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	 Background:	 Mesial temporal epilepsy (MTLE) is the most common type of focal epilepsy in adults, and is often drug-resis-
tant. This study investigated the effects of aquaporins (AQP) inhibitor on multi-drug-resistant protein expres-
sion in an MTLE rat model.

	 Material/Methods:	 The MTLE rat model was established by injecting pilocarpine into rats. The MTLE rats were divided into an MTLE-
6 h group, an MTLE-12 h group, and an MTLE-24 h group, together with a normal saline group (NS), to examine 
the AQP4 expression by using Western blot assay and immunohistochemistry assay. The other 18 MTLE mod-
el rats were used to observe the effects of the AQP4 inhibitor, acetazolamide, on the multi-drug-resistant pro-
tein 1 (MRP1) and P-glycoprotein (Pgp) by using Western blot and immunohistochemistry assays, respectively.

	 Results:	 AQP4 expression was enhanced in hippocampal tissues of MTLE model rats compared to NS rats (P<0.05). More 
positively stained AQP4 was discovered in hippocampal tissues of MTLE model rats. AQP4 inhibitor significant-
ly decreased multi-drug-resistant protein MRP1 and Pgp expression in the AQP4 inhibitor Interfere group and 
the AQP4 inhibitor Therapy group compared to the TMLE model group (P<0.05).

	 Conclusions:	 The present findings confirm that the AQP4 inhibitor, acetazolamide, effectively inhibits the multi-drug-resis-
tant protein, MRP1, and Pgp, in the MTLE rat model.
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Background

In clinical practice, focal epilepsy is considered as an acquired 
disease secondary to partial lesions, including trauma, hippo-
campal sclerosis, tumors, malformations, and vascular mal-
formations of cortical development [1]. According to previous 
studies [2,3], there are 2 main forms of focal epilepsy: mesial 
temporal epilepsy (MTLE) and extratemporal epilepsy. MTLE is 
the most common type of focal epilepsy in adults, and it is drug-
resistant partial epilepsy in approximately 60% of adults [4]. 
Extratemporal epilepsy is also a common form of focal epilep-
sy, and is also treatment-resistant [5]. However, MTLE has be-
come refractory to medical therapy in approximately 60% of 
patients. Few studies have investigated the pathogenic mech-
anism of MTLE. Therefore, we performed a preliminary study 
of MTLE-associated mechanisms.

Previous studies reported that MTLE always results from the dam-
aged or impaired hippocampal network induced by a few initial 
brain insults [4,6,7]. There are a series of processes mediating 
the epilepsy-induced changes of hippocampal physiology [8–10]. 
Generally, a prolonged generalized seizure induces neuron injury 
or neuron death in brain tissues, whereas a generalized seizure 
damages the hippocampus and impairs memory. Baik et al. [11] 
reported that neuronal loss and damage in the temporal lobe 
and hippocampus play important roles in the long-term sequela 
of recurrent seizures, which has been proved to be related to the 
progression of MTLE. Kahane and Bartolomei [12] found that sei-
zures derive from a series of multi-structural epileptogenic zones, 
including the amygdala, entorhinal cortex, and hippocampus, and 
limbic structures are altered in the temporal lobe.

According to the above descriptions, MTLE mainly damages 
the hippocampus, and some MTLE is drug-resistant in clinical 
practice. Therefore, discovering an anti-drug-resistant and hip-
pocampus-protective medicine is critical for MTLE therapy. In 
recent years, many multi-drug transporters have been discov-
ered, among which the family of multi-drug resistance-relat-
ed proteins (MPRs) and P-glycoprotein (Pgp) are the most fre-
quently studied [13,14]. The overexpression or up-regulation 
of the MPRs, including MPR1 and MPR2, have recently been 
reported in many human refractory epilepsy patients [15]. 
Tishler et al. [16] found that hippocampal sclerosis-related ep-
ilepsy mainly involves the overexpression of MRP1 and Pgp 
protein in a few regions of the hippocampus.

Aquaporins (AQP) are a series of specific water channels, among 
which AQP4 is the most important member of the AQP fami-
ly [17]. AQP4 mainly is located in brain tissues; it plays a criti-
cal role in regulating water transportation, and participates in 
central nervous system (CNS) physiological processes [18–20]. 
Previous studies also showed that the dysregulation of AQP4 
expression is correlated with a few forms of epilepsy [21–23]. 

