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Abstract

This research was designed to explore the effects of levetiracetam
on aquaporin 4 (AQP4) expression in the hippocampus of rat with
brain edema after Status Epilepticus (SE) induced by lithium-pilo-
carpine. SE model was induced by lithium followed by pilocarpine
20 hours later. Methyl-scopolamine was administered 30 minutes
prior to the pilocarpine injection to block peripheral cholinergic ef-
fects. The acute behavioral feature of SE was evaluated according
to the modified six-stage classification of Racine. SE was defined
as continuous convulsions at stage 4 to 5 seizures for at least 1
hour and terminated by Diazepam 2 hours after onset of SE. Adult
male Sprague-Dawley rats were randomized into three groups:
sham operation group, status epilepticus group, and levetiracetam
group. Brain edema models in rat following status epilepticus were
established by intraperitoneal injection of lithium-pilocarpine, and in-
tervened by levetiracetam. Samples from all groups were collected
at 6, 12, 24 hours, 3 and 7 days after the status epilepticus models
established successfully. Histological observation was performed
by hematoxylin-eosin staining. The ultrastructural changes were
observed by transmission electron microscopy. Brain water content
was measured by the dry-wet method. AQP4 and AQP4 mRNA ex-
pression was detected respectively by western blot assay and RT-
PCR. The brain water content, AQP4 expression and AQP4 mRNA
expression in levetiracetam group at each time points were lower
than status epilepticus group, and the differences were statistical-
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ly significant (P < 0.05). Levetiracetam can decrease brain edema
caused by status epilepticus through down-regulating AQP4 and
AQP4 mRNA expression.
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Introduction

Epilepsy is one of the most common neurological diseases which
affects 0.5-1% of the general population [1]. Despite formal anti-ep-
ileptic drugs treatment, up to 30% of patients still have uncontrolled
seizures. 3-6% of epileptic patients tend to develop Status Epilepticus
(SE) with a case fatality rate of approximately 2% [2]. Edema for-
mation and neuron injury in hippocampus are the main pathological
damages following SE [3,4]. The pathophysiological alterations in
rodent brain after lithium-pilocarpine induced SE are comparable to
those observed in temporal lobe epilepsy patients [3,5]. Aquaporin
4 (AQP4) is one kind of major membrane proteins which mediates
bidirectional transmembrane transfer of water molecules in the brain
tissue, and plays a key role in encephaledema [6,7]. Levetiracetam
has been shown to mitigate brain edema and protect neurons besides
antiepileptic effect [8,9], nevertheless, the mechanism of action is still
dimness. The purpose of this present study is to survey the role of
levetiracetam in brain edema and AQP4 expression which might pro-
vide theoretical basis for the effects of levetiracetam on alleviating
brain edema induced by SE.

Materials and Methods

Experimental animals

120 healthy adult male Sprague-Dawley rats of clean grade weigh-
ing 280-320 g were provided by the Experimental Animal Center of
the First Hospital of Hebei Medical University in China, certificate
no. SCXK (Ji) 2021-1-003. The rats were housed at a constant tem-
perature (23°C) and relative humidity (60%), with a 12-hour light and
dark cycle (8:00-12:00), allowed free intake of food and water. All
procedures were permitted by the Animal Care Committee of the First
Hospital of Hebei Medical University and were in accordance with
the guiding principles of the National Institutes of Health (Bethesda,
MD, USA) on the care and use of animals.

Main reagents and instruments

There were levetiracetam oral liquid (150 ml: 15 g, Approval No.
GYZZJ20160060; NextPharma SAS, France), lithium, pilocarpine
and Methyl-scopolamine (Sigma, USA); rabbit anti-mouse AQP4
polyclonal antibody, horseradish peroxidase-labeled goat anti-rabbit
IgG, (Santa Cruz, USA), RNA Trizol Reagent (Invitrogen), reverse
transcriptase (M-MLV), ribonuclease inhibitor (RNasin), random
primers, and Taq DNA polymerase (Promega, USA), quantitative
fluorescent RT-PCR kit (BBI Company), transmission electron mi-
croscopy (Hitachi Corp., JAP), gel imaging analysis system (UVP
Company, USA) and ABI 7300 real-time PCR system (ABI Compa-
ny, USA).
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Model establishment and intervention

