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Abstract: Objective: This study investigates the protective effect of butylphthalide on hippocampal mitochondria in
epileptic rats. Methods: (1) A rat model of pentylenetetrazol (PTZ)-kindling was used. (2) Enzymatic activity of respi-
ratory chain complexes Il and IV was quantified in the hippocampus. (3) Mitochondrial morphology of the hippocam-
pal CA3 region was observed by transmission electron microscopy; (4) Electrical activity of the rat hippocampal CA3
region was recorded with an electrode in vivo. Results: Compared with the epilepsy (EP) group, the butylphthalide
(NBP) group showed significantly improved mitochondrial respiratory chain complex IV activity in epileptic hippo-
campi [Control group (78.2967 + 7.6304) mmol Cytc/min/mg; EP group (45.3269 + 11.6556) mmol Cytc/min/mg;
and NBP group (72.1153 + 15.1009) mmol Cytc/min/mg (P < 0.01). In addition, the mitochondrial ultrastructural
damage was reduced and the frequency of electrical bursts in the hippocampal CA3 region decreased. Conclusion:
Butylphthalide has a protective effect on mitochondrial function in the hippocampus of epileptic rats, thereby reduc-
ing the abnormal electrical activity of neurons. It may therefore have potential as an adjuvant in treatment during

the active epilepsy phase.
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Introduction

Some research have found that epilepsy can
lead to impaired mitochondrial function, which
in turn can lead to a cascade of events that
eventually result in structural neuronal damage
or neuronal death [1], notably, mitochondrial
dysfunction can also lead to epilepsy attacks
[2], thus potential for a feed-forward loop
exists.

Epileptic seizures are accompanied by abnor-
mal neuronal discharge. As a consequence, the
balance of Ca?* and Ca?* binding proteins is lost
and significant Ca?* influx compromises intra-
cellular calcium homeostasis. This results in
the destruction of macromolecules that main-
tain the structure and function of cells, and
eventually disrupts the mitochondria structure.
In addition, the abnormal opening of the mito-
chondrial permeability transition pore (MPTP)
leads to abnormal charge distribution between
the inner and outer mitochondrial membranes
and lowers the trans-membrane potential.

Mitochondrial swelling and outer membrane
rupture are also observed, resulting in struc-
tural damage and functional decline. When epi-
leptic attacks happen, tonic-clonic seizures
result in dramatically increased oxygen con-
sumption and hypoxia which directly impair cel-
lular respiration and mitochondrial function.
Mitochondrial damage induces the release of
cytochrome-C (Cyt-C) from the inner mitochon-
drial membrane into the cytoplasm. This can
lead to mitochondrial electron transport chain
disruptions, inhibition of oxidative phosphoryla-
tion, and a decline in ATP production as well as
cell death in severe cases. On the other hand,
Cyt-C and Apoptosis Protease Activating
Factor-1 (Apaf-1) can form a complex that can
activate caspase-9 zymogen to initiate the cas-
pase cascade and cause apoptosis [3].
Neuronal death further exacerbates recurrent
epileptic seizures, and mitochondrial oxidative
stress can also bring about an increase in sei-
zure susceptibility. Therefore, it is necessary to
protect mitochondrial function to prevent recur-
rent seizures.
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NBP is a racemic 3-n-butylphthalide compound,
it is the active ingredient of and isolated from
celery seed. NBP can improve the level of endo-
thelial nitric oxide (NO) and prostacyclin (PGI2)
of cerebral blood vessels, reduce intracellular
calcium overload, inhibit the release of gluta-
mate (glutamic acid, Glu) and arachidonic acid,
reduce free radicals, and improve the activity of
antioxidant enzymes; moreover, it can increase
the number of capillaries in the ischemic area
to protect mitochondrial function [4, 5]. But
ylphthalide (NBP) is commonly used for the
treatment of ischemic cerebrovascular dis-
ease; however, few studies have focused on the
effect of NBP in treatment of epilepsy and spe-
cifically on its effects on mitochondrial function
and electrical activity of neurons after epilepsy.
Herein, we explore the impact of NBP on the
function and structure of hippocampal mito-
chondria in a rat model of epilepsy to determine
its potential as an europrotective treatment in
patients with epilepsy.

