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ARTICLE INFO ABSTRACT
Keywords: Seizure is associated with pathological changes of hippocampus, but the mechanism by which
Epilepsy hippocampal neuronal apoptosis promotes epilepsy is unclear. Our previous study showed that

Lithium chloride-pilocarpine model

the expression of NHE-1 was increased in epileptic model rats. Therefore, this study further ex-
Sodium-hydrogen exchanger-1

plores the effect of NHE-1 on hippocampal cells apoptosis and seizure in lithium chloride-

Calpainl

He.i pain pilocarpine epileptic model rats. First, we established a lithium chloride-pilocarpine induced
ippocampal . . . . S .

Apoptosis epileptic rat model and detected the expression of NHE-1, calpainl and apoptosis in the hippo-

campus. Then, we further down-regulated NHE-1 to observe the expression of calpainl and
apoptosis in the hippocampus, as well as its effect on seizures in rats. We found that the
expression of NHE-1 and calpainl and apoptosis in the hippocampus was significant increased in
the model group. After down-regulating NHE-1, the expression of calpainl was decreased, and
hippocampal cell apoptosis was alleviated. In addition, down-regulation of NHE-1 reduced the
frequency and duration of seizures in epileptic rats. Therefore, hippocampal NHE-1 over-
expression is closely related to the development of neuronal apoptosis in a rat model of epilepsy,
and downregulating NHE-1 expression can reduce cell apoptosis. Moreover, the NHE-1/calpainl
signaling pathway may be an important mechanism leading to hippocampal cell apoptosis.

1. Introduction

Epilepsy is a common chronic central nervous system disease caused by abnormal discharge of brain neurons. According to
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epidemiological data, there are about 70 million epileptic patients worldwide [1]. Currently, treatment of patients with epilepsy is
mainly based on anti-seizure medications. However, approximately one-third of patients are considered to have drug-resistant epilepsy
(DRE) [2,3]. Several studies have reported that postoperative specimens from patients with DRE have characteristic pathological
features, such as neuronal loss, hippocampal sclerosis, glial cell proliferation, and synaptic remodeling. Among these features, hip-
pocampal sclerosis is one of the most common pathological changes of DRE [4-7]. Neuronal loss and hippocampal sclerosis are closely
related to neuronal apoptosis and necrosis. It has been reported that recurrent seizures led to neuronal loss through apoptosis and
necrosis, resulting in hippocampal sclerosis, which in turn promotes the progression of epilepsy [8,9]. Therefore, we believe that
reducing apoptosis can also complement anti-epileptic drug therapy.

Sodium hydrogen exchanger-1 (NHE-1), is widely distributed in the nervous system and is a cell membrane protein [10,11]. The
main function of NHE-1 is to prevent excessive intracellular acidification, regulate intracellular pH, and maintain the intracellular
acid-base balance by exchanging intra- and extracellular levels of H" and Na™ [12]. It is activated by many components, such as growth
factors, hormones, mechanical stress, intracellular acidification, and hypoxia [13]. Under acidosis and hypoxic conditions, as NHE-1
becomes activated, H is eliminated, Na* is internalized into the cell, and Na* overload stimulates the Na*/Ca?*exchanger (NCX) to
increase intracellular Ca®" concentration, which triggers a series of downstream molecular changes in calcium signaling [14,15].
Previous research has reported that NHE-1 was increased in the hippocampal CA1 region after ischemia-reperfusion injury in a gerbil
model, and that ischemic injury to neurons in the hippocampal CA1 region was reduced after the use of NHE-1 inhibitors [16]. NHE-1
inhibitors have also been reported to reduce neuronal death after cerebral ischemia, and to have a neuroprotective effect on
ischemic-hypoxic brain injury [17].

Calpain has been found to be overexpressed in postoperative specimens from patients with DRE [18]. Calpain constitutes a group of
calcium-activated protein hydrolases that are involved in apoptosis of epileptic neurons [19]. These studies suggest that NHE-1 and
calpain may participate in the development of epilepsy. However, the mechanism of NHE-1 in the development of epilepsy models is
unclear. Combined with previous studies, we hypothesized that seizures may activate NHE-1, which leads to neuronal apoptosis by
activation of calpain. Based on this possibility, in the present study, we determined the effect of modulating NHE-1 on apoptosis of
hippocampal neurons.

2. Experimental design
2.1. Expression characteristics of NHE-1, calpainl, and apoptosis in model groups

Thirty healthy adult male Sprague Dawley (SD) rats were selected and randomly divided into a control group (n = 15) and a lithium
chloride-pilocarpine epileptic model group (n = 15), three rats died during the model construction, finally rats of the model group were
12. Epileptic seizures in rats were recorded using 24h continuous video monitoring. Inmunohistochemistry, immunofluorescence, RT-
gPCR, and western blotting were used to detect the expressions of NHE-1 and calpainl in the hippocampus of rats, and cell apoptosis
was detected by hematoxylin & eosin (HE) staining, TUNEL staining, and electron microscopy.

