
Zhang et al 

Trop J Pharm Res, February 2020; 19(2): 299 
 

Tropical Journal of Pharmaceutical Research February 2020; 19 (2): 299-304 
ISSN: 1596-5996 (print); 1596-9827 (electronic) 

© Pharmacotherapy Group, Faculty of Pharmacy, University of Benin, Benin City, 300001 Nigeria.  
 

Available online at http://www.tjpr.org 
http://dx.doi.org/10.4314/tjpr.v19i2.12 

Original Research Article 
 
 

Protective effect of ethosuximide on hearing in NOD/LtJ 
mice via blockage of endogenous apoptosis 

 
Dejun Zhang, Guofang Guan*, Yingyuan Guo, Yanru Hao, Fang Guo, Zeming 
Fu 
Department of Otolaryngology, Head and Neck Surgery, The Second Hospital of Jilin University, Changchun, PR China 
 
*For correspondence: Email: g779hy@163.com 
 
Sent for review: 8 November 2019                    Revised accepted: 27 January 2020 
 

Abstract 

Purpose: To determine the protective effect of ethosuximide on the hearing of NOD/LtJ mice, and the 
underlying mechanism of action.  
Methods: The mice were randomly assigned to control and treatment groups (20 mice per group). Mice 
in the treatment group were administered ethosuximide intraperitoneally at a dose of 200mg/kg body 
weight (bwt), while those in the control group received an equivalent dose of saline via the same route. 
Both groups were subjected to auditory brainstem response (ABR) and distortion product otoacoustic 
emissions (DPOAE) tests, as well as determination of mRNA expressions of α1G, α1H, α1I, m-calpain, 
μ-calpain, and caspase-3.  
Results: At ages of 6 and 9 weeks, ABR values were significantly lower in the treatment group than 
those in the control group (p < 0.05). At age 3, 6 and 9 weeks, control group DPOAE values were much 
lower than those in the treatment group. However, at signal frequency of 35344 Hz, DPOAE value was 
significantly reduced in the treatment group (p < 0.05). There was significant down-regulation in mRNA 
expressions of α1G, α1H, α1I, m-calpain, μ-calpain and caspase-3, in the treatment group, when 
compared with the control group (p < 0.05). 
Conclusion: Ethosuximide delays mice hearing loss and protects their hearing via a mechanism 
involving blockage of endogenous apoptotic pathways. This mechanism may provide guidance in the 
search for suitable new drugs. 
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INTRODUCTION 
 
Pathological changes in the auditory nerve and 
the central nervous system which are involved in 
the conduction of auditory signals lead to hearing 
impairments collectively referred to as deafness 
[1]. Based on the nature of lesion, deafness is 
divided into conductive deafness, sensorineural 

deafness, mixed deafness and central deafness. 
Sensorineural deafness comprises several kinds 
of deafness such as congenital deafness, 
acquired deafness, senile deafness, and 
traumatic deafness [2]. Senile deafness is one of 
the most common sensory dysfunctions in the 
world.  
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According to audiology studies, men begin to 
experience hearing loss from the age of 45, while 
women experience it later. With advances in 
medical technology, humans now live longer than 
before, but the incidence of senile deafness is on 
the rise due to ageing population [3]. The 
NOD/LtJ mice are ideal for use as experimental 
model of senile deafness. These mice preserve 
intact hearing at birth, but hearing loss occurs 
about 3 weeks after birth, with severe deafness 
at about 13 weeks of age. Some scholars have 
found that anti-epileptic drugs that block T-type 
calcium channels reduce hearing loss due to 
noise-induced deafness [4]. Apoptosis, also 
known as programmed cell death, is a natural 
and physiological process. Apoptosis leads to 
cochlear cell damage, and decreases the 
number of cochlear cells. It has been suggested 
that the greatest potential threat of intracellular 
high calcium concentration is due to the 
activation of calpain activity, which is often an 
early signal of apoptosis, degeneration and 
necrosis [5]. It is thought that an important factor 
causing senile deafness is disorder in Ca2+ 
homeostasis. Disorder in intracellular Ca2+ 
homeostasis is induced by activation of calpain 
and its downstream caspase family. 
Ethosuximide is the drug of first choice for 
treating minor epilepsy; it blocks T-type calcium 
channels, thus conferring protection from senile 
deafness [6]. In this study, NOD/LtJ mice were 
used to investigate the mechanism involved in 
the protection of hearing by ethosuximide. 
 
