
Calpain-2 as a Treatment Target in Prenatal  
Stress-induced Epileptic Spasms in Infant Rats
Hyeok Hee Kwon1,2,4, Chiranjivi Neupane1,5, Juhee Shin1,2, Do Hyeong Gwon1,2,  
Yuhua Yin1,2, Nara Shin1,2, Hyo Jung Shin1,2,3, Jinpyo Hong2,3, Jin Bong Park1,3,5, 

YoonYoung Yi4, Dong Woon Kim1,2,3* and Joon Won Kang1,3,4*
1Department of Medical Science, Chungnam National University, Daejeon 35015, 2Department of Anatomy, School of 
Medicine, Chungnam National University, Daejeon 35015, 3Brain Research Institute, School of Medicine, Chungnam 

National University, Daejeon 35015, 4Department of Pediatrics, Chungnam National University Hospital, Daejeon 35015, 
5Department of Physiology, School of Medicine, Chungnam National University, Daejeon 35015, Korea

https://doi.org/10.5607/en.2019.28.4.529
Exp Neurobiol. 2019 Aug;28(4):529-536.
pISSN 1226-2560 • eISSN 2093-8144

Original Article

Stress can induce a serious epileptic encephalopathy that occurs during early infancy. Recent studies have revealed that prenatal 
stress exposure is a risk factor for the development of infantile spasms. Our previous work demonstrates that prenatal stress with 
betamethasone-induced alterations to the expression of the K+/Cl- co-transporter (KCC2) in gamma-aminobutyric acid (GABA) 
interneurons lowers the seizure threshold in exposed animals. Here, we further investigated the mechanisms involved in this KCC2 
dysfunction and explored possible treatment options. We stressed Sprague-Dawley rats prenatally and further treated dams with 
betamethasone on gestational day 15, which increases seizure susceptibility and NMDA (N-Methyl-D-aspartate)-triggered spasms 
on postnatal day 15. In this animal model, first, we evaluated baseline calpain activity. Second, we examined the cleavage and dephos-
phorylation of KCC2. Finally, we checked the effect of a calpain inhibitor on seizure occurrence. The phosphorylated-N-methyl-D-
aspartate Receptor 2B (NR2B):non-phosphorylated NR2B ratio was found to be higher in the cortex of the prenatally stressed beta-
methasone model. We further found that the betamethasone model exhibited increased phosphorylation of calpain-2 and decreased 
phosphorylation of KCC2 and Glutamic acid decarboxylase 67 (GAD67). After using a calpain inhibitor in prenatal-stress rats, 
the seizure frequency decreased, while latency increased. GABAergic depolarization was further normalized in prenatal-stress rats 
treated with the calpain inhibitor. Our study suggests that calpain-dependent cleavage and dephosphorylation of KCC2 decreased 
the seizure threshold of rats under prenatal stress. Calpain-2 functions might, thus, be targeted in the future for the development of 
treatments for epileptic spasms.
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INTRODUCTION

Epilepsy is a common neurodegenerative disorder, remarkably 
in childhood, and is known to occur in 0.5 to 1% of patients [1]. A 
significant factor affecting epileptic spasms and epilepsy is stress [2, 
3]. Prenatal stress can affect neuronal development and physiolog-
ical dysregulation [4] and can alter the secretion of glucocorticoids 



530 www.enjournal.org https://doi.org/10.5607/en.2019.28.4.529

Hyeok Hee Kwon, et al.

in the hypothalamic–pituitary–adrenocortical (HPA) axis [5]. We 
have previously suggested a possible mechanism by which pre-
natal stress and associated dysfunction of gamma-aminobutyric 
acid (GABA) interneurons via altered expression of the K+/Cl- co-
transporter (KCC2) can contribute to enhanced epileptic spasms 
in a prenatally stressed betamethasone model [6].

