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A B S T R A C T   

Epilepsy is a common chronic neurological disease characterized by recurrent epileptic seizures. A seizure is an 
uncontrolled electrical activity in the brain that can cause different levels of behavior, emotion, and con
sciousness. One-third of patients fail to receive sufficient seizure control, even though more than fifty FDA- 
approved anti-seizure drugs (ASDs) are available. In this study, we attempted small molecule screening to 
identify potential therapeutic agents for the treatment of seizures using seizure-induced animal models. Through 
behavioral phenotype-based screening, 4-(2-chloro-4-fluorobenzyl)-3-(2-thienyl)-1,2,4-oxadiazol-5(4H)-one 
(GM-90432) was identified as a prototype. GM-90432 treatment effectively decreased seizure-like behaviors in 
zebrafish and mice with chemically induced seizures. These results were consistent with decreased neuronal 
activity through immunohistochemistry for pERK in zebrafish larvae. Additionally, electroencephalogram (EEG) 
analysis revealed that GM-90432 decreases seizure-specific EEG events in adult zebrafish. Moreover, we revealed 
the preferential binding of GM-90432 to voltage-gated Na+ channels using a whole-cell patch clamp technique. 
Through pharmacokinetic analysis, GM-90432 effectively penetrated the blood-brain barrier and was distributed 
into the brain. Taken together, we suggest that GM-90432 has the potential to be developed into a new ASD 
candidate.   

1. Introduction 

Epilepsy is a disorder of the central nervous system (CNS) with 
repeated excessive neuronal activity in patients, which are known as 
seizure. It is one of the most common neurological diseases, affecting 
more than approximately 50 million people worldwide (World Health 
Organization, 2019). According to the International League Against 
Epilepsy (ILAE), epilepsy has a multilevel classification in the order of 
clinical seizure types, epilepsy types, and epilepsy syndromes (Scheffer 
et al., 2017). A person with two or more unprovoked seizures is 

considered epileptic (Goldenberg, 2010), therefore, seizures are a basic 
symptom for diagnosing epilepsy. Despite more than 20 anti-seizure 
drugs (ASDs) being used in patients, most have been identified as effi
cacious based on randomized clinical trials or using seizure-induced 
models (Wilcox et al., 2013). Moreover, at least 25–40% of newly 
diagnosed epilepsy patients are estimated that continue to have seizures 
due to drug resistance (Wilcox et al., 2013; Schmidt and Sillanpää, 
2012). Therefore, there is a significant need for the development of safer 
ASDs that are more effective against drug-resistant seizures. 

Most ASDs have been developed with the primary goal of stopping 
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seizures through the use of a rodent seizure model (Löscher, 2017). 
Although rodents have long been genetically tractable models of epi
lepsy research, new model organisms are required due to the practical 
difficulties of accessing the rodent brain and the limitations of 
large-scale screening. Within the last few years, zebrafish has become a 
more easily applicable model organism for drug discovery, including for 
ASDs (Cunliffe, 2016). Thousands of embryos/larvae can be exposed to 
chemicals in multi-well plates to test the potential efficacy and ter
atogenicity/toxicity of known or novel compounds (Phillips and West
erfield, 2014). Moreover, epilepsy-associated sequence variants in 
hundreds of genes have been identified by genetic analysis, such as 
genome-wide association studies (GWAS) and exome sequencing studies 
(Cunliffe, 2016). Therefore, zebrafish are being increasingly leveraged 
to establish suitable disease models for the development of new clinical 
tools and the treatment of human diseases (Phillips and Westerfield, 
2014). 

Since demonstrating the anti-seizure effect of trimethadione in 1944, 
pentylenetetrazole (PTZ) has been used experimentally to define the 
seizure phenotype and to identify ASDs using an animal model (Everett 
and Richards, 1944). The PTZ-induced seizure model in zebrafish is well 
established and shows behavioral and electrographic seizure activities 
(Baraban et al., 2005). Zebrafish scn1lab mutants, a model of Dravet 
syndrome, which is catastrophic paediatric epilepsy with severe intel
lectual disability, exhibit spontaneous abnormal electrographic activity, 
hyperactivity and convulsive behaviors (Baraban et al., 2013). Zebrafish 
zc4h2 knock-out (KO), a model for Miles-Carpenter syndrome (MCS) in 
which epileptic seizures and intellectual disabilities occur, exhibit 
abnormal swimming and defective pectoral fin contractures (Frints 
et al., 2019; May et al., 2015). 

In this study, we performed a phenotype-based screening of 6,566 
small molecules to identify a novel anti-seizure effective molecule using 
the zebrafish zc4h2 KO model. We selected 4-(2-chloro-4-fluorobenzyl)- 
3-(2-thienyl)-1,2,4-oxadiazol-5(4H)-one (hereafter referred to as GM- 
90432) as an ASD hit and assessed its efficacy in PTZ-induced zebra
fish and mouse seizure models. In addition, GM-90432 effectively 
reduced seizure-like events through electroencephalogram (EEG) anal
ysis. We also characterized the mode of action of GM-90432 in acutely 
isolated rat hippocampal CA3 pyramidal neurons using a patch-clamp 
system. Finally, we characterized GM-90432 as a potential ASD 
through pharmacokinetic analysis. Taken together, we demonstrated 
that GM-90432 effectively ameliorates seizure behaviors in animal 
models and plays a role in neuronal voltage-gated Na+ channels to exert 
its anti-seizure efficacy. 

2. Materials and methods 

2.1. Animal experiments 

Zebrafish were maintained under standard conditions as previously 
described (Westerfield, 2000). ICR mouse purchased from a company 
producing laboratory animals (Orient Bio Inc., Republic of Korea). All 
experimental procedures involving zebrafish were performed in accor
dance with the NIH guide for the care and use of Laboratory Animals 
(No.8023, amended in 1996). Also, experimental procedure involving 
mouse was approved by the Animal Care and Use Committee of the 
Korea Research Institute of Chemical Technology (2019-7B-08-02). 