EXPERIMENTAL 
 
Animals 
 
A total of 40 healthy NOD/LtJ mice provided by 
Guangzhou Saibo Biotechnology Co. Ltd. 
[production license SCXK (Yue) 2017-0001)] 
were used. The mice had mean body weight of 
25 ± 10 g, and were aged 4 - 20 weeks. They 
were bred in the experimental room with 12-h 
light/12-h darkness at average temperature of 25 
± 2 °C and relative humidity of 45 ± 15 %. 
 
This research was approved by the Animal 
Ethical Committee of Department of 
Otolaryngology, Head and Neck Surgery, The 
Second Hospital of Jilin University, Changchun, 
PR China (approval no. 201822385) and 
performed according to "Principles of Laboratory 
Animal Care" (NIH publication no. 85-23, revised 
1985) [7]. 
 
Main equipment and reagents 
 
The major instruments  and reagents used, and 
their suppliers (in brackets) were: optical 

microscope (Beijing Zhongxi Yuanda Technology 
Co. Ltd, model: TS2009); low temperature 
refrigerator (Wuxi Haoze Physical and Chemical 
Equipment Co. Ltd, model no. GY-8050N); 
constant temperature water bath (Shanghai 
Hetian Scientific Instrument Co. Ltd, model no. 
HH-501S); centrifuge (Beckman Coulter, USA, 
Model: Avanti JXN-30/26); electronic balance 
(Shandong Changou Trading Co. Ltd, 
Specification: HZ-A50001) and heating 
thermostat mixer (Shanghai Kesheng Instrument) 
Co. Ltd, Model: DF-101S). The others were PCR 
Amplifier (Shanghai Baqi Industrial Co. Ltd, 
Model: T100); PCR Primer (Shanghai Thermo 
Fisher Scientific Co. Ltd); xylene (Zhang Runxin 
Chemical Zone, Zhangjiagang Free Trade Zone) 
Trading Co. Ltd; anhydrous ethanol (National 
Pharmaceutical Group Chemical Reagent Co. 
Ltd), and ethosuximide (Wuhan Yuanda 
Pharmaceutical Group Co. Ltd, approval number: 
National Pharmaceutical Standard H31020192, 
specification: 0.25 g). 
 
Animal grouping and establishment of animal 
model 
 
NOD/LtJ mice were housed in a low-noise 
environment and tested for their different 
responses to sound stimulation every 3 weeks. 
Two groups of mice were generated: control and 
treatment groups, using the random number 
table method, with 20 mice per group. Mice in the 
observation group were intraperitoneally injected 
with ethosuximide at a dose of 200 mg/kg bwt, 
while control mice were given an equivalent dose 
of normal saline via the same route. Dosing of all 
mice started at week 3, and their body weights 
were measured daily for dose adjustment. Their 
mental states were closely observed. 
 