The rats were randomly divided into three groups:sham operation
group (SO group, n=40), status epilepticus group (SE group, n=40),
levetiracetam group (LEV group, n=40). SO group, SE group and
LEV group were subdivided into six subgroups (n=8) according to
time points posterior to SE model creation (6, 12, 24 hours, 3 and 7
days). SE model was induced by lithium (127 mg/kg, i.p.) followed
by pilocarpine (25 mg/kg, i.p.) 20 hours later. Methyl-scopolamine (1
mg/kg, i.p.) was administered 30 minutes prior to the pilocarpine in-
jection to block peripheral cholinergic effects. Pilocarpine was substi-
tuted with saline in SO group. The acute behavioral feature of SE was
evaluated according to the modified six-stage classification of Racine.
SE was defined as continuous convulsions at stage 4 to 5 seizures for
at least 1 hour and terminated by Diazepam (10 mg/kg, i.p.) 2 hours
after onset of SE. Rats in the LEV group were intragastrically given
levetiracetam oral solution 300 mg/kg/d, once a day 1 hour after sei-
zure. Rats in the SO and SE groups were intragastrically administered
the same amount of normal saline.

Sample Preparation

At 6, 12, 24 hours, 3 and 7 days after SE model establishment, 8
rats in each group were perfused transcardially with 4 °C saline solu-
tion followed by precooled 4% paraformaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4) for 1.5 hour under 10% chloral hydrate anesthesia
(0.3 g/kg, i.p.). The brain was removed from the skull immediately
and the bilateral hippocampal formations were isolated. The right hip-
pocampal tissue was divided into two parts, one part in liquid nitro-
gen tank was stored at - 80°C for western blot analysis and real time
polymerase chain reaction (RT-PCR) quantification, while the other
part was utilized for edema measurement. The left hippocampus was
also divided into two parts for HE staining and transmission electron
microscopy (TEM) observation.

Brain moisture content as detected by the dry-wet method

Brain water content was determined by the dry-wet method. At 2,
6, 12, 24 hours, 3 and 7 days after SE model establishment, 8 rats in
each group were sacrificed. One part of the right hippocampus was
dried by a filter paper, and weighed through the electronic analytical
balance with 0.0001 g accuracy to gain the wet weight (W). Then the
same tissue was dried in a 110 °C drier for 24 hours, and weighed to
obtain the dry weight (D). In conformity with Elliot formula, brain
water content (%) was measured by (W—D)/W x 100%.

Hematoxylin-eosin staining and TEM observation

The left hippocampus was fixed in 4% paraformaldehyde in 0.1
M Phosphate Buffer Saline (PBS) for 12 hours and embedded in par-
affin. The 5-um paraffin slices were dewaxed, hydrated, and stained
with hematoxylin and eosin. The extent and scope of abnormal neu-
rons in the CA3 zone of hippocampus were observed with a light
microscope. For TEM, a 1 mm? tissue block of left hippocampus was
prefixed in 4% glutaraldehyde solution and postfixed in 1% osmic
acid, and embedded in Epon 812.50 nm ultrathin sections were then
stained with uranyl acetate and lead citrate, and imaged using TEM
(Hitachi H-7500).

AQP4 protein expression as detected by western blot assay

The right hippocampal tissues were cut into pieces on the ice and
were homogenized in ice cold RIPA buffer containing 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,

50 mM Tris-HCI, and 0.1% ethylenediamine tetraacetic acid. The
protein content of the supernatant was measured by the Thermo Sci-
entific Pierce BCA Protein Assay Quantification Kit. To detect AQP4,
40 pg of proteins was loaded onto each lane and separated by 10%
sodium dodecyl sulfate-polyacrylamide gels, and transferred electri-
cally to nitrocellulose membranes. The membranes were blocked by
the 5% defatted milk powder at ambient temperature for 2 hours, in-
cubated with AQP4 rabbit anti-rat polyclonal antibody (1:200) at 4 °C
overnight. After three rinses with PBS plus Tween-20, the blots were
detected with goat anti-rabbit IgG (1:6,000) tagged with horseradish
peroxidase at environmental temperature for 2 hours and visualized
by the enhanced chemiluminescence kit. f-actin was served as inter-
nal reference . Integral optical density (IOD) values of target band and
internal reference were measured an calculated by the gel image anal-
ysis system. The ratio of IOD value between target band and internal
reference represented the relative expression levels of AQP4 protein.

