Aquaporin 4 inhibition decreased synthesis of
cytokines by acetazolamide in the hippocampus
of rats with pentrazol-induced chronic epilepsy
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ABSTRACT. Epilepsy refers to a clinical syndrome generated by
spontaneous seizures in the central nervous system. Epilepsy triggers
a complex pathological process including inflammatory response and
aquaporin 4 (AQP4) increase. It has been reported that AQP4 helps
to enhance the immunological function of the central nervous system
in pathological conditions, but the relationship between AQP4 and

Genetics and Molecular Research 15 (3): gmr.15039012



H. Yu et al. 2

inflammatory cytokines is poorly understood in chronic epilepsy
processes. As an inhibitor of sulfonamide carbonic anhydrase (CA),
acetazolamide (AZA) may inhibit water infiltration through AQP4.
In this context, pentylenetetrazole (PTZ) is used to induce the chronic
epilepsy model in rats to study the chronic epilepsy effects of AQP4
inhibition on proinflammatory cytokine expression in the hippocampus
and proinflammatory cytokine quantification analysis of the plasma.
Based on the assumption that AQP4 regulates proinflammatory
cytokine expression, this article aims to demonstrate this effect in
chronic epilepsy of rats. Rats were divided into four groups and were
treated with different drugs: saline (Control), acetazolamide (AZA),
pentylenetetrazole (PTZ), and pentylenetetrazole plus acetazolamide
(PTZ+AZA). The data showed that seizures increased proinflammatory
cytokine expression and that AZA significantly inhibited AQP4
expression. Overall, the results suggested that AQP4 inhibition could
weaken excitotoxicity in epileptogenesis by reducing proinflammatory
cytokines in the hippocampus. The findings provide a new insight
into the involvement of cerebral edema insult and proinflammatory
cytokines in the process of chronic epilepsy.

Key words: Chronic epilepsy; Aquaporin 4; Proinflammatory cytokines;
Acetazolamide

INTRODUCTION

Epilepsy refers to a clinical syndrome characterized by recurrent and spontaneous
seizures in the central nervous system (CNS). Epilepsy affects about 1% of the world
population (Haut et al., 2006).

As a main water-selective channel protein in the mammalian CNS, AQP4 is located
in the endfeet of astrocytes surrounding brain capillaries and forming the blood-brain barrier
(BBB) (Yukutake and Yasui, 2010). Recently, considerable evidence strongly suggests that
AQP4 potentially causes epilepsy when its expression is altered (Lee et al., 2004; Binder
et al., 2012). AQP4 knockout mice need larger pentylenetetrazole (PTZ) doses than wild-
type mice in seizure activity, while wild-type mice take a longer time than AQP4 knockout
mice in generalized seizures (Binder et al., 2004). Acetazolamide (AZA), an of inhibitor of
sulfonamide carbonic anhydrase (CA), can inhibit AQP4-mediated water conduction and has
been studied previously (Huber et al., 2007; Tanimura et al., 2009).

Cytokines are a group of polypeptides or glycoproteins that classically mediate and
regulate immune response, stimulate hematogenesis, and participate in tissue repair. Many
studies on patients with epilepsy and animal models have found that cytokines and immune
cells display differences; they suggested that nervous factors are predominant in epileptogenesis
(Lietal., 2011a; Vezzani et al., 2011; Vezzani, 2014).

Interleukin-13 (IL-1pB), tumor necrosis factor-o. (TNF-a), and interleukin-6 (IL-
6) are three important cytokines in the CNS (Allan and Rothwell, 2001). Kainate-induced
seizures enhance IL-1p immunoreactivity and are worsened by intracerebral application of
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this cytokine. Higher levels of IL-1 or IL-6 and TNF-o messenger RNA (mRNA) have been
found in various rodent forebrain areas after kainate induction or audiogenic seizures.

