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Objective. Studies are ongoing to find appropriate low frequency stimulation (LFS) protocol for treatment of epilepsy. The present
study aimed at assessing the antiepileptogenesis effects of LFS with the same protocol applied either just before or immediately after
kindling stimulations.Method. This experimental animal study was conducted on adult Wistar rats (200 ± 20 g) randomly divided
into kindle (𝑛 = 7), LFS + Kindle (𝑛 = 6), and Kindle + LFS groups (𝑛 = 6). All animals underwent rapid kindling procedure and
four packages of LFS (1Hz) with 5min interval were applied either immediately before (LFS-K) or after kindling stimulation (K-
LFS).The after discharge duration (ADD), daily stages of kindling, and kindling seizure stage and number of stimulations required
to reach each stage were compared between the three groups using two-way analysis of variance (ANOVA) followed by Tukey post
hoc and one-way ANOVA, and Kruskal-Wallis test, respectively. Results. LFS in both protocols significantly decreased the ADD
(𝑝 < 0.05) and daily seizure stages (𝑝 < 0.05) and increased the number of stimulations required to achieve stage 3 and stages 4
and 5 of kindling compared with the kindle group (stage 2: 𝑝 > 0.05, stages 3 to 5: 𝑝 < 0.05). Conclusion. Although LFS-K showed
more inhibiting effect than K-LFS, the difference was not statistically significant.

1. Introduction

According to the recent World Health Organization (WHO)
report, approximately 50 million people suffer from epilepsy
worldwide and it is appraised that nearly 2.4 million new
cases occur each year [1]. Temporal lobe epilepsy (TLE) is the
most common type of epilepsy comprising more than 60% of
all epileptic disorders [1, 2]. TLE consists of complex partial
seizures originating from a small area of the temporal lobe or
frontal lobe of the brain and quickly generalize to other areas
of the brain [3].

Kindling is themost common experimentalmodel of TLE
used to study the development of human epilepsy [4–10].
It is a chronic technique where the consecutive electrical
stimulation of specific areas of the brain increases seizure

susceptibility and it also produces other changes in brain
functions which are similar to those appearing in TLE
patients [11–13]. Different kindling models have been emp-
loyed to demonstrate the procedure for kindling-induced
epileptogenesis but electrical kindling has gainedmuch atten-
tion due to noninterference of chemical and pharmacological
agents in the result of experiments. Electrical kindling was
first described by Goddard et al. [14] and more research on
the characteristics of the kindling revealed that it can be an
acceptable option to simulate human epileptogenesis, learn-
ing, and memory. Later, Lothman et al. [15–17] introduced
rapid kindling (RK) protocol that made animals fully kindled
faster than other approaches.

It is evident that the efficacy of an epileptic treat-
ment technique can be considerably improved by predicting
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seizure [18]. Given the unpredictable characteristic of less-
controlled seizures, seizure prediction is a fundamental goal
in clinicalmanagement [19]. In themajority of epileptic cases,
Anti-Epileptic Drugs (AEDs) cannot completely eliminate
epileptic seizures and they only reduce seizure severity [20].
Another traditional treatment is surgery that can only be used
in patients with focal epilepsy and it may impair memory
[21]. In addition, each of the current therapeutic options has
its own side effects. In spite of developing various current
traditional treatments such as pharmacological drugs and
surgery, a large number of patients have experienced little
improvement or suffered serious side effects. Therefore, find-
ing a new and safe alternative therapeuticmethod is required.
Vagus nerve stimulation (VNS) has been widely employed as
an alternative for treatment of drug resistant epileptic patients
[22, 23]. In this regard, Zhang et al. [24] reported that VNS
decreases seizure frequency and it can be a safe and effective
treatment for pharmacoresistant epileptic patients. Recently,
application of electrical stimulation, especially low frequency
stimulation (LFS), of brain as an antiepileptic method has
gained considerable attention [25]. Administration of LFS
is considered to inhibit the seizure activity by inducing
long term depression (LTD) and removing kindling-induced
synaptic potentiation [26]. The antiepileptogenic role of LFS
during the kindling procedure was first introduced by Gaito
et al. [27, 28]. Following that, several studies revealed that LFS
can prevent generalization of seizures and inhibit boosting
induction of the kindling phenomenon through alteration of
electrophysiological features and inhibition of the synaptic
activity [20, 25, 29–32]. In addition, electrical stimulation
provides various privileges in comparison with other current
therapies. It is more secure and, up to now, its serious
side effects have not been reported [33–35]. Thus, LFS is
considered as an alternative to the brain surgery for patients
with epilepsy because of its low risk and being less invasive
[36].