2.2. Evaluation of anti-seizure effects in zebrafish seizure model 

At 5 day-post fertilization (dpf), zc4h2 KO larvae showing loss of 
swim bladder and ventrally curved body were collected placed a in
dividuals per well in 96-well plate with 100 μl of egg water (EW, 60 μg/ 
ml of Sea salt (S9883; Sigma-Aldrich, St. Louis, MO) in distilled water). 
100 μl of DMSO and GM-90432 (final concentrations are 5, 10, and 20 
μM) were added into each wells. After exposure for 30 min, single larva 
was mounted on 5% methyl cellulose and recorded movements of 

pectoral fins and jaw for 10 s. At 5 dpf, healthy zebrafish larvae were 
collected and placed 1 individual per well in 96-well plate with 100 μl of 
EW. They were maintained in a quiet environment from morning until 
afternoon. 100 μl of DMSO and GM-90432 (final concentrations are 0.5, 
1, and 2 μM) were added into each wells with or without pentylenete
trazole (PTZ, P6500; Sigma-Aldrich). The locomotor activity of each 
larvae was recorded using EthoVision XT software (Noldus, Wagenin
gen, Netherlands) connected to DanioVision chamber (Noldus) for 30 
min. 

2.3. Whole-mount immunohistochemistry 

Whole-mount immunohistochemistry for ERK and phosphorylated 
ERK was conducted as previously described (Randlett et al., 2015). In 
the morning of 5 dpf, larvae were arrayed into a 12-well plate with mesh 
sieve (3478; Corning Inc., Corning, NY) to ensure rapid fixation. They 
were maintained in a quiet environment until afternoon. DMSO and 2 
μM GM-90432 were added into each wells with or without PTZ. After 30 
min, each mesh sieve were immediately transferred into 4% para
formaldehyde. After overnight fixation, all steps for immunohisto
chemistry were proceeded according to Randlett et al. The total ERK 
antibody (#4696; Cell signaling Technology, Danvers, MA) and phos
phorylated ERK antibody (#4370; Cell signaling Technology) were used 
as a primary antibody. Goat anti-Rabbit IgG (A-11034; Invitrogen, 
Carlsbad, CA) and Goat anti-mouse IgG (A32727; Invitrogen) were used 
as a secondary antibody. Images were acquired and quantified using the 
Lionheart FX automated microscope (BioTek, Winooski, VT) and Gen5 
Image Prime (Ver. 3.08). 

2.4. EEG analysis in adult zebrafish 

Eugenol (Sigma-Aldrich) was used for anesthesia in 7.5 ppm oral 
administration and 15 ppm bath exposure (Cho et al., 2017; Grush et al., 
2004). Zebrafish were exposed in 15 ppm eugenol bath until stage 3 
anesthesia was induced and then 7.5 ppm eugenol was orally adminis
trated to maintain zebrafish out of water. All chemicals were dissolved 
in DMSO concentration of 1% v/v and given by the ollay administration. 
PTZ was used as a convulsant and treated in 220 mg/kg concentration 
(Banote et al., 2013). PTZ (220 mg/kg) and GM-90432 (12.5, 25, and 50 
mg/kg) were co-treated. All zebrafish were euthanatized by ice water 
(0–4 ◦C) at least 10 min after experiment. After stage 3 anesthesia in 15 
ppm bath exposure, zebrafish were put in a customized trapping plat
form to immobilize the animals out of water during EEG recording, 
during which 7.5 ppm eugenol was orally administrated continuously. A 
non-invasive EEG electrode was placed on the head skin, above the 
telencephalon (Cho et al., 2017). The baseline recording session was for 
5 min and then, after drug administration, the EEG recording session for 
25 min followed. Seizure-like events were manually counted, and Fast 
Fourier Transform was conducted to extract the power amount of brain 
signals (Veauthier, 2009). All EEG recording was performed using Bio
pac Student Lab 4.1 (Biopac Systems, Inc., Goleta, CA). To investigate 
the effect of drugs on brain signals quantitatively, the relative power of 
brain signals before and after drug administration was compared with 
the following equation: 

Amount of power(Treated) − Amount of power(Baseline)
Amount of power(Baseline)

× 100(%)

We selectively compared the power of signals in the frequency range 
from 0 to 16 Hz using FIJI (ImageJ) software. 

2.5. Evaluation of anti-seizure effects in mouse seizure model 

7-weeks old ICR male mice were kept in plastic case with free access 
to food and water. The animal room was maintained at 23 ± 3 ◦C, 
relative humidity of 50 ± 10% with approximately 12 h dark/light cycle. 
50 mg/kg of GM-90432 and dosing vehicle were used as DMSO, 
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PEG400, and deionized water (5:70:25, v/v/v) for intraperitoneal (I.P.) 
injection. After 30 min, 60 mg/kg of PTZ were administrated by I.P. 
injection. Then, behaviors of mouse was recorded using video camera 
for 10 min. Frequency of seizure-like behaviors were assessed through 
recorded media at intervals of 10 s according to modified Racine’s scale 
(Fig. 4A). 