Recently, it has been reported that AQP4 also participates in immunoreactivity. For
example, proinflammatory cytokine secretion is significantly reduced among AQP4 knockout
mice near activated astrocytes injected with lipopolysaccharide (LPS) and pro-inflammatory
cytokines (Li et al., 2011b). Therefore, it is speculated that AQP4 may regulate inflammatory
cytokine expression in epilepsy. This study is designed to demonstrate the effect of AQP4
inhibition on proinflammatory cytokine (IL-1B, TNF-a., and IL-6) expression.

It is important to identify the relationship between AQP4 changes and inflammatory
cytokine formation in the hippocampus following chronic epilepsy, as this will help to clarify
the pathogenesis of chronic epilepsy.

MATERIAL AND METHODS
Animals

Healthy adult Sprague-Dawley rats (220-280 g) were provided by the experimental
Animal Center of Guangzhou Medical University (Guangzhou, Guangdong, China), This
study was approved by Guangzhou Medical University Experimental Ethics Committee and
all procedures were in accordance with International Standards. All rats were housed (five per
cage) with free access to food and water, in a 12:12 h light/dark cycle at a temperature of 21°-
23°C and humidity of 60 + 5%.

Drugs and experimental groups

Chronic epilepsy model was induced in the rats by PTZ (Sigma, USA). The model group
were administered a single subconvulsive dose of PTZ (35 mg/kg, ip) every day in the morning for
28 consecutive days (Dhir, 2012). Rats were pretreated with AZA (Sigma, USA) (50 mg/kg, ip) 1 h
prior to PTZ administration. Rats were randomly divided into four groups: saline (Control, N = 20),
AZA (N =20), PTZ (N =20), and PTZ+AZA (N = 20). All animals were evaluated for the degree
of seizure every day. After the final drug administration, samples were harvested for experiments.

Preparation of the rat model

The behavior of rats injected with PTZ was recorded for 1 h. Seizure stage was
evaluated using the following standards (Racine et al., 1972): Stage 0: no response; Stage 1:
hyperactivity and vibrissae twitching; Stage 2: perioral and facial muscle twitching; Stage 3:
forelimb clonic seizures; Stage 4: upright, generalized tonic-clonic seizures; Stage 5: upright
and falling, generalized tonic-clonic seizures with atonic seizures. The levels of seizures for
every rat were recorded every day. If the rats maintained the epileptic behavior (i.e., at stage
2) for five consecutive days, it was known as kindling.

Immunohistological staining

All rats were deeply anesthetized with 10% chloral hydrate (40 mg/kg) by
intraperitoneal injection. Then the rats were perfused transcardially using ice-cold phosphate-
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buffered saline (PBS) followed by 4% paraformaldehyde. The hippocampi were kept overnight
in 4% paraformaldehyde at 4°C and then in a solution of sucrose (30%) for cryoprotection at
4°C. The samples were then sliced into 30-pum-thick serial sections with cryotome CM1950
(Leica, Germany) and stored in 0.1 M ice-cold PBS. Endogenous peroxidase was blocked
by incubation with 3% hydrogen peroxide containing 80% carbinol (20 min). Slices were
first incubated in blocking solution with 10% normal goat serum (Boster Biotechnology, Wu
Han) for 30 min and the immunohistochemistry was performed for primary antibodies against
AQP4 (1:200; Santa Cruz Biotechnology, USA) overnight at 4°C. After rinsing, samples were
placed at at 25°C in secondary anti-rabbit antibodies (1:100; Boster Biotechnology; Wu Han)
for 1 h. Finally, sections were well washed and stained with diaminobenzidine (DAB; Sigma,
USA). After washing again and mounting on histological slides, counterstaining of the nuclei
was performed with hematoxylin.

Quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR)

Hippocampus tissue was kept in 1 mL TRIzol™ reagent (Invitrogen, USA),
and following the manufacturer’s instructions, total RNA was obtained. The cDNA was
obtained from total RNA by reverse transcription using primers. The primer pairs for
amplification were as follows: P-actin, 5-GGAGATTACTGCCCGGCTCCTA-3" and
5'-GACTCATCGTACTCCTGCTTGCTG-3"; AQP4, 5-TGCAGCAGAGAGACATCAT-3'
and 5-CCAAAGCAGAGGGAGATGAG-3"; IL-1B, 5-CTGTACTCGTGGATGATG-3'
and 5-ACAGTGCATCATCGCTGTTC-3"; IL-6, 5'-CAGTTGCCTTCTTGGGACT-3' and
5-TCTGACAGTGCATCATCGCT-3"; TNF-a, 5'-AGATGTGGAACTGGCAGAGG-3' and
5'-GAGCCCATTTGGGAACTTCT-3'.

The system employed was ABI Prism (Applied Biosystems, Foster City, CA, USA)
using the SYBR Green PCR Master Mix Reagents (TaKaRa Biotechnology, Guangzhou,
China). IL-1B3, TNF-a, IL-6, and AQP4 mRNA transcriptions were achieved after 40 cycles
of Q-RT-PCR reactions. Delta (ACt) values of the samples were calculated by subtracting the
average Ct value of target mRNA from the average cycle threshold (Ct) value of the internal
Control B-actin; we used the 2°®4% parameter to show the target gene relative expression.

Western blotting

Protein concentration was estimated according to the bicinchoninic acid (BCA)
protein assay kit (KeyGen Biotechnology, Nan Jing). Total protein (30 ng) was loaded onto a
12% acrylamide gel, and transferred onto polyvinylidene difluoride (PVDF) membrane after
electrophoresis. Then blocking with 5% non-fat milk was performed for 1 h, then the rabbit
anti-rat antibodies was for against AQP4 (1:2000, polyclonal Santa Cruz Biotechnology; USA),
[-actin (1:2000, Abclonal; USA) overnight at 4°C. After extensive rinsing, the membranes were
developed using the anti-rabbit antibodies (1:5000, Boster, Wu Han, China) at 25°C for 1 h.
Bands were detected by enhanced chemiluminescence (ECL KeyGen Biotechnology, China). The
relative protein expression of densitometric analysis was determined by Image J software V1.40.

Enzyme-linked immunosorbent assay (IL-1p, IL-6, and TNF-a quantification)

Blood was collected during chronic epilepsy - 500 puL was withdrawn from the heart
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under 10% chloral hydrate anesthesia. The samples were immediately centrifuged (3000 rpm,
4°C)and keptat-80°C. IL-1f3, IL-6, and TNF-a levels were analyzed by ELISA (Neobioscience
Technology Co, Ltd.) according to the manufacturer’s instructions.

Data analysis

All data are reported as means + standard error (mean + SE), and analyzed with the
SPSS version 18.0 software. Differences between groups were evaluated by the Student #-test
or ANOVA. The results were considered significant at P values < 0.05.

RESULTS
AZA can prolong stimulation-evoked kindling induced by PTZ

In total, 20 rats were treated with PTZ, PTZ+AZA, normal Saline, and AZA, respectively.
Following 28 days of administration, most of the rats were successfully in model condition.
Injection of AZA weakened the severity of chronic seizures. The daily average seizure scores in
the PTZ+AZA group were significantly lower compared with the Control group (P < 0.05; Figure
1A) and the average time to reach kindling was significantly increased (P < 0.05; Figure 1B).
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Figure 1. AZA can prolong stimulation-evoked kindling induced by PTZ. A. Daily behavior recordings showed
stimulation-evoked seizure by ip injection of PTZ (35 mg/kg) and resulted in average scores for the four group.
Following 28 days of treatment, the majority of the rats had reached a completely kindled condition. Daily average
seizure scores in the AZA+PTZ groups were significantly lower compared with those of the model Control group
(P <0.05). However, no significant difference in the kindling rate was observed between the AZA+PTZ and PTZ
groups. B. The pretreatment of AZA (50 mg/kg) decreased the average time to kindling day compared with that of
the PTZ group (*P < 0.05, versus group treated with PTZ).
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Immunostaining of AQP4 in CA3 hippocampus was primarily observed around
brain microvessels

Immunostaining of AQP4 demonstrated that AQP4 was localized in astrocytes
around microvessels in each group. The staining was mainly in regions such as CA3 in the
hippocampus (Figure 2).