Several studies have demonstrated the inhibiting effects
of LFS during the kindling process, highlighting the idea
that LFS can be regarded as a good alternative therapy
for epileptic patients [20, 29, 37]. In order to develop this
technique, few studies have investigated the ability of LFS
applied immediately before epileptic discharges or kindling
stimulation to prevent the seizure attacks and most of them
applied LFS some minutes before kindling stimulation [20,
38–41]. On the other hand, developing responsiveness closed
loop systems for prediction and prevention or early treatment
of seizures has drawn a considerable amount of research
interest. One of the main prerequisites of such systems is
an efficient therapeutic agent capable of being applied just
before epileptic seizures to prevent or inhibit them [42]. LFS
seems to meet this criterion if applied in optimum protocols
and time. Developing such effective LFS protocol can be
used in responsiveness closed loop system for predicting
and preventing seizure attacks. The present study aimed to
comparatively assess the antiepileptogenic effects of 1Hz LFS
with the same protocol applied just before and immediately
after the kindling.

2. Materials and Methods

2.1. Animals. Adult male Wistar rats weighing 200 ± 20 g
were obtained from the animal house of Ahvaz Jundisha-
pur University of Medical Sciences (AJUMS), Ahvaz, Iran.
They were maintained in a colony room with a constant
temperature (23 ± 2∘C), humidity (50 ± 5%), and artificial
12 : 12 h light-dark cycle. The lights were turned on at 7:00
AM.Animals were housed in individual cages with woodchip
bedding and had free access to standard food and water.
Effortsweremade to reduce animal suffering and tominimize
the number of used animals. All the experimental procedures
of this study were performed in accordance with the ethical
guidelines set by the local Ethical Committee of AJUMS (Reg.
code; U-94147) which completely coincide with the “NIH
Guide for the Care and Use of Laboratory Animals.” All
experiments were done within the same day time (9:00 AM
to 5:00 PM). The experiments lasted for 8 months from 14
September 2015 to 28 May 2016.

2.2. Surgery. The animals were anesthetized using a mix-
ture of ketamine (100mg/kg, i.p.) and xylazine (20mg/kg,
i.p.) [20]. The anesthetized rats were fixed in a stereotaxic
instrument. Three holes were drilled including one for an
anchor screw, one for placement of a monopolar stainless
steel electrode used as ground and reference electrode in the
front of skull, and another hole for implantation of tripolar
stainless steel electrode (A-M system, USA) (a bipolar for
stimulating and a monopolar for recording EEG signals)
that was implanted in the right amygdale, using Paxinos
and Watson atlas coordinates from Bregma: anteroposterior:
−2.5mm; lateral: 4.8mm; vertical: 7.2 and 0.2mm below the
skull [43]. Electrodes were embedded with acrylic dental
cement and attached to a socket.