2.2. Transfection of lentivirus in SD rats

Fifteen healthy adult male SD rats were randomly divided into five groups: a control group, LV-empty group, LV-NHE-1 7 d, LV-
NHE-1 14 d, LV-NHE-1 21 d, each group consisted of three rats. Control group was injected with phosphate-buffered saline (PBS). LV-
empty group was shRNA injected with lentivirus empty vector (GENE, Shanghai, China) into the hippocampus. LV-NHE-1 7 d, LV-
NHE-1 14 d and LV-NHE-1 21 d were bilaterally stereotaxically injected with NHE-1-silencing shRNA (GENE, Shanghai, China)
into the hippocampus.

2.3. Effects of NHE-1 downregulation on calpainl and apoptosis

Sixty adult healthy male SD rats were randomly assigned to the following four groups by a random number table: LV-NHE-1 with
epilepsy group (LV-NHE-1+EP, n = 15), LV-empty with epilepsy group (LV-empty + EP, n = 15), the epilepsy group (EP, n = 15), and
the control group (n = 15). Rats in the LV-NHE-1+EP and LV-empty + EP group rats were bilaterally stereotaxically injected with NHE-
1-silencing shRNA lentivirus (GENE, Shanghai, China) and shRNA lentivirus empty vector (GENE, Shanghai, China)) into the hip-
pocampus. The EP group and control group were injected with the same dose of PBS. According to the lentivirus transduction effi-
ciency, epilepsy models were established by lithium chloride-pilocarpine after 2 weeks of lentiviral transduction. In establishing an
epilepsy model, three rats died in the LV-NHE-1+EP group, two rats died in the LV-empty + EP group, three rats died in the EP group.
Epileptic seizures in rats were recorded using 24-h continuous video monitoring. The kindling rate and spontaneous recurrent seizures
for 2 weeks were recorded in rats after successful models were obtained. The hippocampal tissues were obtained after 2 weeks and used
for immunoblotting, RT-qPCR analysis, immunohistochemistry, and TUNEL staining.

3. Materials and methods
3.1. Animals and ethics

A total of 105 male SD rats, 6-8 weeks (200—240 g), were provided by the Laboratory Animal Center of Guizhou Medical
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University (Guizhou, China). The animals were housed in a room with a temperature of 22 + 2 °C, humidity of 50-70%, and a 12-h
light/dark cycle. Rats were raised in single cages and provided with standard chow diet and water ad libitum. All animals care and
experiments were conducted in accordance with the Guidelines for Animal Experiments of Guizhou Medical University.

3.2. Modeling of lithium chloride-pilocarpine

According to the lithium chloride-pilocarpine model [20], rats were first intraperitoneally (i.p.) injected with lithium chloride (127
mg/kg, Sigma-Aldrich, St. Louis, MO, USA) and pilocarpine (35 mg/kg, Sigma-Aldrich) 16-18 h later. Before 30 min pilocarpine
injection, rats were given atropine (1 mg/kg, Aladdin-Holdings Group, Beijing, China) to block the peripheral effects of pilocarpine
[21]. Rat convulsions were graded according to the Racine scale [22]. When grade IV or V appeared, it was considered as a generalized
seizure, and regarded as status epilepticus (SE). When the duration of onset was 60 min or more, the kindling was deemed successful
and stimulation was immediately stopped. Seizures were terminated using diazepam (7.5 mg/kg, i. p.) when rats experienced class IV
seizures for 60 min. The control group was treated (i.p.) with the same dosage of saline.

3.3. Stereotactic intrahippocampal injection

The rats were anesthetized using diazepam using peritoneal injections, and fixed on the brain stereo-positioning instrument. Ac-
cording to the standard rat stereotaxic atlas [23], we set the anterior fontanel as the origin, 3.0 mm backward of the anterior fontanelle,
2.2 mm aside the sagittal slit, and 3.5 mm under the dura mater. A microsampler with a capacity of 5 pL was fixed to the microinjector
pump of the stereotyper, and then injected slowly at a rate of 0.3 pL/min, with a total of 3 pL injected at each point. After completion,
the scalp was carefully sutured and disinfected, and the rats were placed on a bench with a constant temperature of 37 °C until they
awakened. All rats were given penicillin (0.3 mL/100 g) i. p. For the first 3 days after lentivirus injection to prevent infection.

3.4. HE staining

After the rats were anesthetized, they were intracardially perfused with fixative (4% paraformaldehyde). Then, the brain tissue was
collected and soaked in fixative for 12 h. Specimens were dehydrated and immersed in wax and were then sliced to a thickness of 5 pm
for subsequent experiments. Then, paraffin sections were dewaxed with xylene and dehydrated with gradient alcohol. The sections
were then washed with flowing water. The rat sections were stained with hematoxylin (Sigma-Aldrich) for 5 min, and washed with
running water, differentiated with 1% hydrochloric acid ethanol for 3 s, and washed again in water. Slices were then stained with eosin
for 2 min and then washed with running water for 30 s, followed by washing with distilled water for 3 s. Sections were then dehydrated
with alcohol gradient, and were mounted with neutral gum and observed using a light microscope.