2.6. Electrophysiology 

Sprague Dawley rats (12–17 day-old, either sex) were decapitated 
under ketamine anesthesia (50 mg/kg, i.p.). The brain was dissected and 
transversely sliced at a thickness of 400 μm using a microslicer 
(VT1000S; Leica, Nussloch, Germany). Slices containing the hippo
campus were kept in an incubation medium (in mM; 124 NaCl, 3 KCl, 
1.5 KH2PO4, 24 NaHCO3, 2 CaCl2, 1.3 MgSO4 and 10 glucose) saturated 
with 95% O2 and 5% CO2 at room temperature (22–25 ◦C) for at least 1 h 
before the mechanical dissociation. For dissociation, slices were trans
ferred into a 35 mm culture dish (Primaria 3801; Becton Dickinson, 
Rutherford, NJ), which contained a standard external solution (in mM; 
150 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 10 glucose and 10 HEPES, a pH of 7.4 
with Tris-base), and the hippocampal CA3 region was identified under a 
binocular microscope (SMZ-1; Nikon, Tokyo, Japan). Details of the 
mechanical dissociation have been described previously (Akaike and 
Moorhouse, 2003; Jang et al., 2006). Electrical measurements were 
performed using conventional whole-cell patch recordings and a 
patch-clamp amplifier (Axopatch 200B; Molecular Devices, Union City, 
CA) with a K+-free external solution (in mM; 130 NaCl, 20 
tetraethylammonium-Cl, 3 CsCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 
HEPES, and was adjusted to pH 7.4 with Tris-base). Neurons were 
voltage clamped at a holding potential (VH) of − 100 mV, except where 
indicated. Patch pipettes were made from borosilicate capillary glass 
(G-1.5; Narishige, Tokyo, Japan) using a pipette puller (P-97; Sutter 
Instrument Co., Novato, CA). The resistance of the recording pipettes 
filled with the internal solution (in mM; 140 CsF, 10 CsCl, 2 EGTA, 2 
ATP-Na2, and 10 HEPES with the pH adjusted to 7.2 with Tris-base) was 
1.0–1.5 MΩ. Membrane currents were filtered at 3 kHz, digitized at 10 
kHz, and stored on a computer equipped with pCLAMP 10.6 (Molecular 
Devices). Capacitative and leakage currents were subtracted by the P/4 
protocol using pCLAMP program. During recordings, 10 mV hyper
polarizing step pulses (30 ms in duration) were periodically applied to 
monitor the access resistance, and recordings were discontinued if ac
cess resistance changed by more than 10%. To record voltage-gated Na+

currents (INa), the K+-free external solution routinely contained 100 μM 
Cd2+ to block voltage-gated Ca2+ channels. Depolarizing step pulses to 
evoke the INa were applied with an interval of 10 s (except where indi
cated), which was sufficiently long enough to recover from the inacti
vation of voltage-gated Na+ channels. All solutions containing drugs 
were applied using the “Y-tube system” for rapid solution exchange 
(Murase et al., 1989). All experiments were performed at room tem
perature (22–25 ◦C). The amplitude of INa was measured by subtracting 
the baseline from the peak amplitude of INa by using pCLAMP 10.6. The 
voltage-inactivation relationship of Na+ channels were fitted to the 
Boltzmann equations; I/Imax = 1–1/{1 + exp[(V50 – V)/k]}, where Imax 
are the maximum current amplitude, V50 are half-maximal potentials for 
fast inactivation, and k is the slope factor. The kinetic data for the 
development of inactivation and the recovery from inactivation were 
fitted to the following equations; I(t) = A0 + Afast x [exp(–t/τfast)] + Aslow 
x [exp(–t/τslow)], and I(t) = A0 + Afast x [1 – exp(–t/τfast)] + Aslow x [1 – 
exp(–t/τslow)], respectively, where I(t) is the amplitude of INa at time t, 
and Afast and Aslow are the amplitude fraction of τfast, and τslow, 
respectively. 

2.7. Pharmacokinetic studies in mouse 

Pharmacokinetic studies of GM-90432 was performed on 7-weeks 
old ICR male mouse. Different dose and dosing vehicle were used as 

DMSO, PEG400, and deionized water (5:40:55, v/v/v) for intravenous 
(I.V.) injection (5 mg/kg, 5 mL/kg), and DMSO, PEG400, and deionized 
water (5:70:25, v/v/v) for I.P. injection (50 mg/kg, 5 mL/kg) according 
to physicochemical properties of GM-90432. For plasma concentration- 
time profiles of GM-90432, blood samples were collected at 0.083, 0.5, 
1, 2, 4, and 8 after drug administration. For calculation of blood to 
plasma (B/P) ratio of GM-90432 in male mouse, blood and brain tissues 
were collected at 0.5 h after I.P. injection of GM-90432 (50 mg/kg). The 
blood samples were immediately centrifuged at 15,000 RPM for 3 min, 
to collect plasma samples. Plasma and brain homogenates were 
extracted by adding nine volume of acetonitrile. After vortexing for 10 
min, the samples were centrifuged at 15,000 RPM for 10 min at 4 ◦C, and 
then 100 μL of clear supernatant was transferred to LC vial and analyzed 
by Liquid chromatography mass spectrometry (LC-MS/MS). The plasma 
concentration-time profiles for pharmacokinetic evaluation of GM- 
90432 were analyzed by non-compartmental method using the 
nonlinear least squares regression program WinNonlin 5.3 (Pharsight, 
Mountain View, CA, USA). The area under the plasma concen
tration–time curve from time zero to the final point (AUCh) and the area 
from time zero to infinite time (AUCinf) by adding extrapolated area 
were calculated using the trapezoidal rule. The terminal elimination 
half-life (t1/2), total clearance (CL), and apparent volume of distribution 
at steady state (Vss) for GM-90432 were determined using individual 
plasma concentration–time profiles. 

