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Low frequency stimulation (LFS) is a potential alternative therapy for epilepsy. However,
it seems that the anticonvulsant effects of LFS depend on its target sites in the brain. Thus,
the present study was designed to compare the anticonvulsant effects of LFS administered to
amygdala, piriform cortex and substantia nigra on amygdala kindling acquisition. In control
group, rats were kindled in a chronic manner (one stimulation per 24 h). In other experimental
groups, animals received low-frequency stimulation (8 packages at 100 s intervals, each
package contained 200 monophasic square-wave pulses, 0.1 ms pulse duration at 1 Hz andAD
threshold intensity) in amygdala, piriform cortex or substantia nigra 60 seconds after the
kindling stimulation, the AD duration and daily seizure stages were recorded. The obtained
results showed that administration of LFS in all three regions reduced electrical and behavioral
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Key Words: parameters of the kindling procedure. However LES has a stronger inhibitory effect on kindling
Low-Frequency Stimulation, development when applied in substantia nigra compared to the amygdala and piriform cortex
Epilepsy, which reinforce the view that the substantia nigra mediates a crucial role in amygdala-kindled
Kindling, seizures. LFS had also greater inhibitory effects when applied to the amygdala compared to
Amygdala, piriform cortex. Thus, it may be suggested that antiepileptogenic effect of LFS depends on its
Piriform Cortex, target site and different brain areas exert different inhibitory effects on kindling acquisition
Substantia Nigra. according to the seizure focus.

1. Introduction hanced seizure susceptibility and other enduring brain
alterations that are similar to those occurring in human
TLE(Sato, Racine, & Mclntyre, 1990). Among brain
sites, the amygdala is one of the most sensitive areas for
induction of kindled seizures(Mohapel, Dufresne, Kelly,

& Mclntyre, 1996).

pilepsyis known as a common neurologi-
cal disorder affecting about one percent
of the world's population(Zhang, Frank-
lin, & Murray, 1993).The most common
epileptic syndrome in adults is temporal

lobe epilepsy (TLE) and one of the most Unfortunately many epileptic patients are resistant

commonly used animal models of TLE seizures, is the
kindling model of epilepsy(French et al., 1993). Kin-
dling is defined as a chronic model in which the repeated
application of electrical stimulation, with a depth elec-
trode in particular brain sites, induces permanently en-
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to current therapies and there is a need to find new, ef-
fective and safe alternative therapies. One of the po-
tential alternative therapies for epilepsy is deep brain
stimulation(Kile, Tian, & Durand, 2010). Low frequen-
cy stimulation(LFS) as a form of deep brain stimulation
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is thought to inhibit the activity by increasing the thresh-
old for the firing of neuronal action potentials through
more complex mechanisms(Albensi, Ata, Schmidt, Wa-
terman, & Janigro, 2004; Schrader et al., 2006). More-
over, LFS requires fewer pulses per second compared to
other forms of deep brain stimulation therapies, thereby
lowering the required current injection and minimiz-
ing the potential for the stimulation-induced damage
of the target tissue(Kile et al., 2010). LFS is reported
to be an antiepileptic and antiepileptogenic electrical
stimulation(Ghorbani, Mohammad-Zadeh, Mirnajafi-
Zadeh, & Fathollahi, 2007).  Application of LFS as
an inhibitory factor on kindling acquisition was first re-
ported in 1980s by Gaito(Gaito, 1980; Gaito, Nobrega,
& Gaito, 1980). Nowadays, LFS has been determined
as an alternative to the brain surgery for refractory epi-
lepsy, due to its titratability, reversibility and low risk of
complications(Li & Mogul, 2007). However, it seems
that the effects of LFS on amygdala kindled seizures de-
pend on its target sites.