The mice were intraperitoneally anesthetized and 
fixed on the operation table. During the 
experiment, temperature was maintained at 37 
°C. Brainstem auditory evoked potential 
instrument was used in the experiment. The 
scalp needle of recording electrode was inserted 
in the cranial skin of each mouse, while the 
reference electrode was inserted in the skin 
beneath the enation of the test ear. The 
grounding electrode was connected to the 
contralateral enation. The stimulus sound output 
earphone of the brainstem evoked auditory 
potential meter was placed in the ear canal of the 
mice, and short sound, 8, 16, and 32 kHz were 
used as pure tone stimuli. The average number 
of times of electric potential superposition was 
set to 1024, and the scanning time was 10 min. 
The minimum stimulation intensity corresponding 
to the waveform of distinguishable ABR was 
taken as the threshold value. 
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On completion of the ABR test, the mice were 
subjected to DPOAE test to evaluate the 
functionality of hair cells. The mice were placed 
in a soundproof chamber. A probe of appropriate 
size was placed in the external auditory canal of 
each mouse, and two different sensors were 
selected according to the magnitude of the 
stimulation frequency. The ABR and DPOAE 
tests were performed at 3, 6, and 9 weeks of 
age. 
On completion of ABR and DPOAE tests at the 
9th week, 10 mice in each group were sacrificed. 
Their cochleae were excised, and unwanted 
tissues were removed prior to fixing the cochlea 
in 4% formaldehyde solution. The cochlear 
specimens were taken out after fixation, followed 
by removal of formaldehyde via blotting with filter 
paper. The specimens were washed 3 times in 
phosphate buffer solution, and decalcified in 
decalcification solution for 1 week, before they 
were kept in a 4 °C refrigerator. The cochlea was 
completely stripped under a dissecting 
microscope, and excess connective tissues were 
removed. The basement membrane of the base 
gyrus, the middle gyrus and the apex gyrus of 
cochlea were separated and placed on a glass 
slide, and the excess tissues were washed away. 
The F-actin of the hair cell cilia was stained with 
phalloidin so as to observe the shedding of the 
cochlear hair cell under a microscope. 
 
Cochlear specimens from the two groups of mice 
were subjected to dehydration, embedding in 
wax, and sectioning. Then, the sections were 
stained with hematoxylin and eosin (H & E), and 
the cochlear cells were examined under a light 
microscope. 
 
Determination of relative mRNA expressions 
of apoptosis genes 
 
The cochlear tissues were taken out from the 
refrigerator and 3ml Trizol reagent was added to 
separate the protein from the RNA. Then, the 
mixture was centrifuged in a pre-chilled 
centrifuge tube, and the supernatant was mixed 
with equal volume of 20 % chloroform, and 
shaken vigorously until the solution became 
milky white. The solution was then centrifuged 

after standing, and the supernatant was diluted 
with equal volume of isopropanol and 
centrifuged. The precipitate was used for assay 
of the relative mRNA expressions of α1G, α1H, 
α1I, m-calpain, μ-calpain and caspase-3. 
 
Assessment of treatment indices 
 
The treatment indices assessed were ABR and 
DPOAE, cochlear cell tissue structure, cochlear 
hair cell loss, and the mRNA expressions of α1G, 
α1H, α1I, m-calpain, μ-calpain and caspase-3 of 
mice in the two groups. 
 
Statistical analysis 
 
All data were analyzed using software SPSS 
20.0. Measurement data were compared using 
independent sample t-test, while count data were 
compared using χ2 test. Ranking data were 
compared using Ridit test. Differences were 
assumed to be statistically significant at p < 0.05. 
 
RESULTS 
 
ABR values for mice  
 
The ABR values showed an upward trend in 
control treatment mice groups, but the degree of 
increase was higher in control mice. At 6 and 9 
weeks of age, when the sound stimulation 
frequency values were click, 8, 16 and 32 kHz, 
the ABR values were much lower in the 
observation group than in the control group (p < 
0.05). These results are shown in Table 1. 
 
DPOAE values for mice  
 
At 3 weeks of age, when the stimulation signal 
frequencies were 4422, 8844, 12503, 17692 and 
24990 Hz, the DPOAE values were much lower 
in control than in treatment mice. At 6 weeks of 
age, when the stimulation signal frequencies 
were 4422, 17672, and 24990 Hz, the DPOAE 
values were markedly lower in control mice. At 9 
weeks of age, when the stimulation signal 
frequencies were 8844, 12503, and 17672 Hz, 

 
Table 1: ABR values for mice (mean ± SD) 
 
Group Click (dB) 8kHz(dB) 16kHz(dB) 32kHz(dB) 
Treatment  
(n=20) 

3 weeks 58.68 ± 2.88 68.26 ± 3.54 69.56 ± 2.09 79.51 ± 4.28 
6 weeks 63.29 ± 2.87 73.43 ± 2.66 77.28 ± 3.46 81.53 ± 3.69 
9 weeks 69.74 ± 5.76 76.23 ± 5.87 81.64 ± 2.26 93.19 ± 6.95 

Control  
(n=20) 

3 weeks 59.53 ± 2.14 69.26 ± 2.57 70.21 ± 1.57 80.25 ± 1.66 
6 weeks 71.13 ± 5.26 81.09 ± 1.41 90.27 ± 2.17 89.35 ± 2.45 
9 weeks 85.32 ± 2.79 88.64 ± 2.63 93.49 ± 1.92 106.28 ± .86 
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the DPOAE values were significantly lower in the 
control group than in the observation group. 
However, when the stimulation signal frequency 
was 35344 Hz, the DPOAE value was markedly 
higher in control mice than in treatment mice (p < 
0.05). 
 