AQP4 mRNA expression as detected by RT-PCR

The total RNA was successfully extracted from right hippocampus
in each group by Trizol RNA Isolation extraction kit. RNA purity was
assayed by the ultraviolet spectrophotometry. OD values at 260 nm
and 280 nm (OD,; and OD, ) were determined by ultraviolet spec-
trophotometry. The ratio of OD, /OD,, was set between 1.8 and 2.0.
cDNA was synthesized by the M-MLYV reverse transcription kit. PCR
amplification was performed using cDNA as a template. The primer
sequences were designed and synthesized by Sangon Biotech(Shang-
hai) using NCBI Genebank and Primer Premier 5.0 software. B-actin
was used as an internal reference. Primer sequences were as follows:

AQP4 primer:

Upstream 5-GTCCTCATCTCCCTTTGCTT-3;
Downstream 5'-GACTCCCAATCCTCCAACCA-3;
B-actin primer:

Upstream 5'-GAAGATCAAGATCATTGCTCCT -3
Downstream 5'-TACTCCTGCTTGCTGATCCA -3’

Quantitative fluorescent PCR was conducted by a quantitative flu-
orescent reagent kit using ABI 7300 real-time PCR system. Briefly, 1
pL of cDNA template was added to 10 pL of 2 x SYBR green PCR
master mix (Bio Basic Inc.), 2 puL of each primer and nuclease-free
water 7 uL to a final volume of 20 pL. Thermal cycling parameters
were: 96 °C for 4 minutes, followed by 40 cycles of 94 °C for 30
seconds, 58 °C for 30 seconds, and 72 °C for 30 seconds. Fluores-
cence signal was gathered at 72 °C for 30 seconds in each cycle. After
amplification, B-actin was served as an internal reference gene. The
threshold cycle (Ct) values were analyzed with ABI 7300 SDS soft-
ware (Applied Biosystems) to detect fluorescence. A comparative Ct
method was applied to calculate relative quantification, which was
used in the final statistical analyses.

Statistical Analysis

All the results were analyzed by SPSS17.0 statistical software,
and expressed as mean + SD. Differences in means among multiple
groups were analyzed using two-ways ANOVA. The comparison be-
tween groups was carried out by Tukey’s post hoc comparisons.The
statistical significance for all tests was set at P < 0.05.
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Results
Histological and ultra-structural observation

As shown in (Figure 1), the morphological manifestations of hip-
pocampal CA3 area were normal in SO group. In the SE group, the
perineuronal space was widened, and the neurons were swelled and
became worsen at 6-12 hours post injury. Neuronal swelling reached
the peak at 24 hours, started to decline at 3 days, and decreased dra-
matically at 7 days. Compared with the SE group, the extent of neuro-
nal swelling was reduced at various time points in the LEV group.

Figure 1: The HE staining of hippocampal CA3 area in different groups
at 24 hours.

A: SO group, B: SE group, C: LEV group

There is no significant pathological lesion in brain tissue slice
of SO group. The swollen cells were successively alleviated in SE
and LEV groups. Scale bar: 100 um (x400). As shown in (Figure 2)
mitochondrion edema with disarrangement or fragmentation of mito-
chondrial cristae was found in SE group. Mitochondrion edema was
alleviated and mitochondrial cristae were increased in the LEV group.

Figure 2: The ultra-structural changes in different groups at 24 hours by
TEM (x6000).

A: SO group, B: SE group, C: LEV.

Mitochondrion edema was consecutively alleviated in SE and
LEV groups.