Song et al. [24] proved that the inhibition of AQP4 expression 
relieves symptoms of epilepsy. The AQP4 plays a critical role 
in the activation of astrocytes [25], which can also up-regu-
late the expression of resistance-related proteins MRP1 and 
P-gp [26]. Therefore, we speculated that AQP4 participates 
in the occurrence and development of MTLE, which may be 
of clinical importance for treating multi-drug-resistant MTLE. 
Many AQP4 inhibitors have recently been discovered, includ-
ing acetazolamide, sumatriptan, and rizatriptan. Recent stud-
ies [27,28] reported that acetazolamide is an effective inhibi-
tor. The AQP4 inhibitors are important factors regulating AQP4 
expression. Therefore, we speculated that the investigation of 
AQP4 inhibitors regulating AQP4 expression may help to de-
velop a novel drug for treatment of MTLE.

We observed the expression of AQP4 in rats undergoing treat-
ment with acetazolamide in brain tissues of an established 
MTLE rat model. Then, the MTLE model rats were injected with 
the AQP4 inhibitor to regulate AQP4 expression and to evalu-
ate its effects on the expression of multi-drug-resistance-as-
sociated proteins in MTLE model rats.

Material and Methods

Animals and MTLE

Thirty-two Sprague-Dawley (SD) rats (6–8 weeks old) weighing 
220–250 g were purchased from the Animal Center of Nanjing 
Medical University. The SD rats were maintained under the con-
ditions of 24–25°C, 50–60% humidity, and light/dark cycle of 
12/12 h, with free access to rat chow and water. All animal ex-
periments in this study were approved by the Ethics Committee 
of Nanjing Medical University, Nanjing, China.

Model establishment and trial grouping

The SD rats were divided into a normal saline group (NS, 
n=8) and an experimental group (n=24). In the experimental 
group, the SD rats were pre-treated with the lithium chloride 
(125 mg/kg, i.p.) to enhance the effects of the pilocarpine. At 
18–20 h later, scopolamine (1 mg/kg, i.p.) was injected into 
the rats to decrease the peripheral effects of the pilocarpine 
injection. Then, 30 min after the scopolamine injection, pilo-
carpine was administered i.p. at a dose of 10 mg/kg every 30 
min until the occurrence of MTLE. The SD rats were observed 
and monitored for seizure behaviors at least for 3 h. Seizures 
were scored and classified according to the Racine score [29]. 
Criteria for determining the successful establishment of the 
MTLE model were continuous limbic seizures with scores of 
3–5 and lasting for at least 1 h. After 60–90 min of continu-
ous seizures, 10% chloral hydrate (0.3 ml/100 g) was injected 
to terminate the continuous seizures.
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To study changes in MTLE mode at different time points, the 
experimental group was divided into 3 groups: seizures for 6 h 
(MTLE-6h, n=8), 12 h (MTLE-12h, n=8), and 24 h (MTLE-24h, 
n=8).

Acetazolamide therapy trial and grouping

To observe the effects of acetazolamide on the MTLE model 
rats, acetazolamide was applied. Firstly, the MTLE rat model 
was established as detailed above and the MTLE model was 
successfully established in 18 rats. The MTLE model rats were 
divided into 3 groups: the MTLE model group (injected with 
35 mg/kg saline, n=6), the acetazolamide interfered group 
(Interfere group, injected with acetazolamide 35 mg/kg for 7 
continuous days, n=6), and the acetazolamide therapy group 
(Therapy group, injected with acetazolamide 35 mg/kg per day 
for 28 continuous days, n=6). The normal saline-treated MTLE 
group (NS group, injected with 35 mg/kg saline, n=6) was de-
fined as the normal control group.

Sample preparation

The MTLE model and NC rats were anesthetized using 10% 
chloral hydrate (0.3 ml/100 g) and decapitated. The hippo-
campus tissues were isolated and fixed with 4% paraformal-
dehyde, and sliced into the DG, CA1, and CA3 regions. Finally, 
the hippocampus was stored at –80°C. A portion of the fixed 
hippocampus tissue (n=4 for every group) was cut into a se-
ries of 4-μm-thick horizontal sections for the following immu-
nohistochemistry assays.