Changes in cochlear cell structure of mice  
 
In the control group, the spiral ganglion cells in 
the cochlea were disordered, with much 
reduction in number, condensed nuclei, 
agglutinated chromosomes, and numerous 
vacuoles. The loss of spiral ganglion cells in 
cochlea was markedly decreased in observation 
group, when compared with the control group. 
Cochlear hair cells in control group were 
atrophied and decreased in number, in contrast 
to the observation group, where they were in 
neat arrangement, with significantly lower hair 
cell loss. The loss of hair cells in cochlea was 
decreased in observation group, when compared 
with control group. These results are shown in 
Figure 1. 
 

 
 
Figure 1: Changes in cochlear cell structure of the 
mice in the two groups. A: spiral ganglion cells in the 
cochlea of mice in the control group; B: spiral ganglion 
cells in the cochlea of the mice in the observation 
group; Figure C: cochlear hair cells in mice in control 
group; D: cochlear hair cells in mice in observation 
group 
 
Hair cell loss in mice  
 
Hair cell loss was much more reduced in 
treatment mice than in the control mice, as 
shown in Figure 2. 
 

 
 
Figure 2: Comparison of hair cell loss in mice in the 
two groups. Hair cells in (A) cochlear top gyrus of mice 
in the control group; B: cochlear top gyrus of mice in 
the observation group; C: cochlear middle gyrus of 
mice in the control group; D: cochlear middle gyrus of 
mice in the observation group; E: cochlear base gyrus 
of mice in the control group; F: cochlear base gyrus of 
mice in the observation group 
 
M-RNA expressions of α1G, α1H, α1I, m-
calpain, μ- calpain and caspase-3 of mice 
 
Compared with the control group, the 
expressions of α1G mRNA, α1H mRNA, α1I 
mRNA, m-Calpain mRNA, μ-calpain mRNA and 
caspase-3 mRNA were decreased much more in 
the observation group (p < 0.05), as shown in 
Table 3. 
 
DISCUSSION 
 
Senile deafness is a common neurodegenerative 
disease. Clinically, progressive neurological 
deafness in the elderly is called senile deafness. 
As individuals age, a series of aging signs 
become manifest. 

 
Table 2: DPOAE values for mice in the two groups (mean ± SD, dB SPL) 
 

Index 
Control group (n=20) Treatment group (n=20) 

3 weeks 6 weeks 9 weeks 3 weeks 6 weeks 9 weeks 
4422 3.52 ± 1.61 5.03±1.69 4.52±3.84 5.62±2.13 10.45±1.23 4.52±3.84 
6244 -2.77±3.15 -2.54±3.97 -1.26±2.59 -5.21±6.37 -2.46±3.98 3.75±6.34 
8844 2.14±2.13 3.29±3.15 1.02±2.26 12.17±2.59 3.32±3.11 10.14±3.68 

12503 5.06±0.65 11.68±1.23 11.65±2.33 10.26±3.67 11.73±1.19 14.54±1.21 
17672 3.82±1.27 3.35±0.96 3.64±1.17 6.33±1.28 7.77±2.38 5.79±1.02 
24990 15.25±2.52 6.37±3.11 15.24±2.49 18.84±1.24 15.49±2.11 15.29±2.49 
35344 -13.22±3.49 -10.22±2.67 -15.54±1.25 -13.17±3.46 -10.15±2.58 -7.23±1.55 
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Table 3: mRNA expressions of α1G, α1H, α1I, m-calpain, μ-calpain and caspase-3 of mice in the two groups ±n 
= 10) 
 
