
targets could be investigated including hyperpolarization-acti-
vated cyclic nucleotide-gated cation (HCN) channel, voltage-gated
chloride channel, acid-sensing ion channel, nicotinic cholinergic
receptor, glycine receptor, G-protein-coupled receptors, and elec-
trotonic coupling through gap junctions which present various
modalities of brain wiring [33]. In other studies, NaHS has been
reported to upregulate the expression of GABARg subunits 1 and
2 [43]. Future studies will also address whether the function of
GABAR is changed after H,S treated in SLEs.

Y. Luo et al.

Epilepsy is difficult to diagnosis promptly, usually by history or
electroencephalogram (EEG) when epilepsy is happening [44].
According to our results, H,S and its regulatory enzymes that con-
trol H,S biosynthesis are potential biomarkers in diagnosis of epi-
lepsy. Moreover, inhibiting H,S biosynthesis enzymes could be an
interesting strategy for poststroke epilepsy treatment.

In conclusion, our results demonstrated that the H,S aggregated
SLEs, in vivo and in vitro, involvement of facilitating voltage-
gated sodium, enhancing function of NMDAR and AMPAR. Our
studies indicated that H,S or enzymes that control H,S biosynthe-
sis are potential new targets for treating epilepsy.
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