2.3. Stimulation Procedures. Ten days after surgery, the
threshold intensity of kindling stimulation protocol, after
discharge (AD) threshold, was determined.TheAD threshold
was determined by 1ms monophasic square-wave of 50Hz
with 3 s train duration as described previously [43]. The
stimulating currents were initially delivered at 10 𝜇A and
then its intensity was increased in increments of 10𝜇A at
5min intervals. The minimum intensity sufficient to induce
the ADs for at least 8 s was selected as the AD threshold
and used for kindling stimulation. The AD was defined as
spikes with a frequency of at least 1 Hz and amplitude of
at least twice the baseline activity originating immediately
after stimulation [43, 44]. Electrical stimulationswere applied
using an electromodulator device (Sciencebeam Co., Tehran,
Iran) which was connected to a monitor to show EEG signal
alterations using the e-probe software.The rats which elicited
no ADwith a current intensity of up to 350𝜇Awere removed
from the experiment. Animals were randomly divided into
3 groups: the Kindle group (𝑛 = 7), the LFS + Kindle
group (LFS-K) (𝑛 = 6) where LFS was applied just before
the kindling stimulations, and Kindle + LFS group (K-LFS)
(𝑛 = 6) where LFS was administered immediately after
the kindling stimulations. All animals were subjected to a
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Figure 1: Schematic diagram of the study design and experiments in Kindle group (a), low frequency stimulation (LFS) + Kindle group (b),
and Kindle + LFS group (c).

rapid kindling stimulation (a 3 s train of 50Hz monophasic
pulses of 1ms duration with the threshold intensity applied 12
times daily). The kindling progression was scored according
to the Racine scale: stage 1: facial clonus, wet dog shakes,
and mouth; stage 2: facial movement and head nodding;
stage 3: forelimb clonus; stage 4: rearing and tonic extension
of forelimbs; stage 5: falling and loss of balance [13]. The
kindling stimulations continued until emergence of stage 5
of kindling (it took 4.42 days). Therefore, the LFS-K and
K-LFS animals were stimulated for 5 days. Four packages
of LFS (each package consisted of 200 monophasic square
pulses, 0.1ms pulse duration at 1Hz with the AD threshold
intensity) with 5min interval were daily applied immediately
either before the kindling stimulations (LFS-K group) or after
the termination of the kindling stimulations (K-LFS group).
The time between the LFS and kindling stimulation was as
short as technical limitation allowed. However, the time did
not exceed more than 1min. The schematic diagram of the
experimental groups is presented in Figure 1.

2.4. Statistical Analyses. Values were averaged and expressed
as the mean ± Standard Error of Mean (SEM). A two-way
analysis of variance (ANOVA) was performed to compare

the changes in the values of after discharge duration (ADD).
Moreover, the significant differences were determined using a
post hoc of Tukey. A one-way analysis of variance (ANOVA)
was employed to determine differences in ADD between
three groups during each day. The behavioral stages of
kindling and the number of stimulations required to achieve
different seizure stages were compared using Kruskal-Wallis
followed by Bonferroni’s test. Statistical analysis was done
by statistical package of SPSS (version 21, IBM Corporation,
Chicago, IL,USA) forwindows. For all statistical analyses, the
tests were carried out as two-sided and significance was set at
𝑝 < 0.05.

3. Results

3.1. Alterations in after Discharge Duration. A two-way
ANOVA showed significant difference in cumulative ADD
between the experimental groups (F[2, 78] = 19.682, 𝑝 <
0.05). The data demonstrated that the cumulative ADD
decreased significantly as a result of applying LFS in both
LFS-K and K-LFS groups as compared with Kindle group
(𝑝 < 0.05). AlthoughADD in LFS-K groupwas lower thanK-
LFS, the difference was not statistically significant (𝑝 > 0.05).
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Figure 2: Comparison of after discharge duration (ADD) in 5 days
of stimulation between 3 groups (Kindle, LFS +Kindle, andKindle +
LFS). LFS either prior to or after kindling significantly reducedADD
compared with Kindle group. In addition, the Kindle + LFS and LFS
+ Kindle groups showed no significant difference (𝑝 > 0.05). Values
are represented asmean ± Standard Error ofMean (SEM). ∗𝑝 < 0.05
compared with Kindle group. LFS: low frequency stimulation.

Along with the kindling acquisition, the difference between
Kindle group and LFS-K and K-LFS groups increased (𝑝 >
0.05) (Figure 2).