Increased calpain expression has been reported in seizures and 
epilepsy [7, 8]. Calpain is a calcium-dependent, non-lysosomal 
cysteine protease that modifies the structure and regulates the 
activity of protein targets by limited proteolysis [9]. Calpain activa-
tion requires an elevated cellular Ca2+ concentration via the activ-
ity of N-Methyl-D-aspartate (NMDA) receptors [10]. Extrasynap-
tic NMDA receptors activate calpain, leading to cell death [11, 12]. 
KCC2 is also known as a substrate of calpain [11].

KCC2 plays critical roles in the generation and maintenance of 
synaptic plasticity [13] and is involved in neuronal chloride regu-
lation [14]. In immature neurons, it maintains a low intracellular 
Cl- concentration that forms the basis for the hyperpolarization 
of the GABAA receptor [15]. However, low expression of KCC2 
induces high intracellular Cl- concentration and depolarization of 
the GABAA receptor response during development [16].

According to recent reports, KCC2 is related to febrile seizure, 
idiopathic generalized epilepsy, and infantile spasms [6, 17]. It has 
been demonstrated to lead to deficits in neuronal Cl- extrusion 
capacity. A series of experiments indicated that increased neuronal 
activity leads to calpain-mediated cleavage of KCC2, resulting in 
a relief in diffusion constraints and subsequent dispersal of KCC2 
clusters [13]. Furthermore, Chamma et al. [13] used a phosphomi-
metic KCC2 S940D mutant that was found to prevent the activity-
induced dephosphorylation-dependent endocytosis and degrada-
tion of KCC2.

Here, we use rats primed with the synthetic corticosteroid be-
tamethasone to investigate the relationships between epileptic 
spasm-associated molecular markers, including calpain activ-
ity, total KCC2 protein levels, phosphorylated KCC2 levels, and 
KCC2 cleavage. By using electrophysiological methods, we further 
demonstrated that a calpain inhibitor may serve as a target for the 
treatment of epileptic spasms.

MATERIALS AND METHODS

Animals

Pregnant Sprague-Dawley rats purchased from Samtako Bio 
Korea (Osan, Korea) were housed at 23℃ under a controlled 12 
h:12 h light:dark cycle with light on at 08:00. Food and water were 
accessible ad libitum . All experiments were carried out with the 
approval of the Animal Care and Use Committee at Chungnam 

National University (CNU-00789) and were consistent with the 
ethical guidelines of the National Institutes of Health. This study 
used previously established prenatal maternal stress models [6, 
18, 19]. Prenatal betamethasone injection priming was used with 
postnatal NMDA-triggered spasms. Pregnant rats were randomly 
divided into two groups of six rats each. Pregnant rats received ei-
ther intraperitoneal (i.p.) injections of two doses of betamethasone 
(0.4 mg/kg at 09:00 and 19:00) or vehicle control (normal saline) 
on gestational day 15 (G15) [18, 19]. Resultant offspring, regard-
less of sex, were divided into two groups and administered with 
NMDA (15 mg/kg i.p.) on postnatal day 15 (P15). After NMDA 
administration, their behavior was observed for 75 min. Spasms 
were defined by a high degree of flexion (i.e., head and trunk 
flexion, forelimb, hind limb, and hip flexion). Latency of spasms is 
the time duration from NMDA injection to the first spasms. We 
recorded the latency from NMDA administration to the onset of 
any spasms, as well as the total number of spasms, during this 75 
min observation period after NMDA injection.

MDL-28170, a calpain-2 inhibitor was used [11]. Rats received 
intraperitoneal (i.p.) injection of MDL-28170 (20 mg/kg) or 
DMSO vehicle twice daily (at 09:00 and 19:00), from postnatal day 
7 to 15.

All studies conducted herein were approved by our institutional 
animal use committee. Furthermore, the authors considered all 
guidelines outlined in the ARRIVE guidelines and Basel declara-
tion, including the 3R concept, when planning these experiments.