3.5. Transmission electron microscopy

Fresh hippocampal tissues were fixed with 2.5% glutaraldehyde for 24 h. Samples were then rinsed three times with 0.1 M
phosphate buffer for 15 min each, and fixed with 1% phosphoric acid buffer at room temperature for 2 h. The samples were then
washed with running 0.1 M phosphate buffer. Samples were then dehydrated through a series of graded alcohols for 15 min each. The
tissues were treated with acetone:812 embedding agent (1:1), and with 812 embedding agent, both for overnight, and then baked at
60 °C for 4 h for polymerization of the embedding resin. Subsequently, ultrathin sections of 60-80 nm were cut. The slices were stained
using 2% uranium acetate saturated alcohol solution and lead citrate for 15 min, respectively, and then dried overnight at room
temperature. Slices were observed and captured as images using transmission electron microscopy.

3.6. Immunocytochemistry

Preparation of tissue sections was the same as for the previously described for HE staining. EDTA repair solution was used for
antigen retrieval of tissue sections. Then, the sections were washed with PBS (pH 8.0). The sections were then incubated with 3%
hydrogen peroxide to block endogenous peroxidase. Subsequently, the slides were incubated with normal goat serum (Jingiao Bio-
Technology, Beijing, China) to block nonspecific antigens for 30 min at 37 °C, then the slides were incubated with rabbit anti-rat
NHE-1 (1:100; Abcam, Cambridge, MA, USA) and rabbit anti-rat calpainl (1:100; Abcam) overnight at 4 °C. After washing three
times with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody for 2 h at
room temperature. Staining was performed using a chromogenic substrate, 3,3"-diaminobenzidine (DAPI) (Sigma-Aldrich), followed
by counterstaining with Harris hematoxylin (Sigma-Aldrich), dehydration, and mounting. Images were captured using a fluorescence
microscope and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

3.7. Immunofluorescence

Preparation of tissue sections was the same as the previously described HE staining. Paraffin sections were dewaxed, rinsed, boiled,
and then treated with normal goat serum (Boster Biological Engineering, Wuhan, China) for 30 min at 37 °C, then mixed primary
antibodies were added dropwise and incubated overnight at 4 °C. The mixed primary antibodies were rabbit anti-rat NHE-1 (1:100;
Abcam), rabbit anti-rat calpainl (1:100; Abcam), mixed with mouse anti-rat Neun antibody (1:100; MilliporeSigma, Darmstadt,
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Germany). The next day, specimens were incubated with mixed antibodies of FITC-labeled goat anti-rabbit secondary antibody (1:100;
Boster Biological Engineering) and TRITC-labeled goat anti-mouse secondary antibody (1:100; Boster Biological Engineering) mixed
antibodies for 1 h at 37 °C in the dark. After rinsing with PBS, for nuclear staining, the slides were incubated with 4',6-diamidino-2-
phenylindole (Shanghai Biyuntian Biological Co.,Ltd, Shanghai, China) in the dark, then mounted with 50% glycerol. Finally, the
images were captured using a fluorescence microscope and analyzed using ImageJ software.

3.8. Western blotting

Total protein from hippocampal tissues was extracted and protein concentration was determined using a BCA kit (Shanghai
Biyuntian Biological Co.,Ltd, Shanghai, China). Specifically, 40 pg of total protein was resolved by SDS-PAGE (8%), and then trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Burlington, MA, USA). The PVDF membranes were blocked by
incubating with 5% bovine serum albumin at room temperature for 1.5 h, then the PVDF membrane was incubated with the corre-
sponding primary antibodies overnight at 4 °C, including rabbit polyclonal anti-NHE-1 (1:1000; Abcam), rabbit monoclonal anti-
calpainl (1:1000; Abcam), and rabbit polyclonal anti-GAPDH (1:1000; Hangzhou Goodhere Biotechnology, Hangzhou, China). The
next day, the primary antibodies were washed, and the NHE-1, calpainl, and GAPDH PVDF membranes were incubated in HRP-linked
goat anti-rabbit secondary antibody (1:50,000; Boster Biological Engineering, Wuhan, China) for 2 h at room temperature. Finally, the
protein bands were developed with ECL reagent (Pulilai Gene Technology, Beijing, China). Film grayscale values were analyzed with
BandScan, and GAPDH was used as an internal reference.

3.9. RT-qPCR

Total RNA was extracted from rat hippocampal tissue using TRIzol reagent (Ambion, Austin, TX, USA). The extraction procedure
was performed according to the manufacturer’s instructions. Complementary DNA synthesis was conducted using a reverse tran-
scription reagent kit (Ambion, Austin, TX, USA) according to the manufacturer’s instructions. The amplification reaction was per-
formed in a CFX96 Real-Time PCR assay system (Bio-Rad, Hercules, CA, USA). The reaction conditions were: 1) 95 °C, 30's; 2) 95 °C, 5
s; 3) 60 °C, 30 s; 4) 39 cycles between steps 2—3, and 5) a final melting curve at 65 °C-95 °C (increment: 0.5 °C/5 s). Primers used in
this study were the following: rat NHE-1, forward: 5-GTAACCTGCAGAAAACCCGG-3/, reverse: 5-TCGATGGTGATGACAGGGAG-3’;
rat calpainl: forward: 5 ~“-TGAGGGTCAAGATGGAGGAC-3/, reverse: 5-AGGTGCCCTCGTAAAATGTG-3’; rat GAPDH, forward: 5-
ACAGCAACAGGGTGGTGGAC-3, reverse: 5- TTTGAGGGTGCAGCGAACTT-3’. Prism software (GraphPad, San Diego, CA, USA) was
used for assessing relative RNA levels.