Western blot assay

The hippocampal tissues in DG, CA1, and CA3 regions were 
lysed by using a whole-protein extraction kit (catalog No. 
KGP250; KeyGen BioTech., Jiangsu, China), and centrifugated 
at 10 000×g for 30 min. Then, the supernatant (50 μg) was sep-
arated using an SDS-PAGE synthesis kit (catalog No. KGP113; 
KeyGen BioTech., Jiangsu, China), and then transferred onto 
PVDF membranes (catalog No. KGP1201; KeyGen BioTech., 
Jiangsu, China) by using a Trans-Blot SD cell instrument (Bio-
Rad, USA). The PVDF membrane was blocked using 5% defat-
ted milk at room temperature for 1.5–2 h, followed by rab-
bit anti-rat AQP4 polyclonal antibody (catalog No. sc-20812; 
Santa Cruz Biotech, Santa Cruz, CA, USA), rabbit anti-rat GAPDH 
polyclonal antibody (catalog No. KGAA002; KeyGen BioTech., 
Jiangsu, China), rabbit anti-rat MRP1 polyclonal antibody (cat-
alog No. BA0567; Boster Biol., Wuhan, China), and rabbit anti-
rat P-glycoprotein 1 polyclonal antibody (catalog No. PB0162; 
Boster Biol., Wuhan, China) at 4°C overnight. Membranes 
were washed 3 times using PBST buffer for 5 min each time. 
Membranes were incubated with goat anti-rabbit HRP-labeled 
IgG (catalog No. KGAA35; KeyGen BioTech., Jiangsu, China) at 

room temperature for 1 h. Finally, the ECL reagent (catalog No. 
KGP1123; KeyGen BioTech., Jiangsu, China) was used to treat 
the membrane for 2 min in the dark. The relative grey densi-
ty of the bands was observed using the G: BOX Chemi XR 5 
gel imaging system (Model: GBCXR50313; Syngene Frederick, 
MD, USA) and analyzed using Gel-Pro32 software (version: 4.0; 
Media Cybernetics Inc., Rockville, MD, USA).

Immunohistochemistry assay and image analysis

The paraformaldehyde-fixed sections were embedded in par-
affin, and sectioned into 4-µm-thick sections. The paraffin was 
removed by using the regular method [30], and the sections 
were used for immunohistochemical analysis. The sections were 
blocked with 5% BSA for 20 min, and incubated with rabbit an-
ti-rat AQP4, GAPDH, MRP1, and P-glycoprotein 1 polyclonal an-
tibody at 4°C overnight. Then, slices were incubated with goat 
anti-rabbit HRP-labeled IgG at room temperature for 1 h. The 
immunohistochemistry was conducted using a commercial SP 
immunohistochemistry kit (KeyGen BioTech., Jiangsu, China). 
Finally, the sections were immersed in alkaline phosphatase-
labeled diaminobenzidine (DAB, KeyGen BioTech., Jiangsu, 
China), and the images were captured using a biological in-
verted fluorescence microscope (Model: IX51; Olympus, Japan).

The brown granules in the immunohistochemistry images 
were considered as the AQP4-, MRP1-, and P-glycoprotein 
1-positively stained cells. Image Pro Plus 6.0 software (Media 
Cybernetics, Inc., Bethesda, MD, USA) was used to quantita-
tively analyze the images. The images were captured at the 
amplification of 400×, and 5 visual fields were selected ran-
domly for every section. Then, the sections were stained with 
Ponceau-Victoria blue B, and the integrated optical density 
(IOD) values of AQP4, MRP1, and P-glycoprotein 1 were eval-
uated. The mean optical density of 5 visual fields was calcu-
lated by the following formula: IOD Sum (total IOD in 5 visu-
al fields)/5 (visual fields).