Materials and methods
Drugs and reagents

Pentylenetetrazol (PTZ, Sigma, USA); Buty-
Iphthalide stock solution (NBP, CSPC NBP
Pharmaceutical Co., Ltd., China); Bradford
Protein Quantification Kit, colorimetric detec-
tion kit of mitochondrial respiratory chain com-
plexes Il and IV activity (Genmed Co., Ltd.,
China); JEM-1200EX transmission electron
microscope (JEOL, Japan); stereotaxic appara-
tus: and BL-420E physiological function detect-
ing system (Chengdu Taimeng Software Co.,
Ltd, China).

Animals

Eighty 8 to 10-week-old healthy adult female
Wistar rats (starting weight 228 + 24 g) were
obtained from the Animal Center of the School
of Basic Medical Sciences, Jilin University (pro-
duction license number: SCXK 2003-0001).
The rats were housed in separate cages (6 rats
per cage). Animal rooms were maintained at a
temperature of 21 + 1°C and a relative humidi-
ty of 40-70%, with natural day-night cycle. All
rats were randomly assigned to 2 groups,
model group (n = 60) and sham group (n = 20).
Pentylenetetrazol kindling was used as a rat
model of chronic epilepsy in the model group.
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The model group was subsequently further
divided into EP group (receiving PTZ + vehicle)
and the NBP treatment group (receiving PTZ +
NBP). After receiving treatment for 2 weeks,
each group of animals was divided into 3 sub-
groups to measure respiration chain function in
hippocampal mitochondria, to observe the
ultrastructure of rat hippocampal neurons, and
to detect the electrical activity in the hippocam-
pal CA3 region.

Rat model

In the model group, all rats were intraperitone-
ally injected each day (9:00-10:00 a.m.) with
freshly prepared 1% PTZ saline solution at a
concentration of 35 mg-kg*d?, and equal vol-
umes of saline were injected intraperitoneally
in the control group [6]. Then, behavior chang-
es were observed and recorded for 4 hours
after injection. Seizure severity was scored via
Racine stages [7]. Rats experiencing grade IV-V
seizures for 3 consecutive days were consid-
ered fully kindled and were chosen as success-
ful models. Thereafter, these chosen rats were
injected with the same dose of PTZ saline solu-
tion every 3 days in order to maintain the kin-
dling effect. Rats that were successfully kindled
with PTZ were then randomly assigned to the
EP group or the NBP group. The NBP group
received NBP (diluted with peanut oil) via
gavage at a concentration of 80 mgkgtd?,
while the EP group was given the same volume
of 0.5 mlkg®d* peanut oil for 2 consecutive
weeks.

Determination of respiratory chain complex Il
and IV activity in hippocampal mitochondria

Rats were fasted for 12 hours, rapidly decapi-
tated, and their brains were removed and
placed on ice. The hippocampus was separated
for isolating mitochondria into a suspension
[8]. The protein concentration of the hippocam-
pal mitochondria suspension was then deter-
mined using the Bradford Protein Quantifica-
tion Kit. Respiratory chain complex Il and IV
activity was measured with the GENMED colori-
metric detection kit, according to the user man-
ual’s instructions. The absorbance difference
was detected using a 722s visible spectropho-
tometer, and the value was substituted into the
pertinent formula to calculate the activity.
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Table 1. Activity of mitochondrial respiratory chain com-
plexes Il and IV in the hippocampus (n =8, X £ s)

components of the deep brain electrical
activity, the time constant (T), the high-

Group

Activity of Complex Il Activity of Complex IV
(umol DCPIP/min/mg)  (umol Cytc/min/mg)

frequency filter (F) were set at 0.01 s and
300 Hz, respectively. Volatility > 3 times

Control group 1.8661 + 0.3491

NBP group 1.7670 £ 0.3073

78.2967 £ 7.6304
EP group 1.4697 £ 0.5580 45.3269 + 11.6556*
72.1153 + 15.1009A

the background volatility, phase > 400
ms, and wave group spacing > 800 ms
were the criteria for identifying bursts of

*: compared with the control group P < 0.001; A: compared with the

EP group, P < 0.05.