Determination of brain water content

Compared with the SO group, the brain water content of SE group
at 6 hours ascended slightly (80.77 + 1.12, P < 0.05), rose obviously
at 12 hours (82.62 = 1.39, P < 0.05), came up to its peak at 24 hours
(83.41£1.66, P < 0.05), then began to decrease at 3 days (82.41 =
1.41, P<0.05), and dropped greatly at 7 days (78.80 £ 0.75, P < 0.05).
The brain water content was significantly lower in the LEV group
than in the SE group, and statistical significance was observed be-
tween the two groups at each time point P < 0.05 as shown in (Figure
3 & Table 1).

Each column represents the mean (%) + SD. Results were ana-
lyzed by two-ways ANOVA followed by Tukey’s post hoc compar-
isons (each group, n=8). *P < 0.05, vs. SO group; #P < 0.05, vs. SE
group at the same time point.

Determination of AQP4 using western blot assay

Compared with the SO group, AQP4 expression showed an ascen-
dant trend in the SE and LEV groups (P < 0.05). AQP4 expression
was lower in the LEV group than that in the SE group at various time
points (P < 0.05) (Figure 4 & Table 1).

AQP4 mRNA ex-
Brain water content (%) AQP4 expression .
pression
SO SE LEV SO SE LEV SO SO SE
74.18 80.77 77.83 0.993 74.18
0.085+ | 0.164 + 0.134 &
6h + + + + 6h +
0.011 0.020* 0.021*#
0.72 1.12% 1.67*# 0.078 0.72
78.70
74.12 82.62 0.976 74.12
+ 0.086+ | 0236+ 0.198 +
12h + + + 12h +
1.56* 0.013 0.017* 0.019*#
0.63 1.39% ’ 0.053 0.63
74.24 83.41 79.49 1.069 74.24
0.093+ | 0.246 + 0.206 +
24h + + + + 24h +
0.010 0.016* 0.012*#
1.00 1.66* 1.59%# 0.081 1.00
74.44 82.41 78.44 0.980 74.44
0.095+ | 0.206 + 0.164 +
3d + + + + 3d +
0.011 0.021* 0.025%*#
0.66 1.41% 1.70%# 0.077 0.66
74.13 78.80 76.64 0.963 74.13
0.095+ | 0.163+ 0.131 +
7d + + + + 7d +
0.013 0.014* 0.006%#
0.77 0.75% 2.03*# 0.077 0.77

Table 1: Brain water content, AQP4 expression and AQP4 mRNA expres-
sion at different time points in each group (£ S %, n=8).
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Figure 3: Levetiracetam effects on brain water content in rats with brain
edema in each group.

N

Figure 4: The expression of AQP4 protein in the different groups by west-
ern blot assay with B-actin as housekeeping gene.

Detection of AQP4 mRNA expression using RT-PCR

AQP4 mRNA expression was significantly higher in the SE and
LEV groups than that in the SO group (P < 0.05). AQP4 mRNA ex-
pression was meaningfully lower in the LEV group than that in the SE
group at various time points (P < 0.05) (Figure 5 & Table 1).

RT-PCR was used to measure AQP4 mRNA expression levels.
The data are presented as mean + SD and were analyzed by two-ways
ANOVA followed by Tukey’s post hoc comparisons (each group,
n=8). *P < 0.05, vs. SO group; #P < 0.05, vs. SE group at the same
time point.
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Figure 5: Levetiracetam effects on AQP4 mRNA expression in rats of each
group.

RT-PCR was used to measure AQP4 mRNA expression levels. The data are
presented as mean + SD and were analyzed by two-ways ANOVA followed
by Tukey’s post hoc comparisons (each group, n=8). *P < 0.05, vs. SO
group; #P < 0.05, vs. SE group at the same time point.