Stimulation of inappropriate brain structures may
result in no effect on or even aggravation of evoked
seizures(Wu, Zhu-Ge, et al., 2008). In most of the previ-
ous studies the LFS was applied at the kindling focus.
However LFS at other target sites can also produce in-
hibitory effects against kindling seizures.Many studies
showed that application of LFS at the kindling focus,such
as amygdala (Ghotbedin, Janahmadi, et al, 2012; Ve-
lisek, Veliskova, & Stanton, 2002; Wu, Xu, et al., 2008)
and piriform cortex (Ghorbani et al., 2007; Yang et al.,
2006)results in a significant increase of seizure thresh-
old and suppression of behavioral seizures. However,
the brain areas which are important in epileptic seizure
spreading may also be considered as the possible targets
of LFS application site. Among these area piriform cor-
tex and substantia nigra have important role on amyg-
dala kindled seizures (Ghorbani et al., 2007; Jahanshahi,
Mirnajafi-Zadeh, Javan, Mohammad-Zadeh, & Rohani,
2009; Mohammad-Zadeh et al., 2009; Sadegh et al.,
2007; Shi, Luo, Woodward, & Chang, 2006; Velisek,
Veliskova, & Moshe, 2002; Yang et al., 2006).Thus, the
present study was designed to compare the anticonvul-
sant effects of low frequency stimulation administered
to different brain sites on the amygdala kindled seizures
in male rats. Amygdala, piriform cortex and substantia
nigra were considered as the target sites for the LFS ap-
plication.

2. Methods
2.1. Animals

Male Wistar rats (weighing 250-300 g, provided by the
Kerman Neuroscience Research Center) were caged in-
dividually and maintained under constant temperature
(23 £ 1 °C) and 12-h light—dark cycle (light on at 07:00).
They had free access to standard food and water. All
experimental protocols and treatments were approved
by Ethical Committee of the Kerman Neuroscience Re-
search Center (EC/KINRC/89-4) that was completely co-
inciding with the “NIH Guide for the Care and Use of
Laboratory Animals”.

2.2. Surgical Procedure

Under ketamine (100mg/kg) and xylazine (10mg/kg)
anesthesia, rats were mounted in a stereotaxic apparatus
and bipolar stimulating and monopolar recording elec-
trodes (twisted into tripolar configuration) were implant-
ed into the right basolateral amygdala (-2.5 mm poste-
rior and 4.8 mm lateral from bregma and 8.5 mm below
skull) according to atlas of Paxinos and Watson (Paxi-
nos & Watson, 2007). Two other groups of animals were
also subjected to an implantation of a bipolar electrode
into the piriform cortex (-0.8mm posterior and 4.9mm
lateral from bregma and 8.8 mm below skull), or sub-
stantia nigra (-4.8 mm posterior and 1.6 mm lateral from
bregma and 8.2 mm below skull) of the same hemisphere
(Paxinos & Watson, 2007). In the amygdala group, the
same electrodes were used for delivering kindling and
low-frequency stimulations. Electrodes (teflon-coated,
125 pm in diameter; A.M. system Inc., USA) were insu-
lated except for 0.5 mm at their tips. Another electrode
was connected to the skull screws and placed above the
left cortical surface as earth electrode. The pins attached
to the electrodes were inserted to a socket which was em-
bedded in the skull with dental cement.

2.3. Kindling and LFS

Following at least 7 days post-surgical recovery, the
afterdischarge (AD) threshold was determined by appli-
cation of 1 ms monophasic square wave of 60 Hz at the
train duration of 2 s. The stimulating current was initially
delivered at 25 pA and was increased in increments of
25 pA at 5 min intervals until at least 5 s of ADs was
recorded. This intensity was considered as AD threshold
and used for daily stimulation.

Rats were subjected to one kindling stimulation/day.
Stimulation of the amygdala was applied by a stimulus
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isolator (A365; WPI, USA) and electroencephalograms
(EEGs) at the amygdala were amplified with an ampli-
fier (DAMS80; WPI, USA) and recorded by means of
data acquisition (D3108; ScienceBeam Co., Iran) and
the biochart software (v 1.53; ScienceBeam Co., Iran).
The seizure severity was classified according to Racine
scores (1972) as follows: (1) facial movement; (2) head
nodding; (3) unilateral forelimb clonus; (4) bilateral
forelimb clonus and rearing; and (5) rearing and falling.
AD duration (ADD) was also measured and expressed
as the increased percentage relative to the first day of
stimulation. Kindling stimulations were continued until
animals showed a stage 5 seizure for the first time. 60
sec after termination of the kindling stimulation, eight
packages of LFS was daily administered at 100 sec in-
tervals. Each LFS package contained 200 monophasic
square-wave pulses, 0.1 ms pulse duration at 1 Hz and
AD threshold intensity at the end of experiments, the po-
sition of electrodes was histologically verified and only
animals with correct electrode implantation in the stimu-
lated sites were included in the statistical analysis.