Observation of mitochondrial morphology in
hippocampal CA3 region

The rats were anesthetized with 10% chloral
hydrate (3.5 mLkg?). After thoracotomy, rats
were perfused transcardially with 100 ml of
buffered saline followed by 150 ml of 4% para-
formaldehyde (pH 7.04). Brains were removed
immediately after perfusion and the hippocam-
pus CA3 region was separated. From the hip-
pocampus, 1 mm x 1 mm x 1. mm of CA3 tissue
was fixed in glutaraldehyde and then fixed in
1% osmic acid. The fixed tissue was dehydrated
in ethanol and embedded in propylene resin.
Tissue was cut into semi-thin sections. Ultrathin
sections with a thickness of 50-80 nm were
made after precise positioning. The sections
were double-stained for electron microscopy
with uranyl acetate and lead citrate. Mito-
chondrial morphology was observed using a
JEM-1200 transmission electron microscope.

Observation of the electrical activity of hippo-
campal CA3 cell populations

The rats were anesthetized with 10% chloral
hydrate. The hair on the head and neck was
shaved. Ethyl alcohol at 75% concentration was
then used to disinfect the skin. The scalp was
incised along the parietal midline, exposing the
skull. The rats were fixed in a stereotaxic appa-
ratus after hydrogen peroxide treatment of the
skull surface. According to the “three-dimen-
sional atlas of the rat brain [9]", a hole was
drilled through the corresponding parts of the
skull. Electrodes were placed on the basal den-
drites of the right anterior dorsal hippocampus
CA3 region (P: -3.0 mm, R: -2.5 mm, H: -3.4
mm) to record the local electrical activity. The
deep brain electrical potential was fed into a
BL-420 biological function system to collect
and analyze the electrical activity in the rat CA3
region. In order to observe the high-frequency
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electrical activity [10]. Measurements
were recorded for 18 minutes and used
to calculate the frequency of attacks.

Statistical analysis

Using SPSS17.0 statistical software, the com-
parison of activity of mitochondrial respiratory
chain complexes Il and IV in the hippocampus
between groups was expressed as means +
SEM (x *+ s). All data were compared by post-hoc
test. The statistical significance level was set at
P < 0.05 for all tests.

Results
Epilepsy model

After 3 weeks of PTZ kindling, the success rate
was 78.3% in the model group, the mortality
rate was 10%, and 11.7% of the rats never
reached the target score for successful kin-
dling. The death of rats was mainly caused by
acute pulmonary edema. Spontaneous sei-
zures can be observed in successfully kindled
models. Seizure frequency was 1-3 times a
week. Most of the rats had I-ll grade seizures,
with occasional grade IV seizures which were
less than 1 minute in duration. Irritability was
found in individual rats. During the process of
administering NBP or vehicle, there was no sig-
nificant difference in the number of seizures
between rats from the EP and NBP groups.
Rats in the sham group had no seizures.

Activity of mitochondrial respiratory chain com-
plexes Il and IV (Table 1)

Compared with hippocampal complex IV activi-
ty in the sham group (78.2967 + 7.6304 mmol
Cytc-min®mg?), activity declined significantly in
the EP group (45.3269 + 11.6556 mmol
Cytcmintmg?; P = 0.00019). Treatment with
NBP resulted in significant restoration of com-
plex IV activity (72.1153 + 15.1009 mmol
Cytc:min®mg?), compared with the EP group (P
= 0.001). Complex Il activity declined numeri-
cally in the EP and NBP groups when compared
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Figure 1. Ultrastructure of rat hippocampal CA3 region in different groups. (A, B) Control group; (C, D) EP group;
(E, F) NBP group. (A, E) Original drawing bar = 1 ym, local zoom bar = 200 nm; (C) Original drawing bar = 2 ym,
local zoom bar = 200 nm; (B, D, F) Original drawing bar = 500 nm, local zoom bar = 200 nm. Mitochondria are
indicated by a white arrow. In the sham group (A, B), in the region of hippocampal CA3, neurons had abundant
nuclear matrices and a high number of organelles, neuropil was arranged closely with an abundant number of
synapses. Mitochondrial membranes were complete and their ridge structure was clear. In the EP group (C, D),
some neurons were swollen, nuclear chromatin was reduced, cavitation of cytoplasmic matrix was observed, and
organelles were reduced. Some neurons exhibited dense, dark cell-like organelles which were poorly distinguished.
In addition, cavitation of neuropil occurred and the number of synapses significantly decreased. Some pyknotic
and cavitated mitochondria were found. In the NBP group (E, F), nuclear chromatin in the neurons was still abun-
dant. Organelles were abundant and dark cells were rarely seen. Neuropil and synapses were relatively abundant.
Mitochondrial membrane was complete and the ridge structure was clear. Some dense mitochondria were also
observed.
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with the sham group. However, none of the dif-
ferences were statistically significant.