2.8. Pharmacokinetic studies in zebrafish 

Chemical uptake study of GM-90432 was performed on 5 dpf 
zebrafish larvae. The larvae were exposed to 5 μM of GM-90432 for 5, 
10, 30, and 60 min. After drug exposure, zebrafish larvae, larval me
dium, blank medium (without zebrafish larvae) were collected in 1.7 mL 
tube. The fishes were extracted by adding 500 μL of methanol, and 
homogenized using sonicator. The samples were centrifuged at 15,000 
RPM for 10 min at 4 ◦C and analyzed by LC-MS/MS. For calculation of B/ 
P ratio of GM-90432 in adult zebrafish (11 months-old), blood and brain 
tissues were collected at 0.5 h after oral administration (P.O.) of GM- 
90432 (50 mg/kg). The blood samples and brain samples were 
analyzed by LC-MS/MS. 

2.9. Statistical analysis 

All statistical analysis was performed on Prism 8.4.3 (GraphPad, La 
Jolla, CA). Numerical values are provided as the mean ± S.E.M. (Stan
dard Error of Mean). Zebrafish and mouse results were analyzed using 
unpaired two-tailed t-test and Brown-Forsythe and Welch analysis of 
variance (ANOVA). Significant differences in the mean amplitude were 
tested using Student’s paired two-tailed t-test with absolute values 
rather than normalized ones. Values of p < 0.05, p < 0.01 and p < 0.001 
were considered significantly different. 

3. Results 

3.1. Anti-seizure effects of GM-90432 in zebrafish seizure models 

A total of 6,566 small molecules provided by the Korea Chemical 
Bank were screened for their anti-seizure efficacy at a concentration of 
20 μM using zc4h2 KO larvae (Fig S1). At 5 dpf, zc4h2 KO larvae 
exhibited continuous swimming movements and balance problems 
compared with wild-type siblings (May et al., 2015). The efficacy of the 
anti-seizure therapy was defined as decreased active movements in 
zc4h2 KO larvae and unchanged movements in wild-type siblings for 30 
min. Among the 6,566 molecules, more than 8 compounds were 
observed to have anti-seizure effects without toxicity, such as heart ar
rest (Fig S1). Finally, GM-90432 was identified as a prototype (Fig. 1A). 
At 5 dpf, zc4h2 KO larvae also exhibited active movements of the pec
toral fins and jaw compared with wild-type sibling (May et al., 2015). To 
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Fig. 1. Anti-seizure effects of GM-90432 in a zebrafish seizure model. (A) Chemical structure of GM-90432. (B) Pectoral fin movement and (C) jaw movement 
were assessed in zc4h2 KO larvae with DMSO, retigabine (RT), and GM-90432 treatments. n = 6. (D) Distance moved, (E) moving duration, and (F) moving frequency 
were quantified as seizure-like behaviours to assess GM-90432 effects in PTZ-induced zebrafish larvae. The value was quantified as a high speed (above 80 mm/s)/ 
total movement ratio. n = 10. 

Fig. 2. Whole-mount immunohistochemistry for tERK and pERK in PTZ-induced seizure zebrafish larvae. Representative images of immunohistochemistry for 
(A–D) total ERK/MAPK (tERK), (E–H) phosphorylated ERK (pERK), and (I–L) merge. (A, E, I) DMSO treatment and (B, F, J) 2 μM GM-90432 treatment without PTZ 
treatment. (G, C, K) DMSO treatment and (D, H, L) 2 μM GM-90432 treatment in PTZ-induced zebrafish larvae. Arrows and arrowheads indicate the telencephalon 
and optic tectum, respectively. (M) Representative image of larvae. Red dash line indicates brain region to quantify fluorescence intensity. (N) Quantification of 
fluorescence intensity ratio for pERK/tERK. n = 10. 
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determine whether these hyperactivities were inhibited by GM-90432, 
zc4h2 KO larvae exposed to GM-90432 or retibagine, an 
anti-convulsant (Patsalos and Berry, 2012), were used as an adjunctive 
treatment for partial epilepsy for 30 min. As a positive control, 5 μM 
retigabine treatment reduced pectoral fin and jaw movements in zc4h2 
KO larvae (Fig. 1B and C). GM-90432 treatment also effectively reduced 
fin and jaw active movements in zc4h2 KO larvae (Fig. 1B and C). Next, 
we assessed the anti-seizure efficacy of GM-90432 in PTZ-induced 
zebrafish larvae to verify the reproducibility within each model. 
PTZ-induced zebrafish have well-established seizure phases in larvae: 
dramatic increase in locomotor activity (stage 1), rapid “whirlpool-like” 
circling behavior (stage 2), and loss of posture (stage 3) (Baraban et al., 
2005). In this study, we established new methods for inducing and 
quantifying seizures by PTZ induction. Because PTZ irregularly and 
dramatically increased locomotor activity in zebrafish larvae, we 
quantified the behavioral parameters according to the high speed of 40, 
60, 80, or 100 mm/s. The behavioral parameters defined the distance 
moved, moving duration, and moving frequency as a high speed/total 
movement ratio. As a result, the behavioral parameters significantly 
increased compared with the control group at a 5 mM concentration of 

PTZ and a speed above 80 mm/s (Fig. S2). Next, we exposed zebrafish 
larvae to GM-90432 in 5 mM PTZ and quantified the high/total move
ment ratio at speeds above 80 mm/s. Indeed, 2 μM GM-90432 effectively 
restored the distance moved, moving duration, and moving frequency 
compared with the PTZ-only treated group, whereas GM-90432 treat
ment groups without PTZ did not change behavioral parameters 
(Fig. 1D–E). 