Index Control group Treatment group t P-value 
α1G mRNA 1.69±0.43 1.26±0.21 2.842 0.011 
α1H mRNA 2.14±0.19 1.03±0.08 17.027 < 0.001 
α1I mRNA 4.21±0.25 1.37±0.39 19.387 < 0.001 
m-Calpain mRNA 1.53±0.27 1.17±0.17 3.568 0.002 
μ- Calpain mRNA 2.05±0.33 1.18±0.35 5.719 < 0.001 
Caspase-3 mRNA 2.96±0.12 1.35±0.26 17.779 < 0.001 
 
Senile deafness is an auditory dysfunction 
caused by the aging of the auditory system. Due 
to advances in medical science and technology, 
China is experiencing increases in aging 
population, and the incidence of senile deafness 
is increasing year by year. According to statistics, 
the probability of senile deafness in the elderly 
over 75 years old is above 55 % in China [8]. 
Decline in hearing has a serious impact on the 
verbal communication ability of the elderly, 
leading to difficulty in communication with family 
and friends, thereby greatly increasing the risk of 
depression. Many factors predispose to senile 
deafness. These include intrinsic factors which 
consist of genetic factors and systemic factors. 
Apart from intrinsic factors, other factors involved 
are external factors such as environmental noise, 
smoking and drinking, exposure to ototoxic drugs 
and chemical agents, and infections. These 
factors damage the cochlear hair cells, and may 
cause or aggravate development of senile 
deafness. It is currently believed that senile 
deafness can be treated by promoting cochlear 
hair cell regeneration or reducing cochlear hair 
cell loss [9]. Studies have found that the hair 
cells in cochlea promote the release of 
neurotrophic substances and play an important 
role in the survival of spiral ganglion neurons 
[10]. 
 
The NOD/LtJ mouse model is characterized by 
rapid progression of hearing loss with age, which 
may be due to the fact that the cochlear hair cells 
and spiral ganglion cells of the mouse are 
gradually lost from the base gyrus to the top 
gyrus as the mice age. Therefore, the NOD/LtJ 
mouse model is currently the preferred animal 
model for studying senile deafness. Studies have 
shown that mutation in the 753A sub-allelic in the 
Cdh23 gene of NOD/LtJ mouse is responsible for 
defects in hearing function in NOD/LtJ mice [11]. 
Cadherin is a glycoprotein involved in Ca2+--
related cell adhesion and migration. Its adhesion 
or stability may alter the sensitivity of NOD/LtJ 
mice to senile deafness [12]. It has been 
reported that calcium-dependent cell adhesion 
has a serious impact on the integrity of cochlear 
cells [13]. The T-type Ca2+ channels regulate 
intracellular Ca2+, whether the cells are hair cells 
or spiral ganglion cells. The constituent subunits 

of the T-type Ca2+ channel are α1G, α1H, and 
α1I. In the results of this study, ethosuximide 
significantly reduced the expression levels of 
α1G mRNA, α1H mRNA, and α1I mRNA, 
indicating that it specifically blocks T-type Ca2+ 
channels as well as neuronal apoptosis 
pathways. 
 
An acoustic signal discovered by Kemp, DPOAE 
is emitted by the cochlea, and it retrogrades 
along the ossicular chain to the periosteum and 
the external auditory canal. Studies have found 
that the production of DPOAE is closely related 
to hair cell function [14]. Apoptosis is a series of 
gene-mediated changes. During endogenous 
apoptosis, a variety of cellular stress responses 
or apoptotic signals lead to the release of 
apoptosis-related genes by mitochondria. When 
they enter the cytoplasm, they bind to, and 
activate apoptosis protease activator-1, leading 
to simultaneous cascades of downstream 
caspase-3 and caspase-6, which in turn leads to 
apoptosis [15]. In this study, ethosuximide 
markedly inhibited the expression of calpain, and 
prevented cell damage induced by calpain, 
thereby preventing the apoptosis of spiral 
ganglion cells and delaying the hearing loss of 
mice. These findings are consistent with the 
results of Fu et al [16]. 
 
CONCLUSION 
 
Ethosuximide delays hearing loss in mice and 
protects their hearing through suppression of 
endogenous apoptotic pathways which may 
provide guidance in the search for suitable new 
drugs. 
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