Ultrastructure of hippocampal CA3 region
(Figure 1)

In the sham group (Figure 1A, 1B), in the region
of hippocampal CA3, neurons had abundant
nuclear matrices and a high number of organ-
elles, neuropil was arranged closely with an
abundant number of synapses. Mitochondrial
membranes were complete and their ridge
structure was clear. In the EP group (Figure 1C,
1D), some neurons were swollen, nuclear chro-
matin was reduced, cavitation of cytoplasmic
matrix was observed, and organelles were
reduced. Some neurons exhibited dense, dark
cell-like organelles which were poorly distin-
guished. In addition, cavitation of neuropil
occurred and the number of synapses signifi-
cantly decreased. Some pyknotic and cavitated
mitochondria were found. In the NBP group
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Figure 2. Electrical activity of cell populations in rat hippocampal CA3 region of each
group. A: Control group; B: EP group; C: NBP group.

(Figure 1E, 1F), nuclear chromatin in the neu-
rons was still abundant. Organelles were abun-
dant and dark cells were rarely seen. Neuropil
and synapses were relatively abundant.
Mitochondrial membrane was complete and
the ridge structure was clear. Some dense
mitochondria were also observed.

Electrical activity in the hippocampal CA3 re-
gion (Figure 2)

The electrical activity in the hippocampal CA3
region stabilized after 4 minutes of continuous
recording. Therefore, we quantified the sum of
burst electrical activity starting from 5 minutes
and 30 seconds of continuous recording. In the
control group (A), occasional burst electrical
activity was recorded (0.89 times/min) with low
volatility; however, in the EP group (B), large
numbers of clustered spike waves were detect-
ed (13.3 times/min). In the NBP group (C), only
a small amount of visible bursting electrical
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activity (3.00 times/min) was detected and the
volatility was low.

Discussion

PTZ is an antagonist of the y-amino butyric acid
receptor which can bind to the channel of
Chloridion, lead to depolarization of the cell
membrane, therefore result in abnormally high
levels of brain excitability by prolonged or
repeated sub-convulsive stimulation [11]. The
PTZ-kindled epileptic rat model replicates cer-
tain features of human epilepsy, including clas-
sical changes of praxiology and neurological
pathology [12]. It is a useful model for the study
of human epilepsy and neuronal damage [13].
Our study had clarified that the model can man-
ifestate the characters of epilepsy such as
spontaneous seizures, recurrent and long-term
attacks. Besides, we had found the classical
pathological changes of epilepsies: hippocam-
pal injury [14], mitochondrial dysfunction and
ultrastructure injuries [15].

Some research [1, 16, 17] had found that epi-
lepsy can lead to damage of mitochondrial
ultrastructure and function, as well as decre-
ased activity of respiratory chain complex. The
core structure of complex 1V is highly conserved
throughout evolution. All three subunits are
encoded by mtDNA. Because the mtDNA is
exposed in the mitochondrial matrix and lacks
protein protection and damage repair mecha-
nisms, it is vulnerable to destruction via hypox-
ia, superoxide radicals, oxidative stress, and
other factors. Such damage may affect the
structure and function of mitochondrial respira-
tory chain complexes and lead to an increase in
electron leakage and to inhibition of energy
metabolism. Complex Il which is composed of
four subunits, is coded by nDNA. In this study,
the activity of complex IV in the EP group was
significantly lower than in the sham group, and
there was obvious mitochondrial ultrastructural
damage, however, there was no significantly
change of the activity of complex Il. These
results suggested that Complex IV which is
coded by mtDNA is more sensitive to energy
metabolism disorder resulted by epilepsy than
Complex Il coded by nDNA. The decreased
activity of Complex IV could be a sign of mito-
chondrial dysfunction. Abnormal electrical
activity of the hippocampal CA3 cell had been
detected in the EP group, which is accordance
with the manifestations of epilepsy in human.
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This results had also clarified that the model is
a good choice for the research of epilepsy.