3.10. TUNEL staining

Preparation of tissue sections was the same as the previously described HE staining. Paraffin sections were dewaxed in xylene and
alcohol. Then, 100 pL of Proteinase K solution at a concentration of 20 pg/mL was added dropwise to each sample and incubated for 20
min at room temperature. Then, 100 pL of 1 x Equilibration Buffer was added dropwise to each sample and incubated for 15 min at
room temperature. The TdT reaction buffer (ddH,0, 5 x Equilibration Buffer, Alexa Fluor 647-12-dUTP Labeling Mix/488 Labeling
Mix) (Shanghai Yisheng Bio-Technology/VazymeBiotech, Shanghai, China), and recombinant TdT Enzyme were added to the tissue
and washed with PBS. The samples were then incubated with DAPI (Biyuntian Culture Communication, Biyuntian, China) for 10 min
and washed three times for 5 min with PBST. An anti-fluorescence quencher was used to seal the sections. Finally, the images were
observed and captured using a fluorescence microscopy.

3.11. Statistical analysis

Prism 8.0 software (GraphPad) was used for data analysis, and the Kolmogorov-Smirnov test and chi-square test (Levene’s test)
were used to test the normality of the metrological data. The metrological data conforming to the normal distribution and homogeneity
of variance were expressed as the mean + standard deviation, and one-way analysis of variance, followed by the least significant
difference test for comparisons among groups. For two groups of data, an independent samples t-test method was used. Differences less
than 0.05 (P < 0.05) were considered statistically significant.

4. Results
4.1. Apoptosis in the hippocampus of the model group

To characterize neuronal changes in the hippocampal CA1 region of epileptic rats, we determined the morphology of hippocampal
neurons in the control and model groups using HE staining, and found that neurons in the hippocampal CA1 region of model rats were
structurally disordered, with sparse cell arrangements, large numbers of neuronal losses and degenerations were visible, and glial cell
proliferation was observed (Fig. 1A). In the control group, the hippocampal neurons were abundant, with normal structures and
ordered cell arrangements (Fig. 1A).

The microscopic pathological changes of apoptotic cells in brain tissues of the rat hippocampal region were examined using
electron microscopy. The results showed that nuclei of the control group had regular morphology, uniform distribution of chromatin,
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and abundant organelles. The distribution of the rough endoplasmic reticulum was regular, and the lumen of the reticulum was
uniform. The mitochondria were well-developed and densely arranged (Fig. 1B). In the model group, the nucleus showed fixation
changes, the nuclear membrane was wrinkled, the chromatin was clumped and border set, irregular chromatin rings were formed in
the nucleus, the organelles were reduced, the mitochondria were degenerated and wrinkled, and the rough endoplasmic reticulum was
swollen (Fig. 1B).

TUNEL staining was performed to detect in situ apoptosis of cells in the hippocampus of rats in both groups. The results showed that
scattered apoptosis-positive cells were seen in the control group, while a large number of apoptosis-positive cells were seen in the
hippocampus of model rats. After calculating the percentages of apoptotic cells in both groups, apoptosis positive cells in the hip-
pocampus of rats in the model group were significantly increased, when compared with the control group (Fig. 1C-D, P < 0.01).

4.2. Localization of NHE-1 and calpainl in hippocampal tissues of epileptic rats

Immunofluorescence was used to detect the NHE-1 and calpainl expression and distribution in rats. Double-labeled immunoflu-
orescence revealed that NHE-1 and calpainl were expressed in neuronal cell membranes and the cell plasma, respectively, and co-
localized with Neun, a marker of mature neurons in brain tissues of epilepsy models (Fig. 2). The optical density in the images was
analyzed using ImageJ. The results showed NHE-1 fluorescence intensity was significantly higher in the model group than that of the
control group (Fig. 2A-C, P < 0.01), but its Neun fluorescence intensity was decreased, when compared with the control group
(Fig. 2A-D, P < 0.01). Similarly, calpainl fluorescence was significantly enhanced in the model group than the control group
(Fig. 2B-E, P < 0.01), but its Neun fluorescence intensity was also decreased (Fig. 2B-F, P < 0.01).