Carbonic anhydrase levels measurement

We excluded the inhibitive effects of acetazolamide (carbonic 
anhydrase inhibitor) on the carbonic anhydrase levels in rats. 
Serum carbonic anhydrase levels were evaluated using a spe-
cific ELISA kit (B&D Systems, Minneapolis, MN, USA). In brief, 
the rabbit anti-carbonic anhydrase antibody was pre-coated 
onto the micro-titer wells. Aliquots of the serum were added 
to every well, followed by peroxidase-conjugated antibody to 
carbonic anhydrase. The color was developed with the hydro-
gen peroxide and tetramethylbenzidine peroxidase and the 
absorbance at 450 nm was measured. Wavelength correc-
tion was also performed by using the absorbance at 570 nm. 
Finally, the concentration of carbonic anhydrase was evaluat-
ed by interpolation from the standard curve.
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Statistical analysis

All data were analyzed with SPSS software 19.0 (SPSS Inc., 
Chicago, IL, USA). Data are described as mean ±SD of at least 
3 independent experiments. The t test was used for statisti-
cal comparison between 2 groups, and Tukey’s post hoc test 
was used for multiple-group comparisons. P value less than 
0.05 was regarded as a significant difference.

Results

AQP4 expression was enhanced in hippocampal tissues of 
MTLE model rats

We examined AQP4 expression in DG, CA1, and CA3 regions of 
the hippocampus by Western blot assay. The results indicated 
that the AQP4 expression was obviously enhanced in the MTLE 
model group compared to the NS group at both 12 h and 24 h 
after the occurrence of seizures (Figure 1A). According to the 
results of the different hippocampal regions, AQP4 was sig-
nificantly enhanced in the CA1 region (Figure 1B), CA3 region 

(Figure 1C), and DG (Figure 1D) of MTLE model rats compared 
to the NS group at both 12 h (P<0.05) and 24 h (P<0.01) after 
the occurrence of seizures.

More positively stained AQP4 was discovered in 
hippocampal tissues in MTLE model rats

To observe the distribution of APQ4 protein in different re-
gions of the hippocampus, we used immunohistochemistry 
assay. The results showed that the distribution of positive-
ly stained AQP4 protein in the MTLE group was obviously in-
creased compared to the NS group (Figure 2A). Based on the 
statistical analysis, the positively stained AQP4 was signif-
icantly increased in the CA1 region (Figure 2B), CA3 region 
(Figure 2C), and DG (Figure 2D) of MTLE model rats compared 
to the NS group (P<0.05).

AQP4 inhibitor decreases multi-drug-resistant protein 
MRP1

First, we evaluated the inhibitive effects of acetazolamide 
(carbonic anhydrase inhibitor) on serum carbonic anhydrase 
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Figure 1. �Observation for the AQP4 expression in MTLE model rats at 6 h, 12 h, and 24 h after the seizure. (A) Western blot bands for 
AQP4 expression in each group. (B) Statistical analysis for AQP4 expression in CA1 region. (C) Statistical analysis for AQP4 
expression in CA3 region. (D) Statistical analysis for AQP4 expression in DG region. * P<0.05 and ** P<0.01 represent the 
AQP4 levels in MTLE model rats at 12 h and 24 h compared to the NS group.
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levels in rats. The results indicated that there were no signifi-
cant differences among the 4 groups (Supplementary Figure 1). 
Therefore, we used acetazolamide in the following experiments.

In this study, we injected the AQP4 inhibitor, acetazolamide, 
into the MTLE model rats. Western blot assay (Figure 3A) results 
indicated that MRP1 expression was significantly decreased in 
the Interfere group (P<0.05) and Therapy group (P<0.01) com-
pared to the NS group (Figure 3B). The immunohistochemis-
try assay (Figure 4A) also showed that the positively stained 
MRP1 was also obviously decreased in the Interfere group 
and Therapy group. Statistical analysis showed significant-
ly different levels of positively stained MRP1 in the Interfere 
group (P<0.01) and Therapy group (P<0.01) compared to the 
NS group (Figure 4B).

AQP4 inhibitor inhibits multi-drug-resistant protein Pgp 
expression

The other multi-drug-resistant protein, Pgp, was also evaluat-
ed. The results indicated that Pgp expression was significantly 

inhibited during treatment with AQP4 inhibitor (acetazol-
amide, both Interfere group and Therapy group) compared 
to the NS group, according to Western blot results (Figure 3C, 
P<0.01). Moreover, the immunohistochemistry assay also 
proved that Pgp expression was decreased in the Interfere 
group (P<0.01) and Therapy group (P<0.01) compared to the 
NS group (Figure 4C).