Abnormal electrical activity of the hippocampal
CA3 cell populations in the NBP group was
lighter than that in the EP group, which indi-
cates that mitochondrial function and epilepsy
are related and that NBP could possibly reduce
epileptic seizures by reducing the damage to
mitochondrial structure and function.

NBP is a racemic 3-n-butyphthalide compound,
it is the active ingredient of and isolated from
celery seed, it is a resistance to cerebral isch-
emia [18, 19], obviously increasing the quanti-
ties of ATP and creatine phosphate, and signifi-
cantly decrease the injury of mitochondria
structure and function induced by ATP deple-
tion. In addition, it has been confirmed that
NBP has anti-convulsion effect in a variety of
epilepsy models [20]. In our study, the activity
of Complex IV decreased significantly lower in
the NBP group than that in the EP group, which
is accompanied with the abnormal electrical
activity detected in the hippocampal CA3 region
cell populations, moreover, NBP can reduce the
destruction of mitochondrial ultrastructure in
the hippocampus of epilepsy rats, and maintain
the integrity of the mitochondrial membranes.
The possible mechanism is as follows: NBP
reducing abnormal opening of the MPTP, inhib-
iting the release of cytochrome-C (Cyt-C) from
the inner mitochondrial membrane into the
cytoplasm, stabilizing the mitochondrial mem-
brane. Because the release of Cyt-C can lead to
mitochondrial electron transport chain disrup-
tions, inhibition of oxidative phosphorylation,
and a decline in ATP production as well as cell
death in severe cases. On the other hand, Cyt-C
and Apoptosis Protease Activating Factor-1
(Apaf-1) can form a complex that can activate
caspase-9 zymogen to initiate the caspase cas-
cade and cause apoptosis. Neuronal death fur-
ther exacerbates recurrent epileptic seizures,
and mitochondrial oxidative stress can also
bring about an increase in seizure susceptibili-
ty. NBP may also have free-radical scavenging
activity and the ability to enhance the activity of
antioxidant enzymes to restore mitochondrial
energy metabolism and protect mitochondrial
function. When epileptic attacks happen, sei-
zures result in dramatic increases in oxygen
consumption and cause hypoxia in neurons
which directly cause secondary brain injury.
NBP can increase the activity of antioxidant
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enzymes in brain tissue, improve mitochondrial
energy metabolism, increase the expression of
hypoxia-inducible factors (HIF-1a), and promote
the expression of vascular endothelial growth
factor (VEGF), thereby preventing anti-hypoxic
injury.

In summary, recurrent seizures may be associ-
ated with mitochondrial damage after seizures;
therefore, in treatment of epilepsy, it is impor-
tant to not only control epileptic seizures but
also to pay attention to the protection of neu-
rons. NBP can protect mitochondrial structure
and complex IV activity. These results suggest
that NBP can become a new approach in adju-
vant treatment of epilepsy.

Acknowledgements

This study was financially supported by
Development and Reform Commission of Ji
Lin province (JF2012C006-13).

Disclosure of conflict of interest
None.

Address correspondence to: Xuemei Han, Depart-
ment of Neurology, China-Japan Union Hospital of
Jilin University, Changchun 130031, Jilin, P. R. China.
E-mail: xuemeihan1971@163.com

References

[1] Cock HR, Tong X, Hargreaves IP, Heales SJ,
Clark JB, Patsalos PN, Thom M, Groves M,
Schapira AH, Shorvon SD and Walker MC.
Mitochondrial dysfunction associated with
neuronal death following status epilepticus in
rat. Epilepsy Res 2002; 48: 157-168.