Antibodies and reagents

All commercial antibodies and reagents were purchased from the 
following sources: NR2A (1:500; AB1555P), NR2B (1:1000; #06-
600), KCC2 (1:1000, #07-432), and GAD67 (1:1000, MAB5406) 
were purchased from Millipore (Billerica, MA, USA). NR2B-phos-
pho S1303 (1:1000; ab81271) and KCC2-NTD (1:1000, ab107452) 
were purchased from Abcam (Cambridge, MA, USA). Calpain-1 
(1:1000, #2556S) and calpain-2 (1:1000; #2539S) were purchased 
from Cell Signaling Technology (Danvers, MA, USA). KCC2-
phospho S940 (1:1000; p1551-940) was purchased from Phos-
phosolutions (Aurora, CO, USA). β-actin (1:10000, A5316; Sigma-
Aldrich, St. Louis, MO, USA) was used as a loading control. Goat 
anti-rabbit IgG-HRP (1:5000, #LF-SA8002) and goat anti-mouse 
IgG-HRP (1:5000, #LF-SA8001) were purchased from AbFron-
tier Co., Ltd. (Seoul, Korea). N-Methyl-D-aspartic acid (NMDA) 
(M3262) and MDL-27180 (M6690) were purchased from Sigma-
Aldrich.

Western blot analysis

The whole cortex from each of the P15 pups (n=8) of each group 
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was dissected and homogenized in PRO-PREPTM Protein Extrac-
tion Solution (iNtRON Biotechnology Inc., Korea). After centrifu-
gation (13,000 rpm, 15min and 4℃), protein concentrations in the 
supernatants were determined using Micro BCA protein assay kit 
(Pierce Chemical, TX, USA) with bovine serum albumin used as 
the standard. Aliquots containing 30 μg of protein were resolved 
by 8% or 10% SDS polyacrylamide gel electrophoresis and trans-
ferred onto nitrocellulose membranes. For immunoblotting, mem-
branes were incubated in 5% skimmed milk prepared in TBS-T 
(0.1% Tween-20 in TBS) for 1 h to block non-specific binding sites, 
followed by incubation with respective primary antibodies. Mem-
branes were then washed three times for 10 min each in TBS-T, 
followed by incubation for 1 h with respective horseradish peroxi-
dase-labeled secondary antibodies (AbFrontier Co., Ltd.) of 1:5000 
dilution prepared in ProNATM 5X Phospho-BLOCK Solution 
(TransLab, Daejeon, Korea). After three further washes, immuno-
labeled proteins were detected using a SuperSignal enhanced che-
miluminescence kit (Pierce Chemical) and ChemiDocTM Touch 
Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Three individual samples from the whole cortex at P15 were used 
for western blot analysis.

Calpain activity assay

Total nine betamethasone rats and nine control rats were used. 
The Calpain–Glo Protease Assay (Promega, CA, USA) was used 
to check the calpain activity in whole cortex lysate (5 μg) accord-
ing to manufacturer’s instructions. Protein concentrations were 
measured using BCA assay kit (Pierce Chemical) with BSA as the 
standard. Calpain activity was measured by luminoskan ascent 
luminometer (Thermo scientific).

Electrophysiology and data analysis

Electrophysiological recordings were obtained from acutely 
prepared coronal brain slices containing cortical neurons. P14 rats 
were anesthetized with avertin (250 mg/kg, i.p.) (Sigma Aldrich) 
before decapitation. Brains were quickly separated and coronal 
hippocampal slices (300 μM) were prepared using Vibrotome 
(Leica VT 1200S; Leica, Germany). Sectioned slices were incu-
bated in artificial cerebrospinal fluid (aCSF) at 34℃ for 1 h before 
use. aCSF consists of NaCl (126 mM), NaHCO3 (26 mM), KCl (5 
mM), NaH2PO4 (1.2 mM), D-glucose (10 mM), CaCl2 (2.4 mM), 
and MgCl2 (1.2 mM), pH 7.3~7.4 (300~315 mOsm/kg). Slices 
were continuously bubbled with mixture of 95% O2 and 5% CO2 