3.2. Seizure Stage. The results showed no significant differ-
ence in daily stage between all groups during the first day of
the experiment (𝑝 > 0.05). However, application of LFS at the
2nd, 3rd, 4th, and 5th days significantly suppressed the daily
stages (for day 2: H[2] = 10.191, 𝑝 < 0.05, for day 3: H[2] =
13.696, 𝑝 < 0.05, for day 4: H[2] = 12.003, 𝑝 < 0.05, and for
day 5: H[2] = 10.667, 𝑝 < 0.05). All animals in the Kindle
group achieved the generalized seizure stages (stages 4-5 of
kindling) at most at the 5th day. Administration of LFS could
significantly prevent the behavioral progression of seizure
as at the end of the experiment only one animal in LFS-K
group (16%) and two animals (32%) in K-LFS groups reached
generalized seizure stage. Figure 3 compared the daily stage
of animals during 5 consecutive days’ stimulation between
3 groups. Applying the LFS either before or after kindling
stimulation significantly inhibited the epileptogenesis (𝑝 <
0.05). Though the LFS-K showed more inhibition effect as
compared with the K-LFS protocol, the difference was not
statistically significant (𝑝 > 0.05).

3.3. Stimulation Number. A Kruskal-Wallis followed by a
Bonferroni’s test showed that applying LFS either before
or after kindling stimulations significantly increased the
number of stimulations required to achieve localized (stage
3) and generalized (stages 4 and 5) seizure stages (for stage 2:
H[2] = 6.725, 𝑝 > 0.05, for stage 3: H[2] = 8.498, 𝑝 < 0.05,
and for stages 4-5: H[2] = 13.658, 𝑝 < 0.05). All animals
of Kindle group showed the seizure generalization within an
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Figure 3: Comparison of behavioral seizure stages during 5 days
of stimulation between 3 groups. LFS significantly inhibited seizure
progression. A Kruskal-Wallis followed by Bonferroni’s test showed
significant decrease of seizure stage in both Kindle + LFS and LFS +
Kindle groups comparedwithKindle group (𝑝 < 0.05).TheKindle +
LFS and LFS + Kindle groups showed no significant difference (𝑝 >
0.05). Data are shown as mean ± Standard Error of Mean (SEM). ∗
denotes 𝑝 < 0.05 compared with Kindle group. LFS: low frequency
stimulation.

average of (32.86 ± 1.97) trials, whereas at the end of 60 trials,
only one animal of LFS-K and two of K-LFS group showed
seizure generalized stage (Figure 4). In this assessment, LFS-
K showed stronger inhibiting effect than K-LFS, whereas the
difference was not significant. To reach stage 3 and stages 4-5,
the LFS-K, respectively, received 49.83 ± 8.03 and 59.0 ± 2.04
stimulations, whereas K-LFS received 46.16 ± 16.50 and 55.33
± 7.89, respectively.

4. Discussion

The results confirmed that applying LFS either before or after
the kindling stimulation significantly inhibited the kindling
acquisition procedure. All LFS-K and K-LFS animals showed
lower ADD and daily stages in comparison with the Kindle
group. LFS could also considerably prevent generalization of
behavioral stages during the kindling procedure. Moreover,
all animals treated by LFS requiredmore stimulations to show
generalized seizure stages. The findings correspond with
most of the previous studies which confirmed the inhibition
effect of LFS during the kindling acquisition [25, 30, 37]. In
addition, applying LFS reduced ADDwhich can be attributed
to the retarding seizure generalization.

Due to the flexibility of LFS protocols, numerous studies
have investigated different parameters involved in using this
approach [20, 44, 45]. For example, Shahpari et al. [44]
reported that the frequency of LFS and the interval time
between LFS and the kindling stimulation play an important
role in the extent of effectiveness of LFS. They reported that
4 packages of LFS showed the stronger antiepileptic effect
than 1 and 8 packages. In addition, they found that applying
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Figure 4: Effect of LFS on stimulation numbers required to achieve
each seizure stage. Both Kindle + LFS and LFS + Kindle groups
showed significant increase in stimulation numbers required to
reach kindling stages compared to Kindle group (𝑝 < 0.05).
Although LFS + Kindle group required more stimulation numbers
to achieve localized (stage 3) and generalized seizure stages (stages 4-
5), compared to Kindle + LFS rats, the difference was not statistically
significant (𝑝 > 0.05). The values are represented as mean ± SEM. ∗
denotes 𝑝 < 0.05 compared with Kindle group. LFS: low frequency
stimulation.