4.3. NHE-1 and calpainl were over expressed in hippocampal tissues of epileptic rats

Immunohistochemical results showed that cells containing brownish-yellow granules in hippocampal neurons were NHE-1 and
calpainl staining positive cells. Stronger fluorescence intensity of NHE-1 and calpainl were detected in the hippocampal region of rats
of the model group. NHE-1 mainly distributed in neuronal cell membranes and calpainl distributed in neuronal cell plasma (Fig. 3A
and B). Statistical analysis showed that the mean optical density values of NHE-1 and calpainl in the model group rats were signif-
icantly higher than those in the control groups (Fig. 3C-D, P < 0.05, P < 0.01). The mRNA levels of NHE-1 and calpainl in hippo-
campal tissues of control and model groups were detected by RT-qPCR. The results showed that the expressions of NHE-1 and calpainl
mRNA in hippocampal tissues of rats in the model group were significantly higher than that in the control group (Fig. 3E-F, P < 0.01).
The protein results of NHE-1 and calpainl were also similar to those of mRNA, which showed that the expression of NHE-1 and
calpainl proteins was significantly higher in the hippocampal tissue of rats in the model group than in the control group (Fig. 3G-H-I, P
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Fig. 1. Morphological changes of hippocampus in epileptic rats. (A) Hematoxylin and eosin staining, compared with the control group. The model
showed structural disorder of neurons, with white arrows denoting neuronal degeneration and losses, and black arrows denoting glial hyperplasia.
(B) Ultramicroscopic pathological features, the hippocampal area of the model group showed wrinkled nuclei, deepened chromatin, and integrated
blocks at the edges, significantly reduced organelles, and degenerated and wrinkled mitochondria. (C) TUNEL staining, immunofluorescence of
hippocampal cells by TUNEL (red). Nuclei were labeled with 3,3'-diaminobenzidine (blue), and pink denotes apoptosis-positive cells. (D) Percentage
of TUNEL-positive apoptotic cells in each group. Data are expressed as the mean + SD,**P < 0.01 compared with the control group.
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Fig. 2. Expressions of NHE-1 and calpainl in the hippocampus of epileptic rats (immunofluorescence). (A) Expression of NHE-1 (green) in the
hippocampal region of the model group and neurons (red) were co-expressed. (B) Expression of calpainl (green) in the hippocampus of the model
group and neurons (red) were co-expressed. (C-D) The mean optical density expression of NHE-1 in the hippocampal CA1 region of the model group
was higher than that of the control (P < 0.01); the Neun-positive cells in the model group were significantly lower than that of the control (P <
0.01). (E-F) The mean optical density of calpainl in the hippocampal CA1 region was significantly increased in the model group, when compared
with the control (P < 0.01), and Neun positivity was significantly decreased in the model compared with the control group (P < 0.01). Data are
expressed as the mean =+ SD,**P < 0.01 compared with the control group.

< 0.01).

4.4. Lentiviral transfection efficiency

The efficiency of lentiviral transfection interfering with the NHE-1 gene was tested to determine the effective time of lentiviral
downregulation of NHE-1, and this time was used to further develop a lithium chloride-pilocarpine epilepsy model. The expression of
NHE-1 in the hippocampal region of rats in each of the above groups was detected by immunoblotting, and the results showed that in
the LV-NHE-1 group, there was no significant difference in hippocampal NHE-1 expression in the 7-d subgroup compared with the
control group (Fig. 4A and B, P > 0.05), and hippocampal NHE-1 expressions in both the 14-d and 21-d subgroups were down-
regulated, when compared with the control group (Fig. 4A-B, P < 0.01), while the differences in NHE-1 expressions between the 14-



S. Peng et al. Heliyon 9 (2023) e18336

A Hippocampus CA1 B Hippocampus CA1

Control v

@ Control

Model
?_ . D o E F
° _ o 5+ ok =
0.015 ° - ok £ 44
24 > g 0015 w £ oy
2p 8 Z 4 2
T G — 00 k) O 3
T .
3 0010 S < 0.010-] < 34 S
L) 5O Z <
- 2c (4 = 2
Q= ‘5.1— £ 24 ['4
o .
o 1y 0-005 9 £ 0.005 @ = "
o 2 4 ° 14
g5 5 £
Z  0.000- 2 0.000- e 0 3 o
G Control Model Control Model Control Model = Control Model
I
Control  Model 0.8+ ** 1.5 _—
T
& 0.6 Q
NHE-1 | S5 s 91KDa g Z 4.0-
< o
9 0.41 =
Calpain1 | "SS5 2KDa ul = 8 .5-
, Zo2{ F 3 ’45—|
GAPDH | A—— | e 37KD3 0.0 . r 0.0 T T
Control Model Control Model

Fig. 3. Expression of NHE-1 and calpainl in epileptic rats. (A-B) NHE-1 and calpainlexpression were measured by immunohistochemistry; the
model group had stronger positive staining for NHE-1 and calpainl in the CA1l region of the hippocampus. Black arrows denote NHE-1 and cal-
painlpositive cells. (C-D) Statistical plots of NHE-1 and calpainl expressions in the hippocampal CA1l region. (E-F) NHE-1 and calpainl mRNA
levels were detected by RT-qPCR; the mRNA expression of both NHE-1 and calpainl was increased in the control group, when compared with the
model. (G) NHE-1 and calpainl protein expressions in the hippocampus of the control and model rats. (H-I) The respective bar graph shows that the
NHE-1 and calpainl protein levels were upregulated in the model rats, when compared with the controls. Data are expressed as the mean + SD,**P
< 0.01 compared with the control group.

d and 21-d groups were not statistically significant (Fig. 4A-B, P > 0.05). Therefore, the lithium chloride-pilocarpine epilepsy model
was established after 2 weeks of lentiviral transfection.