from the beginning to the end of the recording. Sectioned slices 
were transferred to the recording chamber continuously perfused 
with aCSF with flow rate of 3~4 ml/min at 32~34℃. For perfo-
rated patch-clamp recording, gramicidin (Sigma Aldrich) was 

first dissolved in dimethyl sulfoxide (DMSO) (3.5 mg/ml) and 
then diluted to 3.5 μg/ml. Patch pipettes were dipped in to the 
diluted gramicidin and filled with internal solution containing K-
gluconate (130 mM), KCl (10 mM), HEPES (10 mM), EGTA (10 
mM), Mg2+ ATP (5 mM), and MgCl2 (0.9 mM), pH 7.3~7.4. Stable 
holding level obtained after 5 to 10 min of gigaseal formation 
corresponds to the resting membrane potential. Series resistance 
was monitored from the beginning to the end of the experiments. 
Currents were acquired using Axopatch 200B (Axon instruments, 
Foster City, CA, USA), filtered at 1 kHz, and digitized at 10 kHz 
(Digidata 1400A, pClamp 10.2 software). Quantitative data are 
expressed as mean±SEM. Student's t -test was used for statistical 
analysis.

Statistical analysis

We used the NIH image analysis software (ImageJ) to assess 
immunoblots quantitatively using densitometry detection meth-
ods. The statistical analysis of immunoblot was performed using 
the Mann-Whitney U-test. From animal experiments, resulting 
quantitative data across the groups were analyzed using analysis 
of variance (ANOVA). The Newman-Keuls method was used for 
post-hoc analyses. A p-value of less than 0.05 was considered as 
statistically significant. All statistical analyses were conducted us-
ing the Prism 5.0 software (GraphPad, San Diego, CA, USA).

RESULTS

Epileptic spasms were triggered by NMDA in the betameth-

asone model

We used a rat model of G15 exposure to betamethasone to 
investigate NMDA-induced spasms [6, 18, 19]. To determine 
whether there is a prenatal stress effect on the susceptibility to 
NMDA-induced spasms, we measured the frequency of spasms 
and latency to spasms in NMDA-treated P15 rat offspring and in 
age-matched controls. The limitation of our model is that it does 
not induce spontaneous spasms. The frequency of spasms was 
visibly increased in infant rats exposed to betamethasone (mean 
number in controls±SD: 63.17±13.42, p<0.0001, mean number in 
betamethasone-exposed animals±SD: 152.83±40.59, p<0.0001) 
(Fig. 1A). In addition, the latency to the onset of spasms was de-
creased in the betamethasone-exposed animals [mean latency (sec) 
in controls±SD: 1574.67±234.65, mean latency in betamethasone-
exposed animals±SD: 986.17±289.83, p<0.0001] (Fig. 1B).
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Increased phosphorylation of NMDA receptor 2B and cal-

pain may suggest a role of calpain-2 in the increased sus-

ceptibility of spasms

To measure alterations to NMDA receptors in the whole cortex 

of betamethasone-exposed rats, we measured levels of NR2A, 
NR2B, and phosphorylated-NR2B (S1303) proteins (Fig. 2). In-
crease in NR2A and NR2B ratio results in maturation and changes 
of NMDA receptor properties [20]. Levels of NR2A were signifi-
cantly decreased (p<0.01, p=0.0022) with betamethasone. The 
phosphorylated-NR2B:non-phosphorylated NR2B ratio in the 
cortex was significantly increased (p<0.01, p=0.0022) with beta-
methasone.