Discussion

SE results in neuronal degeneration and necrosis of hippocampus,
and brain edema [2, 10]. These injured neurons showed typical hall-
marks of programmed cell death mediated by mitochondria, which
was confirmed by TEM observation consisting of mitochondria swell-
ing and crista fragmentation in this research. Brain edema formation
in lithium-pilocarpine model of SE in rat has been verified by pathol-
ogy and imaging [11]. Brain edema is one of the main pathological
events after SE and an important reason leading to neurological dys-
function and acute death, which begins with cytotoxic edema, fol-
lowed by vasogenic edema [12]. Brain water content of SE group was
significantly higher than that of SO group in this study, which sug-
gested that SE produced brain edema. This result was fairly accorded
with literatures [13]. AQP4 is mainly expressed in astrokeratinocytes
and ependymal cells,and is most abundant in the subarachnoid space,
the surface of astrocytes around blood vessels, and the glial boundary
membrane formed by astrocytes’ endfeet surrounding capillary walls.
Above distribution is respectively called polar distribution. These dis-
tribution characteristics suggest that AQP4 plays an important role
in maintaining cerebral water balance, and is an important structural
basis for water regulation and transport between glial cells, cerebro-
spinal fluid and blood vessels. Meanwhile, the distribution of AQP4
in pia, ependymal cells around the ventricular system and chorioplex-
us epithelial cells was consistent with the sites of CSF reabsorption,
suggesting that CSF may be reabsorbed through AQP4 on these cells.
The level of AQP4 protein in the hippocampal formation analyzed
by western blotting began to rise after 6 hours, reached the peak at
24 hours, began to decrease at 3 days, and dropped obviously at 7
days. In a rat model of kainite induced- temporal lobe epilepsy, AQP4
expression in western blot was also increased apparently [14]. The
trend of AQP4 expression was basically consistent with the changes
in brain water content, which suggested that AQP4 might participate
in the formation of brain edema and SE could activate AQP4. Bind-
er et al demonstrated that AQP4 deficient mice subjected to seizure
showed increased seizure duration and increased seizure threshold
than wild-type mice [15], which indicated AQP4 could take part in
the regulation of brain excitability. AQP4 expression was obviously
up-regulated in human sclerotic hippocampal tissue following tempo-
ral lobe epilepsy. In this study, the changes of brain edema induced

by SE were consistent with the expression trend of AQP4 and AQP4
mRNA,which confirmed that the up-regulation of AQP4 expression
was closely related to the formation of brain edema.Levetiracetam
is quickly absorbed orally and has anti-epileptic and neuroprotective
effects [16, 17], which also reduce the mortality effectively in a mod-
el of SE in rats induced by paraoxon [18]. In a brain edema model
of SE induced by pilocarpine, repeated administration of high-dose
levetiracetam after termination of SE by diazepam not only dramat-
ically reduced the incidence of spontaneous recurrent seizures, but
also obviously alleviated brain edema and neuronal damage [19].
The blood-brain barrier integrity was protected by levetiracetam in
rat vasogenic edema model of SE, which might prevent the devel-
opment of spontaneous recurrent seizures via the inhibition of brain
edema events.[20]. This study confirmed that levetiracetam could not
change the trend of cerebral edema, but could significantly reduce the
degree of cerebral edema. It is suggested that the increase of AQP4
protein expression may be caused by the increase of AQP4 mRNA
synthesis. The inhibitory effect of levetiracetam on AQP4 and AQP4
mRNA expression was consistent with the inhibitory effect of leve-
tiracetam on brain water content. Taken together, levetiracetam may
alleviate SE-induced brain edema by down-regulating AQP4 mRNA
expression and inhibiting AQP4 expression. These results provide an
experimental basis for the clinical application of levetiracetam in the
treatment of SE.

Conclusion

This study showed that levetiracetam could effectively reduce
brain water content, relieve brain edema and protect neurons by
down-regulating AQP4 mRNA expression. The exact mechanism of
down-regulation of AQP4 mRNA expression deserves further inves-
tigations.

Highlights

* Brain edema in the hippocampus of rat was successfully demon-
strated after status epilepticus induced by lithium-pilocarpine.

* AQP4 and AQP4 mRNA expressions were evidently up-regulated
in rat edematous hippocampal tissue following status epilepticus.

» Levetiracetam can reduce brain edema from status epilepticus
by down-regulating AQP4 and AQP4 mRNA expression.
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