LFS at 0.25Hz provides more inhibitory effect than other
frequencies. However, there was no association between the
number of pulses and the amount of the antiepileptic effect of
LFS [44].Therefore, it seems that various LFS parameters can
affect its anticonvulsant effect. Although the inhibitory effect
of LFS has been widely reported, its exact antiepileptogenesis
mechanism still remains unknown. The mechanism of long
term depression (LTD) has been demonstrated to interfere
with increasing the threshold of ADD and suppressing the
generalization of seizures [20, 45–47]. In this regard, several
studies have revealed that LFS-induced LTD [29, 31] and
low level direct current stimulation-induced LTD [48] during
the kindling acquisition can prevent the progression of sei-
zure. The LTD phenomenon was first introduced in the
hippocampus and then it was recognized in the other areas
of the brain [49]. This effect can also appear in different
neurons which release neurotransmitters.Themost common
neurotransmitter involved in inducing LTD is glutamate
which affects some receptors causing inhibition effects on
the synaptic activities. It was reported that the anticonvulsant
effect of LFS may occur through inhibiting the synaptic
transition in the dentate gyrus [50]. Similarly, another study
examined the antiepileptogenic effect of LFS during the kin-
dling acquisition of perforant path and they suggested that
the inhibiting effect of LFS is caused by the suppression of
synaptic transmission in dentate gyrus. They also found that
LFS prevents the kindling-induced enhancement of pulses
depotentiation [51]. In addition, a large amount of ATP and
adenosine productswere released from the end of presynaptic
to synaptic regions during exciting the CA1 region of the

hippocampus in the kindling process. In this regard, admin-
istration of LFS enhances the release of adenosine which in
turn induces LTD in neurons of the CA1 region [52]. Some
studies have reported that adenosine induces the inhibitory
effect through affecting A1 receptors and the expression of
these receptors was increased as a result of applying LFS
[50, 53]. In addition, it was showed that the application of the
A1 receptors agonist during LFS increases LTD phenomenon
[52]. Due to the role of the A1 receptors in the inhibiting
effect of LFS, enhancement of the extracellular amount of
adenosine can increase the antiepileptic effect of LFS. There-
fore, applying LFS induces alteration in the adenosine recep-
tors which may be associated with the increase of the AD
threshold and reduction of seizure susceptibility during the
kindling procedure [54]. Similar to the results, numerous
studies have revealed LFS-induced reduction of ADD during
the kindling process [20, 32, 44], whereas Toibaro et al. [21]
reported that the reduction was not statistically significant.
However, comparing the findings of our study with other
previous similar studies it is important to consider the
difference between the LFS parameters particularly the exact
time of LFS application. In our study, we applied the LFS
stimulation immediately before or after kindling stimulation,
whereas in most of the other similar studies there was an
interval between LFS and kindling of mostly 5 minutes.
Esmaeilpour et al. (2013) used 8 packages at 100 s interval,
each package consisting of 200 monophasic square-wave
pulses, 0.1ms pulse duration at 1Hz [20], andWu et al. (2013)
applied LFS twice per day for two weeks [32]. Shahpari et al.
(2012) used several protocols of LFS at 1, 0.25, and 5Hz [44].
They also applied the protocol used in this experiment but the
protocol was applied in the perforant path region whereas we
stimulated the amygdala.

In the present study, application of LFS either before or
after the kindling stimulation significantly decreased ADD,
compared with the Kindle group; however, the difference
between theK-LFS andLFS-K groupswas not statistically sig-
nificant. It seems that applying LFS either immediately before
or after kindling stimulation has the same antiepileptogenesis
effects.