In accordance with the increased Ca2+ that might be expected 
with NMDA receptor alterations, calpain-2 levels were also sig-
nificantly increased in the whole cortex upon betamethasone 
treatment (Fig. 3A). However, the level of calpain-1 did not in-
crease (Fig. 3B). We further examined expression of p35/25 (Fig. 
3B). Since cleavage of p35 to p25 induces neurotoxicity, we found 
significantly increased levels of p25 in betamethasone model rats 
(p<0.01, p=0.0022). Increased calpain-2 in this betamethasone 
model indicates increased susceptibility to seizures via calpain-2 
(p<0.05, p=0.0260) (Fig. 3B). The calpain enzyme activity was in-
creased in the betamethasone model rats (p<0.05, p=0.0260) (Fig. 
3B).

Fig. 1. NMDA-induced spasms were increased in rat offspring following 
prenatal exposure to betamethasone. Frequency (per hour) (A) and laten-
cy (second) (B) to the onset of flexion spasms induced by intraperitoneal 
NMDA administration were measured in control and betamethasone-
treated P15 animals. (A) Frequency of spasms was increased in the off-
spring prenatally exposed to betamethasone, compared to that in control. 
(B) Latency to the onset of spasms was decreased in betamethasone-
treated P15 animals compared to the control. Statistical significance was 
assessed by one-way ANOVA. Error bars denote SEM (***p<0.001, n=6 in 
each).

Fig. 2. NMDA receptors in the whole cortex of betamethasone-treated infant rats. The protein level of NMDA receptor 2A was decreased in the beta-
methasone model. The phosphorylated-NR2B:NR2B ratio was increased upon betamethasone exposure. Statistical significance was assessed using the 
Mann-Whitney U-test. Error bars denote SEM (**p<0.01, n=8 in each).

Fig. 3. Calpain-1/Calpain-2 in betamethasone-treated infant rats. Calpain-2 was increased upon betamethasone exposure, whereas calpain-1 was not. 
p25 levels were increased upon betamethasone exposure. Calpain activity was increased in betamethasone model rats. Statistical significance was as-
sessed using the Mann-Whitney U-test. Error bars denote SEM (*p<0.05, **p<0.01, n=8 in each).
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Decreased KCC2 by calpain-2 in the betamethasone model 

rats

KCC2 is a known substrate of calpain [11]. Given this, we in-
vestigated the cleavage of KCC2 by calpain. We measured the 
level of phospho-KCC2 (p<0.01, p=0.0087), total KCC2 (p<0.01, 
p=0.0087), and GAD67 (p<0.01, p=0.0022) protein expression and 
found that all protein levels were decreased in the whole cortex of 
betamethasone model rats (Fig. 4A and 4B). In addition, we found 
a decrease in protein size due to cleavage of KCC2 (Fig. 4C).

Inhibition of calpain in the betamethasone model rats

To investigate the effect of calpain-2 inactivation, we applied 
MDL-28170 (MDL) to our betamethasone model rats [8, 11]. 
We measured the latency (sec) to the onset of spasms after co-
treatment with MDL in the P15 betamethasone model rats and 
observed an increased latency to the onset of spasms after this co-
treatment (Fig. 5A and 5B). The Frequency of spasms was also 
decreased in offspring prenatally exposed to betamethasone and 
betamethasone+MDL compared to that of control group (Fig. 
5C).

In addition, reduced KCC2 protein level and increased ratio 
of p35/25 were recovered in MDL-28170 administration group 
(Supplementary Fig. 1).

Furthermore, gramicidin perforated-patch clamp recordings 
were performed in cortical neurons from control, betamethasone, 
and betamethasone+MDL model rats (Fig. 5D). The mean rest-

ing membrane potentials (±SEM) in control, betamethasone, and 
betamethasone+MDL models were -53.63±1.69 mV, -53.65±2.36 
mV, and -57.06±2.01 mV, respectively. Bath application of GABA 
(100 μM) caused significantly larger depolarization of membrane 
potential in the betamethasone (8.66±1.32 mV, n=4) model com-

Fig. 4. The cleavage and phosphorylation of KCC2 in betamethasone-
treated infant rats. The levels of phospho-KCC2, KCC2, and GAD67 were 
decreased, while KCC2 cleavage was increased upon betamethasone ex-
posure. Statistical significance was assessed using the Mann-Whitney U-
test. Error bars denote SEM (**p<0.01, n =8 in each).