Next, we performed whole-mount immunohistochemistry for phos
phorylated extracellular signal-regulated kinase (pERK) to demonstrate 
neural activity in GM-90432-treated zebrafish larvae. pERK is a more 
permissive endogenous sensor than immediate early genes (IEGs), such 
as c-fos and arc, and an improved marker for neural activity (Randlett 
et al., 2015). Staining for pERK in PTZ-treated larvae exhibited enrich
ment in the nervous system, with the strongest staining in the telen
cephalon and optic tectum. However, GM-90432 treatment in 
PTZ-induced larvae significantly reduced pERK in the telencephalon 
and optic tectum. In addition, total ERK/MAPK (tERK) did not change in 
any of the experimental groups (Fig. 2, S7). These results demonstrated 
that GM-90432 effectively restored behavioral phenotypes and neural 
activities in PTZ seizure-induced zebrafish larvae. 

Fig. 3. Electroencephalogram (EEG) analysis in PTZ-induced adult zebrafish. Seizure-like events are distinguishable from normal brain signals in real-time EEG 
data of zebrafish. (A) The baseline was recorded for 5 min with no other chemical treatment except for eugenol for anesthesia. (B) Seizure-like events were detected 
after PTZ treatment. (C) At 12.5 mg/kg GM-90432 dose administration, three out of a total of 8 zebrafish displayed seizure-like events after administration. (D) After 
50 mg/kg GM-90432 treatment, no seizure-like events were detected in contrast to PTZ treatment. (E) The relative power of the signal, (F) the average number of 
seizure-like events and (G) the total duration of seizure-like events were compared among the differently treated groups. n = 8. 
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3.2. Electroencephalogram (EEG) analysis of adult zebrafish 

EEG is widely considered a prominent diagnostic tool for detecting 
epilepsy (Gandhi et al., 2010; Tzallas et al., 2009). Neither seizure-like 
events nor abnormal spikes appeared in the baseline recording in the 
DMSO-treated group (Fig. 3A). In contrast, abnormal spikes were 
detected in the PTZ-induced epilepsy model (Fig. 3B). Such seizure-like 
events have been reported to be commonly detected in the PTZ model in 
previous research (Afrikanova et al., 2013; Cho et al., 2017). 
Seizure-like events were observed over the entire recording session 
(Fig. 3B). Thus, the presence of seizure-like events in real-time recorded 
EEG data is crucial to determine the epilepsy state (Afrikanova et al., 
2013). In this regard, the number of seizure-like events that occurred in 
PTZ and GM-90432 co-treated zebrafish supports the reliability of AED 
screening efficacy. After 12.5 mg/kg GM-90432 dose administration, 
seizure-like events were still observed in three out of 8 zebrafish 
(Fig. 3C). However, a 50 mg/kg dose was considered a sufficient dose to 
protect the animals from PTZ (Fig. 3D). 

After treatment with PTZ, the relative power of the signal signifi
cantly increased. PTZ administration clearly induced seizures and 
increased the signal power of the brain. No difference was observed 
between the 25 and 50 mg/kg dose GM-90432 groups and the DMSO- 
treated group, while there was a significant difference between these 
two groups and the PTZ-treated group. When GM-90432 at concentra
tions of 25 and 50 mg/kg were co-treated with PTZ, the efficacy as an 
anti-seizure agent was confirmed by measuring the relative power of the 

signal. One-way ANOVA suggested no significant difference between the 
12.5 mg/kg dose group and the PTZ-treated group (Fig. 3E). During the 
25-min recording session after PTZ injection, a significant number of 
seizure-like events were detected. There were no seizure-like events 
detected in the DMSO-treated group or the 50 mg/kg dose group. After 
25 mg/kg dose administration, seizure-like events were detected in only 
one out of a total of 8 zebrafish in the same group. Additionally, seizure- 
like events were detected in three out of a total of 8 zebrafish in the 12.5 
mg/kg dose group. Although seizure-like events were observed in both 
the 12.5 and 25 mg/kg dose groups, no significant difference was found 
compared to the DMSO-treated group. Compared to the PTZ-treated 
group, DMSO and all three dose groups showed significant differences 
in the average number of seizure-like events (Fig. 3F). As discussed in 
Fig. 3F, no seizure-like events were found in the DMSO-treated group or 
the 50 mg/kg dose group. The total duration of seizure-like events 
significantly increased in the PTZ-treated group and slightly increased in 
the 12.5 and 25 mg/kg dose groups (Fig. 3G). Similar to Fig. 3F, there 
was no significant difference between the 12.5 and 25 mg/kg dose 
groups and the DMSO-treated group, but the differences were significant 
when compared to the PTZ group (Fig. 3G). 

3.3. Anti-seizure effects of GM-90432 in PTZ-induced mice 

It has been well established that seizure-induced rodent models are 
associated with obvious behaviors (Racine, 1972). To determine 
whether GM-90432 restores seizure-like behaviors in rodents, we 

Fig. 4. Anti-seizure effects of GM-90432 in PTZ-induced seizure mice. (A) Modified Racine’s scale. (B) score 0: normal behaviour, (C) score 1: immobilization 
and head nodding, (D) score 2: stiff tailing, (E) score 3: partial clonus, (F) score 4: whole body clonus, (G) score 5: jumping by clonus, and (H) score 6: tonic-clonic 
seizures were quantified as seizure-like behaviours to assess GM-90432 effects in single PTZ-induced mice. n = 6. 
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introduced GM-90432 in single PTZ-induced seizure mice and assessed 
seizure-like behaviors using a modified Racine’s scale (Fig. 4A) (Dhir, 
2012). According to the modified Racine’s scale, GM-90432 effectively 
restored seizure-like behaviors in PTZ-induced seizure mouse as follows: 
score 0: GM-90432 significantly recovered normal behaviors (6.0 ± 4.98 
for the vehicle and 25.83 ± 6.46 for GM-90432, Fig. 4B); scores 1 and 2: 
immobilization/head nodding and stiff tailing behaviors did not change 
between the vehicle and GM-90432 (Fig. 4C and D); score 3: partial 
clonus behavior was effectively decreased by GM-90432 administration 
(10.33 ± 6.74 for the vehicle and 3.0 ± 3.22 for GM-90432, Fig. 4E); 
scores 4 and 5: whole body clonus and jumping by clonus behaviors 
showed decreased patterns after GM-90432 administration (5.50 ± 5.68 
for the vehicle and 0.50 ± 0.84 for GM-90432 in score 4, p = 0.058; 1.0 
± 0.89 for the vehicle and 0.17 ± 0.41 for GM-90432 in score 5, Fig. 4F 
and G)); score 6: tonic-clonic seizures were decreased by GM-90432 
administration (1.50 ± 0.84 for the vehicle and 0.17 ± 0.41 for 
GM-90432, Fig. 4H)); score 7: no mice died in this experiment. Taken 
together, these results demonstrated that GM-90432 effectively restored 
seizure-like behaviors in single PTZ-induced seizure mice. 