The findings showed that LFS can suppress behavioral
seizure generalization which agreed with the earlier studies
[20, 21, 55–57]. All animals in the Kindle group experienced
generalized seizure stages within 5 days, whereas only one
animal in the LFS-K group and two animals in the K-LFS
group achieved stages 4 and 5 of the kindling. Moreover,
application of LFS in both LFS-K and K-LFS protocols
significantly increased the number of stimulations required
to achieve generalized seizure stages. In fact, this inhibition
effect might be due to the delay of the behavioral progression
from stages 0–3 to stages 4-5. It is clear that increasing
the seizure threshold would reduce the risk of behavioral
seizure generalization. Thus, application of LFS following
the kindling procedure can increase the seizure threshold
through the LTD process which retards network synchro-
nization and suppresses seizure progression. This can justify
requiring more stimulations in the LFS-K and K-LFS groups
as compared with the Kindle group animals to demonstrate
each seizure stage [21].
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To sum up, applications of the same LFS protocol just
before or immediately after the kindling stimulations signif-
icantly inhibit the kindling-induced epileptogenesis and the
LFS before the kindling stimulations exerts higher inhibiting
effects than the later protocol but the difference was not
significant. In a similar study, Shahpari et al. [44] compared
the antiepileptic effect of the same LFS protocol applied
immediately before kindling stimulation and 5min after ter-
mination of kindling stimulation and reported that LFS pro-
tocol immediately before the kindling stimulation induced
more inhibiting effects [44]. However, the main difference
between this study and that of Shahpari et al. [44] is that
we applied LFS immediately after kindling terminationwhich
can be attributed to the different antiepileptic effect between
immediately after LFS and LFS applied 5min after stimula-
tion. Fiveminutes is a long enough time to propagate epileptic
activities through other regions of brain particularly in stages
3–5; therefore, applying LFS immediately after kindling stim-
ulation more likely inhibits the epileptic activities. However,
in addition to the time variable of applying LFS, there are
many other factors that should be discussed and examined
in order to use LFS as a therapeutic approach. During the
recent years, a considerable amount of research interest has
been devoted to developing seizure predicting approaches for
efficient management of epileptic disorders [19]. Developing
an open loop or closed loop system capable of predicting
seizure attack or early detection of seizure onset and applying
efficient electrical stimulations to prevent or at least impede
the seizure attacks is one of the management options for
patients with intractable epilepsy. In this regard, finding
appropriate parameters of electrical stimulations particularly
time of application is a crucial step. The finding showed that
the LFS can be used in such systems as its application either
prior to or after the kindling stimulation, resembling seizure
onsets, can significantly inhibit epileptogenesis.

The main limitation of this study was lack of cellular
and molecular assessments to investigate the mechanisms of
action of the twoprotocols of LFS. In addition, the time of LFS
applications prior to or after kindling stimulation varies and
was not exactly the same. This variation was because of the
technical limitation in changing the stimulus paradigm from
kindling to LFS and vice versa. However, we tried to apply all
LFS prior to or after kindling withminimum variation and all
the stimulations were performed within 1min interval with
kindling stimulation. In addition, possible interfering effects
of surgery on the study parameters were another source of the
limitation of this study. However, we have a kindling group
and comparing the parameters between the three groups we
can expect that any possible effects of the surgery could be
similar in all animals.

5. Conclusion

The findings showed that LFS (four packages, each package
consisting of 200 monophasic square pulses, 0.1ms pulse
duration at 1Hz) applied immediately before or after kin-
dling stimulations can significantly inhibit kindling-induced
epileptogenesis. It seems that LFS or even high frequencies of

electrical stimulation immediately or in close interval before
kindling stimulations can be used as an efficient technique
in closed loop seizure prediction and prevention system to
prevent or inhibit epileptic discharges. Performing further
studies to find more efficient protocols capable of damping
epileptic discharges is necessary in this regard.
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