Fig. 5. NMDA-induced spasms in betamethasone and calpain inhibitor-
treated infant rats. The latency (sec) to the onset of flexion spasms 
induced by intraperitoneal NMDA was measured in control, beta-
methasone, and betamethasone+MDL treated P15 rats. The latency to 
the onset of spasms was increased in the offspring prenatally exposed to 
betamethasone+MDL compared to that of control and betamethasone 
group offspring. However, the frequency of spasms was decreased in 
the offspring prenatally exposed to control and betamethasone+MDL 
compared to offspring exposed to betamethasone. Statistical significance 
was assessed by one-way ANOVA. Error bars denote SEM (**p<0.01, 
***p<0.001). Representative current traces showing the depolarization 
of membrane potential by the application of GABA (100 µM) in control, 
betamethasone treated, and betamethasone+MDL treated groups, ar-
ranged from top to bottom (D). Summarized bar graph showing mean of 
depolarization of membrane potential (E). Summarized data are shown 
as mean±SEM (**p<0.01, ***p<0.001 compared to respective controls, 
n=4~8 in each).
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pared to that in control (4.40±0.53 mV, n=7, p=0.001). In addition, 
MDL co-treated with betamethasone reversed the membrane 
depolarization (5.15±0.36 mV, n=8, p=0.006 compare to beta-
methasone) to almost the control level. These data suggested that 
infantile spasms induced due to GABA-induced membrane depo-
larization might be prevented by using an inhibitor of calpain-2 
(MDL-28170).

DISCUSSION

Infantile spasms is an epileptic encephalopathy that occurs in 
infancy and affects the development of children [21]. While com-
mon epilepsy treatment methods are used for it, it often remains 
intractable [22]. Epilepsy has several known etiologies, but the 
association between prenatal stress and epilepsy remains poorly 
understood. Our previous work demonstrated that prenatal stress 
causes a decrease in KCC2 function in GABAergic interneurons 
and consequently affects seizure susceptibility in animals [6]. In 
the present study, we investigated the causes of KCC2 dysfunction 
and studied treatment methods for targeting this dysfunction in 
the context of seizure treatment.

In the brain, calpain over-activation is generally found after exci-
totoxic conditions including physical trauma or a neurochemical 
challenge [23]. Calpain-mediated cleavage of proteins is required 
for proper brain function and is a main component of the cellular 
damage cascade that often follows excitotoxic events [23, 24]. Cal-
pain activation requires elevated cellular Ca2+ concentration via 
altered NMDA receptor transport [10]. The extrasynaptic compo-
nent of the NMDA receptor is composed of a NR1/NR2B subunit. 
NR2A is highly expressed in synaptic NMDA receptors and NR2B 
is expressed in extrasynaptic NMDA receptors [25]. The NMDA 
receptor is also known to be present in GABAergic interneurons 
and alterations to its activity in these neurons has been associated 
with brain abnormalities and psychopathology [26]. For example, 
research on schizophrenia has demonstrated that a functional 
abnormality in the NMDA receptor affects the function of GAB-
Aergic interneurons, possibly leading to disease. Decreased NR2A 
expression can reduce GAD67 expression and, thus, drive the 
abnormal development of GABAergic interneurons [27]. Here, we 
investigated NR2A, NR2B, phospho-NR2B, and GAD67 expres-
sion profiles to more closely evaluate the disruption of interneuron 
systems. In the present study, a reduction of NR2A and GAD67 
was also found in prenatally stressed rats, which may in turn af-
fect the function of GABAergic interneurons more broadly. The 
phosphorylated NR2B:NR2B ratio and calpain-2 level and activity 
were increased in prenatal stress animals, which we infer is due to 
elevated cellular Ca2+ concentrations.