4.5. Calpainl expression was decreased by lentiviral interference with NHE-1

To evaluate the expressions of NHE-1 and calpain1 in the hippocampal region of the epileptic rat model after shRNA interference of
NHE-1, immunohistochemistry was used to detect the localizations and expressions of NHE-1 and calpainl in the hippocampal region
of rats in each group. Weaker NHE-1 and calpainl immunoreactivities were detected in the hippocampus of rats in the LV-NHE-1+EP
group, while stronger NHE-1 and calpainl immunoreactivities were detected in the hippocampus of rats in the LV-empty + EP and EP
groups (Fig. 5A-B-C-D, P < 0.01). mRNA levels in hippocampal tissues of rats in each group were detected by RT-qPCR and protein
levels in hippocampal tissues were detected by Western blotting. The RT-qPCR results showed (Fig. 5E and F) that the expressions of
NHE-1 and calpainl mRNA levels in hippocampal tissues of rats in the LV-NHE-1+EP group was significantly lower than that in the LV-
empty + EP group (Fig. 5E-F, P < 0.05, P < 0.01). Furthermore, LV-NHE-1 and calpainl mRNA expressions in hippocampal tissues of
rats in the NHE-1+EP group was also lower than that in the EP group (Fig. 5E-F, P < 0.05, P < 0.01).

NHE-1 and calpainl protein expression levels were similar to mRNA expression levels, and the Western blot results showed
(Fig. 5G-H-I) that NHE-1 and calpainl protein expressions in hippocampal tissues of rats in the LV-NHE-1+EP group were significantly
decreased, when compared with the LV-empty + EP group (Fig. 5G-I, P < 0.01), and LV-NHE-1+EP group NHE-1 and calpainl protein
expressions in rat hippocampal tissues were lower than that in the EP group (Fig. 5G-I, P < 0.01).
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Fig. 4. Lentiviral transfection and NHE-1 expression inhibition efficiency. (A) Western blot bands; (B) semi-quantitative analysis of bands. Data are
expressed as the mean + SD. NHE-1 expressions in three subgroups of LV-NHE-1 compared to the controls,**P < 0.01.

4.6. Alleviation of apoptotic response in epileptic rats after lentiviral transfection

Two weeks before establishment of the lithium chloride-pilocarpine epilepsy model, rats in the LV-NHE-1+EP group were ste-
reotaxically injected with a lentivirus that interfered with the NHE-1 in the hippocampus, while the LV-empty + EP group was injected
with an empty vector that did not interfere with the NHE-1. The rats were then euthanized two weeks after behaviors recording.
Histological evaluation of apoptosis in the hippocampus showed a significant decrease in apoptosis-positive cells in the LV-NHE-1+EP
group, when compared with the LV-empty + EP and EP groups (Fig. 6A and B, P < 0.01). Apoptotic cells of neurons were increased in
the LV-empty + EP and EP group rats, when compared with the control group (Fig. 6A-B, P < 0.05). These results showed that
downregulation of NHE-1 in the hippocampal region decreased calpainl expression, while hippocampal apoptosis was significantly
attenuated in epileptic rats.

4.7. Decreased seizure frequency before and after lentiviral downregulation of NHE-1

A total of 30 SD rats were used in the first study, with 15 of which were used for lithium chloride-pilocarpine modeling. Twelve rats
were successfully modeled, and three rats died of modeling failure. A total of 27 rats survived. Most of the surviving model rats had
grades 2—3 seizures lasting several minutes during the first 3 days, which lasted for several minutes. Thereafter, the rats experienced a
latency period of 2-3 weeks with few epileptic seizures. After the latency period, the rats entered a chronic spontaneous phase.

After downregulation of NHE-1 expression of seizures in epileptic rats, kindling time was recorded in the establishment of a
pilocarpine rat model and 2 weeks of epileptic seizures after the onset of successful chronic spontaneous kindling. We found that the
time to successful kindling was prolonged in the LV-NHE-1+EP group, when compared with the LV-empty + EP and EP groups during
the establishment of the pilocarpine rat model (Fig. 7B, P < 0.01). The seizure grades in rats were recorded every 10 min during the
establishment of the pilocarpine model, according to the Racine scale, and the results showed that the LV-NHE-1+EP group had lower
seizure levels than the LV-empty + EP group at all time points within 1 h of establishing the epilepsy model (Fig. 7A). After the
successful seizure model in epileptic rats was accomplished, the seizure process was recorded. The LV-NHE-1+EP group had fewer
seizures during the chronic spontaneous phase than the LV-empty + EP and EP groups, and their seizure duration was shorter than that
of the LV-empty + EP and EP groups, with all differences being statistically significant (Fig. 7C-D, P < 0.05).