Control PTZ PTZ+AZA AZA

CA3

Figure 2. Immunostaining of AQP4 in CA3 hippocampus was primarily shown around brain microvessels. A. In
the Control hippocampus CA3, AQP4 immunoreactivity was detected around microvessels. B. C. and D. AQP4-
positive staining in different groups. Scale bars 200 or 50 um.

AZA decreased levels of AQP4, IL-1p, IL-6, and TNF-0 mRNA in rat hippocampus
during epileptogenesis

We next investigated whether the inhibition of AQP4 could decrease the levels
of AQP4, IL-1B, IL-6, and TNF-oo mRNA. As shown in the AZA group, AZA could
downregulate AQP4 mRNA expression (P < 0.05). AQP4 mRNA expression level was
increased in the PTZ group when compared with the Control group (P < 0.05). In addition,
the level of AQP4 mRNA was decreased in the PTZ+AZA group when compared with the
PTZ group (P <0.05) (Figure 3A). IL-1B3, TNF-a, and IL-6 mRNA levels showed a large
increase in the hippocampus of the PTZ group when compared with the Control group (P <
0.001). In contrast, the PTZ+AZA group showed an important decrease in IL-13 (P <0.01),
IL-6 (P <0.001), and TNF-ao mRNA (P < 0.05), when compared with the PTZ group. IL-
1B, IL-6, and TNF-oo mRNA in the AZA group presented similar values compared with the
Control group (Figure 3B, C, D).
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Figure 3. AZA decreased levels of IL-1f, IL-6, and TNF-oo. mRNA in rat hippocampus during epileptogenesis.
A. Treatment with PTZ increased the AQP4 mRNA but treatment with AZA decreased the AQP4 mRNA levels in
hippocampus. The data show that AQP4 mRNA levels in the PTZ+AZA group was higher than that in the Control
group. B. C. and D. IL-1p, IL-6, and TNF-a genes were prominently upregulated during epileptogenesis in the
hippocampus. Data analysis indicated that there is no significant difference between the Control and AZA groups.
In the PTZ+AZA group, AZA decreased proinflammatory genes compared with the PTZ group. Bar graphs show
that AZA could decrease the IL-1f3, IL-6, and TNF-oo mRNA levels during epileptogenesis. Versus Control group
with normal saline, *P < 0.05 and ***P < 0.001; versus group treated with PTZ, P < 0.01, and **P < 0.001.
Differences between groups were evaluated using the Student’s #-test or one-way ANOVA.

Chronic epilepsy could upregulate the expression of AQP4 protein

Western blotting showed that AQP4 protein levels were different in the different
groups. AQP4 protein levels in the PTZ groups showed a larger increase in the hippocampus
during the chronic period compared with other groups (P < 0.001). The group treatment with
PTZ+AZA compared to the Control group still resulted in increased AQP4 protein expression
(P < 0.05). These data suggested that AZA could restrain the expression of AQP4 in the
hippocampus (Figure 4).

Inhibition of AQP4 impacted on the serum level of IL-1p, IL-6, and TNF-a during
epileptogenesis

Finally, we observed the effect of the AZA on proinflammatory cytokines in rat serum.
An overview of the levels at each condition measured is shown in Figure 4. Baseline levels
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Figure 4. Chronic epilepsy could upregulate the expression of AQP4 protein. A. Protein bands show the expression
of AQP4 in each group. In the PTZ group, AQP4 was significantly increased. The effects of AQP4 inhibitor AZA
were also demonstrated. However, the AQP4 protein level in the PTZ+AZA group was still higher than that in the
Control group. B. Bar graphs show the effect of AZA on AQP4 expression with western blotting analysis. *P <0.05,
***P < 0.01. *Versus group treated with PTZ, P < 0.05.