Alterations in Ca2+ homeostasis lead to persistent and pathologic 
over-activation of calpain in a number of neurodegenerative dis-
eases [28]. For example, calpain activation has been found to be 
excessive in neurological diseases including epilepsy [29-31]. In 
particular, calpain-specific cleavage of Cyclin-dependent kinase 5 
(Cdk5), a proline-directed serine/threonine cyclin-dependent ki-
nase, -p35 to p25 has been implicated in the neurological damage 
seen in many neurological disorders because they are associated 
with neuronal migration, synaptic activity, and cell survival and 
development [32, 33]. Calpains have long been implicated in neu-
ronal cell death and injury, including that resulting from excessive 
excitotoxicity. For example, Putkonen et al. reported that kainic-
acid (KA) produced a dose-dependent increase in intracellular 
Ca2+ concentration and calpain activity, followed by the induction 
of Cdk5 phosphorylation and Cdk-p35 cleavage, which are be-
lieved to be involved in KA-mediated degeneration of glutamater-
gic synapses in the rat hippocampus [34]. Echoing these results, in 
the prenatal stress model rats examined here, calpain-2 levels were 
increased, as was the cleavage of p35 to p25.

KCC2 plays a critical role in the generation and maintenance of 
synaptic plasticity [7, 35]. For example, it is critically involved in 
neuronal chloride regulation [36]. In immature neurons, KCC2 
maintains low intracellular Cl- concentration, forming the basis 
for the hyperpolarizing effect of GABAA receptors [8]. However, 
during development, KCC2 regulates low intracellular Cl- concen-
tration and leads to a depolarizing GABAA receptor response [37]. 
According to the recent reports, KCC2 expression is related to fe-
brile seizure, idiopathic generalized epilepsy, and infantile spasms 
[8, 38, 39]. Alterations to KCC2 have further been demonstrated 
to lead to deficits in neuronal Cl- extrusion capacity [6]. Increased 
neuronal activity leads to calpain-mediated cleavage of KCC2, 
resulting in a relief in protein diffusion constraints and subsequent 
dispersal of KCC2 clusters [11, 40]. Furthermore, Chamma et al. 
[13] used a phosphomimetic KCC2 S940D mutant that was found 
to prevent the activity-induced dephosphorylation-dependent 
endocytosis and degradation of KCC2.

Our previous work found that KCC2 activity is reduced under 
prenatal stress. As a result, GABAergic neurons show character-
istics of excitation, which lead to increased seizure susceptibility. 
In this study, we found that the activity of KCC2 is decreased by 
an increase in calpain. We further found that dephosphorylation 
and cleavage of KCC2 were increased. In other words, GABAergic 
neurons were rendered excitatory by the effects of calpain-2. This 
indicates that calpain may be relevant to potential treatment mo-
dalities for seizure.

Many calpain inhibitors have been shown to induce anti-epilep-
tic effects [41]. We assumed here that MDL-28170 could also af-
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fect calpain activity and, therefore, investigated the cleavage of the 
representative calpain substrate protein in prenatal-stress rats. We 
found that the prenatal betamethasone exposure-enhanced Cdk5-
p35 cleavage to p25 was significantly blocked by i.p. administra-
tion of MDL-28170. Total number of seizures was decreased and 
latency to spasms was increased upon MDL-28170 administra-
tion. Based on these results, we suggest that a calpain-2 inhibitor 
produces anti-epileptic effects via calpain inhibition.

One of the limitations of this study is that this betamethasone 
model does not exhibit spontaneous seizures. However, in other 
studies that used a similar model, results from EEG and drug 
response tests were found to be aligned with those for infantile 
spasms endophenotypes in humans [39, 42]. Another potential 
limitation of the present study is that it is difficult to quantify stress 
accurately. Further studies, using more precise measures of stress 
levels in animals and humans are, thus, needed to better under-
stand the role of prenatal stress in driving offspring seizure risk.
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