5. Discussion

Recurrent seizures can cause neuron injury. Neuronal apoptosis and necrosis are important pathological features of neuronal
damage after epilepsy [8]. Study results reporting neuronal death after status epilepticus (SE) with typical apoptotic features have been
confirmed by morphological or biochemical methods in human patients with temporal lobe epilepsies, as well as in various models of
SE such as electrical or chemical ignition, or local or systemic administration of epileptogenic agents [24-26]. In the present study, we
observed upregulation of NHE-1 and calpainl expressions in the hippocampal region, and significant neuronal apoptosis in a
pilocarpine-induced epilepsy rat model. We also observed that inhibition of NHE-1 expression by lentivirus downregulated calpainl
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Fig. 5. Expressions of NHE-1 and calpainl in epileptic rats after lentiviral transfection. (A-B) The LV-NHE-1+EP group had lighter positive staining
for NHE-1 in the CAl region of the hippocampus; black arrows denote NHE-1 positive cells. Calpainl in the LV-NHE-1+EP group stained less
positively in the CA1 region of the hippocampus; black arrows denote calpainl positive cells. (C-D) Statistical plots of NHE-1 and calpainl ex-
pressions in the hippocampal CA1l region. (E-F) NHE-1 and calpainl mRNA levels were detected by RT-qPCR, which revealed that the mRNA
expressions of both NHE-1 and calpainl were decreased in the LV-NHE-1+EP group, when compared with LV-empty + EP and EP group. (G) NHE-1
and calpainl protein expressions in the hippocampus after lentiviral transfection. (H-I) The intensities of NHE-1 and calpainl bands were decreased
in the LV-NHE-1+EP group, when compared with the LV-empty + EP and EP groups. Data are expressed as the mean + SD,**P < 0.01 compared
with the controls.

and alleviated the hippocampal apoptotic reaction. In addition, downregulation of NHE-1 followed by prolonged pilocarpine exposure
in rats resulted in some alleviation of seizure frequency and seizure grade in the chronic spontaneous phase.
Calpain is a calcium-dependent protein hydrolase that is hyperactivated by increased intracellular calcium levels under
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Fig. 6. Changes in apoptosis in each group of epileptic rats after lentiviral downregulation of NHE-1. (A) Immunofluorescence was measured using
TUNEL (green), nuclei were labeled with 3,3-diaminobenzidine (blue), and white arrows denote apoptosis-positive cells. (B) Percentage of TUNEL-
positive apoptotic cells in each group; apoptotic cells were significantly reduced in the LV-NHE-1+EP group, when compared with the EP and LV-
empty + EP groups. Data are expressed as the mean + SD, *P < 0.05, **P < 0.01 compared with the LV-NHE-1+EP group.

pathological conditions, and substrates of cellular regulatory necrosis, apoptosis, and autophagy pathways are affected by calpain [27,
28]. In our study, calpainl expression increased in the hippocampal region of model rats during the chronic spontaneous phase, and
TUNEL staining showed significant apoptosis in the hippocampal region of model rats, suggesting that apoptosis in the hippocampal
region was correlated with increased calpainl expression. This is consistent with the findings of Gao and Geng [29], which showed that
calpainl played an important role in neuronal injury during SE. However, the upstream regulators of calpainl leading to neuronal
apoptosis are unknown.

NHE-1 is involved in the neuronal apoptotic response in ischemic brain diseases and neurodegenerative diseases, and inhibition of
NHE-1 can prevent neuronal cell apoptosis and exert neuroprotective effects [30]. Our previous study found that NHE-1 and
apoptosis-related protein Bax expressions were increased in postoperative brain tissue specimens from patients with temporal lobe
epilepsy, and neuronal loss and necrosis were significant [31]. However, the mechanism of NHE-1 involved in neuronal apoptosis in
epilepsy has not been reported. In the present study, we confirmed that NHE-1 played an important role in the apoptosis of epileptic
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Fig. 7. Behavioral changes in rats after downregulation of NHE-1. (A) During the establishment of the model in rats, the seizure grades at all time
points within 1 h were lower in the LV-NHE-1+EP group, when compared with the LV-empty + EP group. (B) Differences in the latency of successful
ignition during epilepsy modeling in each group of rats; the ignition latency in the LV-NHE-1+EP group was prolonged compared with the LV-
empty + EP and EP groups. (C-D) During the chronic spontaneous period, the frequency and duration of seizures were reduced in the LV-NHE-1+EP
group, when compared with the LV-empty + EP and the EP groups. Data are expressed as the mean + SD, **P < 0.01; *P < 0.05 compared with the
LV-NHE-1+EP group.

neurons. We used different methods, involving histology and molecular biology, to confirm that the expressions of NHE-1 and calpainl
were significantly increased in the hippocampal region of the epileptic rat model. TUNEL staining in this study showed that the
apoptosis of hippocampal cells in the model group was clear, the apoptosis of hippocampal cells and elevated expressions of NHE-1 and
calpainl in hippocampal neurons were consistent. Previous studies showed that calpainl promotes neuronal apoptosis in epileptic rats.
In addition, NHE-1 mainly distributed in neuronal cell membranes and calpainl distributed in neuronal cell plasma. Hence, the
upregulation of NHE-1 and calpainl expressions may be related to hippocampal neuronal apoptosis. This may reveal the involvement
of NHE-1 and calpainl in the development of hippocampal neuron apoptosis in epileptic rats.