[2] SunJY LX, Chi ZF. Mitochondria and epilepsy. J
Apopl Nerv Dis 2005; 22: 382-384.

[3] Ma WK ZH. Mitochondrial cytochrome C and
cell apoptosis. J Pract Med 2007; 23: 3786-
3788.

[4] Lu GQ WX, Hu TT. NBP. Chin J N Drugs 2006;
15: 572-573.

[5] LiLZB,TaoY, Wangy, Wei H, Zhao J, Huang R,
Pei Z. DL-3-n-butylphthalide protects endothe-
lial cells against oxidative/nitrosative stress,
mitochondrial damage and subsequent cell
death after oxygen glucose deprivation in vitro.
Brain Res 2009; 1290: 91-101.

[6] Jia Lijing WW, Liu RC, et al. Impaired spatial
learning related with seizures and levels of
ERK 1/2 in Hippocampus of PTZ-kindled rats.
Chinese General Practice 2009; 12: 2216-
2219.

3585

(7]

(8]

(10]

(11]

[12]

(14]

[15]

(16]

[17]

(19]

[20]

Racine RJ. Modification of seizure activity by
electrical stimulation. [l. Motor seizure.
Electroencephalogr Clin Neurophysiol 1972;
32:281-294.

Acharya MM and Katyare SS. Structural and
functional alterations in mitochondrial mem-
brane in picrotoxin-induced epileptic rat brain.
Exp Neurol 2005; 192: 79-88.

George P KB, Franklin J. The Mouse Brain in
Stereotaxic Coordinates, Compact. 3rd edition.
The coronal plates and diagrams 2008.

Wang WT, Han D, Zou ZY and Zeng J.
[Epileptiform activity of the anterior dorsal hip-
pocampal network induced by acute tetaniza-
tion of the right posterior dorsal hippocampus
of the rat]. Sheng Li Xue Bao 2003; 55: 339-
348.

Loscher W. Animal models of intractable epi-
lepsy. Prog Neurobiol 1997; 53: 239-258.
Coulter DA, McIntyre DC and Loscher W. Animal
models of limbic epilepsies: what can they tell
us? Brain Pathol 2002; 12: 240-256.

Gupta YK, Veerendra Kumar MH and Srivastava
AK. Effect of Centella asiatica on pentylenetet-
razole-induced kindling, cognition and oxida-
tive stress in rats. Pharmacol Biochem Behav
2003; 74: 579-585.

Mortazavi F, Ericson M, Story D, Hulce VD and
Dunbar GL. Spatial learning deficits and emo-
tional impairments in pentylenetetrazole-kin-
dled rats. Epilepsy Behav 2005; 7: 629-638.
Tritschler HJ and Medori R. Mitochondrial DNA
alterations as a source of human disorders.
Neurology 1993; 43: 280-288.

Kudin AP, Kudina TA, Seyfried J, Vielhaber S,
Beck H, Elger CE and Kunz WS. Seizure-
dependent modulation of mitochondrial oxida-
tive phosphorylation in rat hippocampus. Eur J
Neurosci 2002; 15: 1105-1114.

Chuang YC, Chang AY, Lin JW, Hsu SP and Chan
SH. Mitochondrial dysfunction and ultrastruc-
tural damage in the hippocampus during kain-
ic acid-induced status epilepticus in the rat.
Epilepsia 2004; 45: 1202-1209.

Deng W and Feng Y. Effect of dI-3-n-bu-
tylphthalide on brain edema in rats subjected
to focal cerebral ischemia. Chin Med Sci J
1997; 12: 102-106.

Yan CH, Feng YP and Zhang JT. Effects of dI-
3-n-butylphthalide on regional cerebral blood
flow in right middle cerebral artery occlusion
rats. Zhongguo Yao Li Xue Bao 1998; 19: 117-
120.

Dong GX FY. Effect of dl-n-butylphthaline on
convulsion in rats. Chin Pharmacol Bull 1999;
15: 88-89.

Int J Clin Exp Med 2016;9(2):3579-3585