3.4. Effects of GM-90432 on voltage-gated Na+ channels in hippocampal 
CA3 neurons 

Since voltage-gated Na+ channels are key ion channels involved in 
neuronal excitability, a number of drugs that modulate these ion chan
nels are widely used for the treatment of epilepsy (Catterall, 2014; 
Macdonald and Kelly, 1995). Therefore, we examined the effect of 
GM-90432 on voltage-gated Na+ channels using a whole-cell patch 

clamp technique. The voltage-gated Na+ currents (INa) were recorded 
from acutely isolated hippocampal CA3 pyramidal neurons by applying 
brief depolarizing step pulses (− 100 to − 20 mV, every 5 s). Application 
of GM-90432 (100 μM) elicited a small but significant decrease in the INa 
(92.9 ± 2.0% of the control, Fig. 5A). We also examined the effect of 
GM-90432 on the voltage-inactivation relationship of voltage-gated Na+

channels. The INa was induced by test pulses (− 20 mV, 50 ms duration) 
followed by conditioning prepulses (− 120 to − 20 mV in 10 mV in
crements, 500 ms duration). The peak amplitudes of INa observed in the 
absence and presence of 100 μM GM-90432 were normalized to the 
maximal amplitude of INa and fitted to the Boltzmann function (Fig. 5C). 
GM-90432 (100 μM) significantly shifted the V50 towards hyper
polarizing ranges (− 2.9 ± 0.4 mV shift), where the V50 values were 
− 61.2 ± 1.8 mV for the control and − 64.1 ± 1.6 mV after GM-90432 
treatment (Fig. 5D). 

Next, we examined the effect of GM-90432 on the inactivation ki
netics of voltage-gated Na+ channels using a two-pulse protocol, which 
is composed of the first conditioning pulses (P1, -100 to − 20 mV, 
2–8,000 ms duration) and the subsequent second test pulse (P2, -100 to 
− 20 mV, 50 ms duration) with an interpulse interval of 20 ms. The ratios 
of the two currents (P2/P1) calculated in the absence and presence of 
100 μM GM-90432 were plotted against the duration of the conditioning 
pulses and then fitted to a double exponential function (Fig. 5E). The 
resultant fast and slow time constants (τfast and τslow) represent the fast 
and slow components for the onset of inactivation of voltage-gated Na+

channels. GM-90432 (100 μM) significantly decreased τfast (1,168.8 ±
92.9 ms for the control and 664.5 ± 111.7 ms after GM-90432 treat
ment, Fig. 5F). However, τslow was not affected by GM-90432 (4,860.3 

Fig. 5. Effects of GM-90432 on voltage-gated Naþ channels. (A) Typical traces of voltage-gated INa in the absence and presence of 100 μM GM-90432. INa was 
elicited by electrical stimulation from a holding potential of − 100 mV to − 20 mV (100 ms duration) every 5 s (0.2 Hz). (B) Change in the peak amplitude of voltage- 
gated INa by 100 μM GM-90432. Each column represents the mean and S.E.M. from 12 experiments. (C) Current-voltage relationships of voltage-gated Na+ channels 
in the absence (open circles) and presence (closed circles) of 100 μM GM-90432. Continuous lines represent the best fit of the Boltzmann function. Each point 
represents the mean and S.E.M. from 4 experiments. (D) GM-90432-induced changes in the midpoint voltage for inactivation (V50) of voltage-gated Na+ channels. 
Each column represents the mean and S.E.M. from 4 experiments. (E) Kinetics for the onset of inactivation of voltage-gated Na+ channels in the absence (open circles) 
and presence (closed circles) of 100 μM GM-90432. Each point represents the mean and S.E.M. from 6 experiments. (F) GM-90432 (100 μM)-induced changes in the 
fast (τfast, left) and slow (τslow, right) time constants for the onset of inactivation of voltage-gated Na+ channels. Each column represents the mean and S.E.M. from 6 
experiments. (G) Kinetics for the recovery from inactivation of voltage-gated Na+ channels in the absence (open circles) and presence (closed circles) of 100 μM GM- 
90432. Each point represents the mean and S.E.M. from 7 experiments. (H) GM-90432 (100 μM)-induced changes in the fast (τfast, left) and slow (τslow, right) time 
constants for the recovery from inactivation of voltage-gated Na+ channels. 
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± 758.5 ms for the control and 4,575.1 ± 654.6 ms after GM-90432 
treatment, Fig. 5F). We also examined the effect of GM-90432 on the 
recovery kinetics of voltage-gated Na+ channels using a two-pulse pro
tocol, which is composed of the first conditioning pulses (P1, -100 to − 20 
mV, 500 ms duration) and the subsequent second test pulse (P2, -100 to 
− 20 mV, 50 ms duration) with various interpulse intervals (1–5,000 
ms). The P2/P1 ratios calculated in the absence and presence of 100 μM 
GM-90432 were plotted against the duration of recovery time and then 
fitted to a double exponential function (Fig. 5G). The resultant τfast and 
τslow represent the fast and slow components for the recovery from the 
inactivation of voltage-gated Na+ channels. GM-90432 (100 μM) 
significantly increased τfast (8.3 ± 1.1 ms for the control and 11.5 ± 1.6 
ms after GM-90432 treatment) but not τslow (1,454.8 ± 198.7 ms for the 
control and 1,422.2 ± 271.3 ms after GM-90432 treatment, Fig. 5H). 