of IL-1p, IL-6, and TNF-a plasma were taken from the Control group (as reference Control
levels). In chronic epileptic phases, IL-1B, IL-6, and TNF-a levels obviously increase (P <
0.01,P<0.001, and P<0.001, respectively). We also measured IL-1f3, IL-6, and TNF-a levels
in plasma in the PTZ+AZA group and compared this with levels after PTZ-induced chronic
epilepsy. The levels of IL-1p and IL-6 in the PTZ+AZA group were lower than in the PTZ
group (P <0.01, P <0.001, respectively), but higher than Control levels (P < 0.05, P < 0.01,
respectively). However, AZA did not make any significant difference in TNF-a between the
PTZ and the PTZ+AZA groups. It is interesting to note that the plasma levels of inflammatory
cytokines from AZA groups were not different compared to baseline. In the PTZ group, there
was a huge increase in plasma levels of IL-18, IL-6, and TNF-a., indicating that it is possible
to detect an inflammatory response in blood to show the chronic epilepsy condition using this
method (Figure 5).
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Figure 5. Inhibition of AQP4 impacted on the serum levels of IL-1B, IL-6, and TNF-o during epileptogenesis.
A. B. and C. IL-1, IL-6, and TNF-a showed an increased expression in the PTZ group when compared with the
Control group. In addition, there was no significant difference for IL-1f, IL-6, and TNF-a between the Control
group and the AZA group. A. and B. The PTZ+AZA group showed an important decrease in IL-13 and IL-6 when
compared with PTZ group. C. However, AZA did not make a significant difference in TNF-a between the PTZ and
PTZ+AZA groups. *Versus Control group; “versus the PTZ group (*P < 0.05, **P <0.01, ***P < 0.001; *P <0.01,
##P <0.001). The difference between groups was evaluated using one-way ANOVA.

DISCUSSION

Epilepsy refers to a CNS clinical syndrome characterized by the recurrence of sudden,
excessive and synchronous ultra-discharge of neurons. PTZ, as a gamma aminobutyric acid
(GABA) antagonist, can induce temporal lobe epilepsy in rodents. The electroencephalogram
(EEG) and pathological changes are similar to those in humans in models of seizures induced
by PTZ.

AQP4 was first described by the presence of the mRNA in the hypothalamic supraoptic
nuclei and perivascular brain regions, and it has been frequently studied since 1994 (Jung et
al., 1994). AQP4 is deleterious in edema formation because it facilitates the entry of water
into astrocytes. Moreover, the pathogenesis of epilepsy involves the glial water channel
aquaporin-4 (AQP4) (Binder et al., 2012).

Inthe CNS, glial cells secrete cytokines influencing the immune system. Caused by glial
activation in chronic pathology, epileptogenesis and nerve damage result in proinflammatory
transformation that maintains chronic pathological activation of astrocytes or microglia.

The relationships between AQP4 expression and inflammatory cytokines have been
extensively studied in CNS diseases (Ikeshima-Kataoka et al., 2013). However, no study
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has been conducted to explore whether the inhibition of AQP4 water channels can modulate
chronic proinflammation in the PTZ-induced animal model. Thus, this paper aims to focus
on this aspect. This study attempts to identify whether changes in expression of IL-18, IL-6,
and TNF-a can respond to AQP4 expression, with the aim of understanding more about the
excitability mechanisms of neurons in epilepsy.

It was found in the study that AZA decreases AQP4 in the normal brain. Carbonic
anhydrase (CA) is the enzyme that is involved in enzyme-catalyzed reaction among CO,,
H*, HCO,and H,O (Igarashi et al., 2013). In addition, this also proves that consecutive
administration of AZA prevents PTZ-induced chronic epileptic reaction in rats.