Discussion

Many studies [31–33] have confirmed that multi-drug-resis-
tant proteins are extensively over-expressed during epilepto-
genesis, both in the MTLE model and in epilepsy patients, es-
pecially in hippocampal brain tissues. Therefore, the inhibition 
of multi-drug-resistant proteins in the MTLE model or epilep-
sy patients may enhance the therapeutic effect of anti-epilep-
sy drugs, which is a critical strategy for the development of 
drugs for treatment of epilepsy.
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Figure 2. �AQP4 expression examined by using immunohistochemistry assay in MTLE model rats at 6 h, 12 h, and 24 h after the 
seizure. (A) Immunohistochemistry assay images for AQP4 staining. (B) Statistical analysis for AQP4 staining in CA1 region. 
(C) Statistical analysis for AQP4 staining in CA3 region. (D) Statistical analysis for AQP4 staining in DG region. * P<0.05 and 
** P<0.01 represent the AQP4 staining in MTLE model rats at 6 h, 12 h, and 24 h compared to the NS group.
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AQP4 is mainly expressed in the hippocampal brain tissues, 
which includes M1 and M23 subtypes [17,34]. AQP4 mediates 
transportation of water in brain tissues, which maintains phys-
iological functions of the CNS. A previous study [35] reported 
that AQP4 expression is increased during the process of ep-
ilepsy, and is considered as an inducer of cytotoxic cerebral 
edema in epilepsy. Therefore, we believe that the AQP4 pro-
tein plays a protective function in preserving homeostasis in 
the CNS. The epileptic rat model induced by lithium chloride 
combined with pilocarpine could be considered as the path-
ological model to investigate the effects of AQP4 inhibitor on 
AQP4 expression and regulation of multi-drug-resistance pro-
teins. In our study, AQP4 levels were significantly increased 
in the MTLE rat model compared to the normal rats, which is 
consistent with previous studies reported [36,37]. Therefore, 
epilepsy may be associated with the AQP4-mediated water 
transportation in the MTLE model. Previous studies [38,39] 
proved that deficiency or down-regulation of AQP4 expres-
sion relieves cerebral edema and improves conditions of lo-
cal cerebral ischemia caused by toxic water molecule accumu-
lation. Therefore, we applied the AQP4 inhibitor to the MTLE 
models to suppress the expression of AQP4, and observed the 

related mechanism for the protective role of AQP4 inhibitor in 
the MTLE rat model.

In this study, we injected the AQP4 inhibitor, acetazolamide, 
into the MTLE model rats, which has been used as the antag-
onist to AQP4 in a few reports [28,40,41]. Our results indicate 
that acetazolamide significantly inhibits the multi-drug-resistant 
protein, MRP1, which was first reported in the MTLE rat model. 
Sun et al. [42] reported that the inhibition of MRP1 enhanced 
the efficacy of antiepileptic drugs (AEDs) through enhancing lo-
cal drug availability. Chen et al. [43] also found that the up-reg-
ulation of MRP1 protein plays an important role in drug resis-
tance of brain cells to AEDs in the amygdale of kindling rats. 
Moreover, another multi-drug-resistant protein, Pgp [44,45], 
has also been evaluated in the MTLE rat model. These findings 
show that acetazolamide significantly suppresses Pgp expres-
sion in the MTLE rat model.

Although our study had some interesting results, there were 
also limitations. Firstly, acetazolamide is also a carbonic an-
hydrase inhibitor. Although our results illustrated no effects 
of acetazolamide on carbonic anhydrase due to the low dose, 
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the AQP4-specific inhibitor would be better compared to ac-
etazolamide. Secondly, the present study does not clarify the 
effects of acetazolamide on the pathology of MTLE and dis-
ease progression, and we did not observe the therapeutic ef-
fects of acetazolamide.

Conclusions

The AQP4 inhibitor, acetazolamide, could effectively inhibit the 
multi-drug-resistant proteins, MRP1 and Pgp, in the MTLE rat 
model. However, the specific mechanism for the AQP4 inhib-
itor triggered MRP1 and Pgp down-regulation has not been 
clarified, which would be explored in the future study.
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