3.5. Pharmacokinetic characterization of GM-90432 

The quantitative analysis of GM-90432 was performed on a C18 
column using liquid chromatography mass spectrometry in APCI +
mode. To calculate pharmacokinetic parameters, including bioavail
ability and Tmax (time to maximum plasma concentration), plasma 
concentration-time profiles of GM-90432 were investigated in 7-week- 
old mice following I.V. (5 mg/kg) or I.P. (50 mg/kg) injection 
(Fig. 6A). The estimated pharmacokinetic parameters of GM-90432 are 
summarized in Table 1. The absolute bioavailability of GM-90432 was 
estimated to be 31.2%. Additionally, GM-90432 was rapidly absorbed 
into fish bodies in an exposure time-dependent manner in 5 dpf zebra
fish larvae (Fig. 6B). Furthermore, blood-brain barrier (BBB) penetration 
studies were performed to estimate the B/P ratio (brain to blood or 
plasma concentration ratio) values of GM-90432 in mouse and zebrafish 
models following I.P. injection or oral administration of GM-90432 for 
0.5 h, respectively. The values were determined to be 1.70 ± 0.07 in 
adult mice and 2.13 ± 0.34 in adult zebrafish, indicating that GM-90432 
has BBB-permeable properties in both models (Fig. 6C). Furthermore, 
the Caco-2 cell permeability assay showed an apparent permeability 
(Papp) of 33.5 × 10− 6 cm/s in absorption/uptake and 44.7 × 10− 6 cm/s 
in secretion/efflux of GM-90432, suggesting that GM-90432 is highly 
permeable in human intestinal epithelial cells with an efflux ratio of 
1.36 ± 0.26 (Fig. S6). 

4. Discussion 

Zebrafish are well-established experimental organisms for neuro
logical studies such as epilepsy for models including the chemical (PTZ)- 
induced seizure model (Baraban et al., 2005) and the genetic mutation 
seizure model including Dravet syndrome (Baraban et al., 2013) and 
Miles-Carpenter syndrome (Frints et al., 2019; May et al., 2015). A small 

molecule screening to identify anti-seizure candidates using zc4h2 KO 
larvae was performed in this study for the first time. Because assessment 
of mitigating seizure-like behaviors in zc4h2 KO larvae is fast and suit
able, we finally selected GM-90432 using this model. GM-90432 
significantly decreased seizure-like behaviors at a 5 mM PTZ and 
above 80 mm/s of speed, whereas GM-90432 treatment alone did not 
change the behaviors (Fig. 1, S3). In addition, GM-90432 effectively 
reduced neural activity through a reduction of elevated pERK protein 
levels by GM-90432 in PTZ-induced larvae (Fig. 2). Seizure-specific EEG 
signals using a non-invasive single-channel electrode were effectively 
decreased in PTZ-treated adult zebrafish by GM-90432 treatment 
(Fig. 3). The other test for anti-seizure effects, the color preference test, 
was performed to reveal the recovery of cognition ability in PTZ-induced 
zebrafish larvae. Indeed, blue preference reduced by PTZ treatment was 
restored by GM-90432 (Fig. S4). This result also suggests the potential 
that one of the symptoms of a seizure patient, a decrease in cognitive 
ability, could be recovered by GM-90432. 

Voltage-gated Na+ channels are major targets for a number of 
commercially available ASDs (Brodie, 2017; Catterall, 2014). In this 
study, we also found that GM-90432 shifted the V50 values towards 
hyperpolarizing ranges, suggesting the preferential binding of 
GM-90432 to voltage-gated Na+ channels at depolarized membrane 
potentials. The higher affinity to inactivated Na+ channels would 
contribute to the anti-epileptic efficacy of GM-90432, as shown previ
ously (Macdonald and Kelly, 1995). The use-dependent inhibition of 
Na+ channels is directly related to the repetitive generation of action 
potentials at higher frequencies (Catterall, 2014; Roy and Narahashi, 
1992). Although we found that GM-90432 had little effect on the 
use-dependent inhibition of Na+ channels (data not shown), it has been 
reported that ASDs acting on voltage-gated Na+ channels have diverse 
effects on use-dependent inhibition (Backus et al., 1991; Lang et al., 
1993). However, since the extent of use-dependent inhibition is quite 
different among the recording conditions, such as the holding potential, 
the length and the amplitude of depolarizing stimuli and neuronal 
population (Lang et al., 1993; Roy and Narahashi, 1992), further study is 

Fig. 6. Pharmacokinetic characterization of GM-90432. Pharmacokinetic analysis of GM-90432 were performed by (A) I.V./I.P. injection in mice (n = 3) and (B) 
exposure in zebrafish larvae (n = 20). (C) Blood-brain barrier permeability of GM-90432 was analyzed through I.P. injection in mice (n = 3) and P.O. in adult 
zebrafish (n = 3). 

Table 1 
Pharmacokinetic parameters of GM-90432 in mice.  