In this study, AQP4 immunohistochemistry showed that AQP4-labeling claybank
granules are primarily located in vessels in the hippocampus cornu ammonis 3 (CA 3) region.
Moreover, AQP4 is present in limited amounts in astrocyte endfeet facing the blood vessel
(Aoyama et al., 2012). The results from the Control group extended to previous observations,
which provided data on the distribution of AQP4 immunolabeling in normal human cerebral
cortex with some glial markers, and the associated location of the microvasculature (Medici
et al., 2011). It is suggested that the CA3 region of the chronic epilepsy hippocampus may not
only contain an increased AQP4 level but also an increased density of microvessels and glia.

Interestingly, in our data there is no significance regarding IL-1p, IL-6, and TNF-a
levels in the AZA treatment alone group compared with the Control group. However, the
data from the AZA+PTZ group indicated decreasing inflammatory cytokine expression in
the hippocampus. It is also suggested that inhibition of AQP4 can decrease inflammatory
cytokines during PTZ-induced chronic epilepsy.

Usually cytokines are detected in soluble form. A large number of clinical or animal
studies have shown that cytokines can be measured in various body fluids. They provide a
perspective into the pathogenetic process of inflammation.

ELISA was used to study plasma cytokines, showing the presence of chronic
proinflammation cytokines in chronic seizure. The study also shows that AZA significantly
decreases IL-1B and IL-6 but not TNF-o and that the levels of IL-1p, IL-6, and TNF-a are
still higher than those of the Control group. The result is consistent with the level of mRNA,
and it suggests that other mechanisms also help to produce proinflammation cytokines in
epileptogenesis. However, another study indicates that blood plasma inflammation may not be
a reliable biomarker for temporal lobe epilepsy (Holtman et al., 2013), and chronic epileptic
state in temporal lobe epilepsy can also be found, even without intracerebral inflammation
(Aalbers et al., 2014), indicating that an increase in plasma cytokines may be model specific
or seizure-type specific (Bauer et al., 2009).

Many articles have reported that cytokine expression is regulated by the immune
system. These cytokines, acting as mediators, increase the onset of brain damage in seizures
(Li et al., 2011a). In addition, various cytokine storms can cause neurotoxicity and neuronal
degeneration of brain tissue. In another study, peak proinflammatory cytokine effects appear
after 6 h in status epilepticus (Ravizza and Vezzani, 2006). The upregulation is transient
though no basal levels are recovered after onset.

Long-term expression of IL-1p performed in epileptogenesis suggested that the
chronic inflammatory cytokines may be involved in the pathogenesis of idiopathic epilepsy
(Vezzani et al., 2008).

In some studies, proinflammatory cytokine has also been shown to induce the AQP4
gene, and protein could be detected in cultured astrocytes (Bartfai et al., 2007). Based on

Genetics and Molecular Research 15 (3): gmr.15039012



AQP4 inhibition in chronic epilepsy 11

the above studies, we hypothesize that the upregulation of inflammatory cytokines induced
by seizures simulates brain insults, including neurodegeneration, BBB damage, and even
brain edema, by involving the activation of nuclear transcription factor-kappa gene binding
(NF-kB), cyclooxygenase-2 (COX-2), complement system and chemokines (Vezzani et al.,
2011). These pathologic changes prolong stimulation of proinflammatory signals and cause
persistent inflammatory reaction in the brain. This may help to build a pathologic substrate
(such as neurodegeneration, neuronal hyperexcitability, and BBB damage), participating in
epileptogenesis or reinforcing seizures.

The study data show that the decrease in AQP4 expression can downregulate
proinflammatory cytokines, but the PTZ+AZA group still presents significant differences
compared with the Control group. It is possible that another pathological transformation
contributes to inflammatory cytokines.

To confirm the assumption regarding AQP4 regulation of proinflammatory activity in
the pathogenesis of epilepsy and sequelae, further studies of animals or clinical patients are
required. Early detection of brain injury and intervention may prevent disease progression and
deteriorating neurological complications.
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