Hence, we then further determined the effect of NHE-1 alteration on calpainl and apoptosis, and used the lentiviral local inter-
ference protein expression technique to decrease NHE-1 protein expression in the hippocampal region. RT-qPCR and Western blot
results showed that the expression of calpainl also decreased after lentiviral intervention in hippocampal NHE-1. TUNEL staining
showed that apoptosis-positive cells in the hippocampal region were significantly increased in the LV-empty + EP and EP groups,
indicating that hippocampal cell apoptosis was increased during the chronic spontaneous phase after SE, while apoptosis-positive cells
in the hippocampal region of the LV-NHE-1+EP group were significantly less than those in the LV-empty + EP and EP groups, sug-
gesting that after lentiviral interference of NHE-1, apoptotic cells in the hippocampus of rats were significantly reduced. This result is
consistent with the downregulation of NHE-1 and calpainl expression as shown by RT-qPCR, Western blot, and immunohistochem-
istry. Therefore, it can be hypothesized that the expressions of NHE-1 and calpainl and hippocampal cells apoptosis are positively
correlated in the epileptic rat model, and NHE-1 may affect calpainl expression, while calpainl participates in the occurrence of
apoptosis by affecting downstream pathways such as those of caspase and the bcl2 family.

Dong et al. [32] reported that NHE-1 activation increased intracellular Na™ concentration, which in turn stimulated NCX, leading to
an increase in intracellular Ca** concentration and promoting mitochondrial damage and cell death. Cengiz [17] used a NHE-1 in-
hibitor to treat neuronal degeneration and apoptosis in hippocampal tissue of ischemic-hypoxic brain injury, and found that it played a
neuronal protective role by inhibiting NHE-1, NCX, and calcium overload. It has been observed that during lipopolysaccharide-induced
apoptosis in vascular endothelial cells, with increased Ca?* activity, NHE-1 expression increased and calpainl expression was also
increased [33]. Previous studies have reported that ischemia induced acidosis, causing excessive activation of NHE-1, leads to
intracellular Na™* overload, followed by activation of NCX, resulting in excessive Ca?* intracellular entry [34,35], with the excess Ca?t
eventually leading to cell death [36]. Combined with previous studies, the results showed that calpainl promotes apoptosis by
activating caspase and the bcl2 family, while the activation of calpainl requires the involvement of intracellular Ca>*. Depending on
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the primary function of NHE-1, its activation may lead to abnormal intracellular calcium aggregation. We observed that after repeated
seizures, both NHE-1 and calpainl expressions were upregulated in the hippocampal region of rats, and apoptosis was significant. It
was therefore suggested that NHE-1 and calpainl were closely related to the occurrence of apoptosis. The possible reasons were the
following: repeated seizures could cause neurons to be in a state of ischemia and hypoxia, resulting in a decrease in intra-neuronal pH
and acidosis, followed by activation of NHE-1, leading to intracellular Na" overload, and excessive Na* stimulated NCX activity, which
increases intracellular Ca®" concentrations that activate calpainl, eventually leading to apoptosis. We therefore hypothesize that
NHE-1 may take part in apoptosis by regulating the expression of calpainl.

In addition, we found that during the establishment of the lithium chloride-pilocarpine epilepsy model, the LV-NHE-1+EP group
exhibited prolonged latency of SE and reduced seizure levels, and during chronic spontaneous periods, the number and duration of
epileptic seizures were decreased in the LV-NHE-1+EP group, when compared with the LV-empty + EP and EP groups, indicating that
the severity of seizures could be reduced after lentiviral intervention with NHE-1. This is consistent with previous studies. Ou-Yang
et al. [37] reported that seizures and severities were significantly alleviated and cognition was improved in epileptic rats after
treatment with the NHE-1 inhibitor, amiloride, with a possible mechanism being a reduction in glutamate release and NMDA receptor
activation. By knocking-down NHE-1 expression in excitatory glutamatergic neurons and inhibitory GABAergic neurons in mice, it was
reported that NHE-1 mice with knockdown of inhibitory GABAergic neurons exhibited seizures and ataxia, while NHE-1 knockdown of
excitatory glutamatergic neurons had no seizures. The possible mechanism was impairment of synaptic GABA vesicle release leading to
seizures. This study suggested that NHE-1 was involved in seizures by modulating inhibition of interneurons to affect network
excitability [38]. Inhibition of NHE-1 lead to intracellular acidification, which in turn attenuates NMDA receptor activation and
glutamatergic excitatory transmission [39]. Thus, NHE1 may affect seizures by regulating synaptic membrane receptors and
neurotransmitters.

However, in the involvement of NHE-1 in apoptosis-related pathways, we only determined the expression characteristics of NHE-1
and calpain1, and did not further examine the expression characteristics of NCX, Na*t, and Ca?* concentrations. We will explore further
interaction of NHE-1 and NCX, and expressions of Na* and Ca?* in future experiments.

In summary, we suggest that NHE-1, which is upregulated in expression in epileptic model rats, may be involved in the onset and
development of epilepsy by exacerbating neuronal apoptosis, and the NHE-1/calpainl signaling pathway may be an important
mechanism leading to apoptosis.
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