Parameters I.V. 5 mg/kg I.P. 50 mg/kg 

Tmax (h) NA 0.5 ± 0.00 
Cmax (μg/mL) NA 0.64 ± 0.16 
T1/2 (h) 1.70 ± 0.33 5.99 ± 1.25 
AUCt (μg⋅h/mL) 0.84 ± 0.09 2.62 ± 0.38 
AUC∞ (μg⋅h/mL) 0.92 ± 0.10 2.89 ± 0.37 
CL (L/h/kg) 5.47 ± 0.64 NA 
Vss (L/kg) 6.70 ± 2.30 NA 
Ft (%) NA 31.2 

NA, not applicable. 
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needed to reveal the detailed action of GM-90432 on the use-dependent 
inhibition of Na+ channels. The inactivation and recovery kinetics of 
Na+ channels also play a pivotal role in the repetitive and bursting 
generation of action potentials in response to sustained depolarization. 
In this study, we found that the onset of inactivation and recovery from 
inactivation of Na+ channels in CA3 pyramidal neurons were accom
plished by two kinetic components, e.g., fast (τfast) and slow (τslow),and 
that GM-90432 affected the fast rather than slow components. The re
sults suggest that GM-90432 accelerates the onset of fast inactivation 
and retards the fast recovery from inactivation. Such modulation of 
inactivation and/or recovery kinetics would also contribute to the 
anti-epileptic efficacy of GM-90432, as other ASDs exhibit similar 
changes in the inactivation and recovery kinetics of Na+ channels 
(Catterall, 2014; Curia et al., 2009; Nakamura et al., 2019). Together, 
our present results strongly suggest that GM-90432 acts on 
voltage-gated Na+ channels to elicit its anti-epileptic efficacy. However, 
the possibility that GM-90432 acts on other targets cannot be excluded, 
as ASDs also modulate a number of voltage-gated and ligand-gated ion 
channels (Armijo et al., 2005; Sills and Brodie, 2001). 

Finally, a pharmacokinetic characterization of GM-90432 was un
dertaken to assess the possibility of developing a therapeutic drug for 
seizures. Because the central nervous system (CNS) is safely protected by 
the BBB, which controls the entry of exogenous and endogenous mate
rials into the brain, penetration of drugs into the brain remains one of 
the main obstacles in the development of drugs (Begley, 1996; Schlos
sauer and Steuer, 2002). According to FDA approval, a B/P ratio greater 
than 0.3 is classified as BBB-permeable in the pharmaceutical industry 
(Reichel, 2006). In addition, there are examples of BBB permeability in 
zebrafish defined by similar criteria (Kim et al., 2017). Both adminis
tration of GM-90432 in mouse and zebrafish showed effective perme
ation and distribution into the brain (Fig. 6). 

5. Conclusion 

In summary, we screened small molecules to identify a novel ASD 
and examined the effects of GM-90432 using zebrafish and mouse 
seizure models. GM-90432 significantly decreased not only the neural 
activity but also the seizure-like events on the EEG in PTZ-induced 
zebrafish. Moreover, electrophysiological analysis revealed that GM- 
90432 plays a role in voltage-gated Na+ channels. Taken together 
with its pharmacokinetic characterization, we suggest that GM-90432 
has the potential to be developed into a new ASD candidate. 
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Dichter, M.A., Moshé, S.L., Noebels, J.L., Privitera, M.D., Rogawski, M.A., 2013. 
Issues related to development of new antiseizure treatments. Epilepsia 54 (Suppl. 4), 
23–34. https://doi.org/10.1111/epi.12296. 

World Health Organization, 2019. Epilepsy. https://www.who.int/news-room/fact-shee 
ts/detail/epilepsy. (Accessed 20 April 2020). 

K.-S. Hwang et al.                                                                                                                                                                                                                              

https://10.1093/hmg/ddv208
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref26
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref26
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref26
https://doi.org/10.1016/j.ejphar.2019.05.007
https://doi.org/10.1016/j.ejphar.2019.05.007
https://doi.org/10.1517/14656566.2012.667803
https://doi.org/10.1242/dmm.015545
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref30
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref30
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref31
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref31
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref31
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref32
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref32
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref33
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref33
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref33
https://doi.org/10.1111/epi.13709
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref35
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref35
https://doi.org/10.1097/WCO.0b013e3283507e73
https://doi.org/10.1097/WCO.0b013e3283507e73
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref37
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref37
https://doi.org/10.1109/TITB.2009.2017939
https://doi.org/10.1016/j.seizure.2009.02.001
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref40
http://refhub.elsevier.com/S0197-0186(20)30261-8/sref40
https://doi.org/10.1111/epi.12296
https://www.who.int/news-room/fact-sheets/detail/epilepsy
https://www.who.int/news-room/fact-sheets/detail/epilepsy

	Efficacy and pharmacokinetics evaluation of 4-(2-chloro-4-fluorobenzyl)-3-(2-thienyl)-1,2,4-oxadiazol-5(4H)-one (GM-90432)  ...
	1 Introduction
	2 Materials and methods
	2.1 Animal experiments
	2.2 Evaluation of anti-seizure effects in zebrafish seizure model
	2.3 Whole-mount immunohistochemistry
	2.4 EEG analysis in adult zebrafish
	2.5 Evaluation of anti-seizure effects in mouse seizure model
	2.6 Electrophysiology
	2.7 Pharmacokinetic studies in mouse
	2.8 Pharmacokinetic studies in zebrafish
	2.9 Statistical analysis

	3 Results
	3.1 Anti-seizure effects of GM-90432 in zebrafish seizure models
	3.2 Electroencephalogram (EEG) analysis of adult zebrafish
	3.3 Anti-seizure effects of GM-90432 in PTZ-induced mice
	3.4 Effects of GM-90432 on voltage-gated Na+ channels in hippocampal CA3 neurons
	3.5 Pharmacokinetic characterization of GM-90432

	4 Discussion
	5 Conclusion
	Author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