2.4. Experimental Design

In this experiment, rats were divided into four groups. In
control group the animals were subjected to daily kin-
dling stimulations. In amygdala-LFS, piriform-LFS and
substantia nigra-LFS (SN-LFS) groups, daily LFS was
applied after each amygdala kindling stimulation at the
amygdala, piriform cortex and SN respectively.

2.5. Statistical Analysis

Data were expressed as the mean+=SEM and accompa-
nied by the number of observations. Two-way analysis of
variance (ANOVA) was used to compare the changes in
the increased percentage of ADD and one-way ANOVA
was used to compare the number of stimulation days to
achieve different seizure stages in different groups. The
significant differences were evaluated further by a Tukey
post-test. The changes in behavioral seizure scores were
analyzed in the same manner by using the nonparametric
Kruskal-Wallis and Mann—Whitney U test. A p-value of
less than 0.05 was considered as statistically significant
difference.

3. Results

The obtained results showed no significant differences
in the mean seizure stage of animals in different groups
after the first stimulation (0.77+0.27 in control group,
0.5+0.22 in amygdala-LFS group and 0 in piriform-LFS
and SN-LFS groups). In addition, there were not any sig-
nificant difference in the duration and threshold of ADs
between different experimental groups.

LFS application induced a significant reduction in the
behavioral seizure stages in different groups. This re-
duction was seen only in 2nd and 3rd days of kindling
procedure in the piriform-LFS group. However amyg-
dala-LFS and SN-LFS groups showed significant lower
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Figure 1. The effects of LFS administration in different brain sites on seizure stage during kindling
stimulations of the amygdala. Values are mean+SEM (n=6). * p<0.05, ** p<0.01 and *** p<0.001 in com-

parison with the control.
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Figure 2. The effects of LFS administration in different brain sites on the number of stimulations re-
quired to achieve different seizure stages. Values are meantSEM (n=6). * p<0.05, ** p<0.01 and ***
p<0.001 in comparison with the control.
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Figure 3. The effects of LFS administration in different brain sites on the daily increased percentage of
afterdischarge duration (ADD) upon daily stimulation of the amygdala. Values are mean+SEM (n=6). *
p<0.05, ** p<0.01 and *** p<0.001 in comparison with the control. ~ p<0.05 and ~~~ p<0.001 compared
to the piriform-LFS.

seizure stages in comparison with the control group until stimulations necessary to reach stages 2 to 5 was signifi-
the 12th day of the kindling procedure (Fig. 1). For a cantly increased in all LFS -administered groups com-
better comparison, the number of stimulations needed pared to the control group (F(3,20)= 12.08, P<0.001 for
to reach different seizure stages, have been also shown stage 2; F(3,20)= 15.35, P<0.001 for stage 3; F(3,20)=
in Fig. 2. As the figure shows, the number of electrical 16.19, P<0.001 for stage 4 and F(3,20)= 72.53, P<0.001
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for stage 5). Only SN-LFS group showed higher re-
quired days of stimulation to reach stage one seizure in
comparison with the control group.

In addition, LFS application in all brain areas pre-
vented the increase percentage of ADD during first 12
days of the kindling stimulations (F (44, 286) = 4.097,
P<0.001) (Fig. 3). As the Fig.3 shows, LFS application
had a preventing effect on progression of ADD follow-
ing the kindling stimulations. The daily application of
LFS at amygdala reduced the increased percentage of
ADD from day 7 to 12 of the kindling procedure sig-
nificantly. The SN-LFS group showed a significant re-
duction in the increased percentage of ADD compared to
the control group in 6th to 12th day of stimulations. This
reduction in piriform-LFS group was just at the 12th day
of the kindling procedure compared to the control group.

LFS had stronger antiepileptogenic effect when ap-
plied in the substantia nigra compared to amygdala and
piriform cortex. ATukey post-hoc test showed that there
was a significant difference between the ADD parameter
of SN-LFS group compared to the piriform-LFS group
on days 9 (P<0.001) and 12 (P<0.05) of the kindling pro-
cedure.

4. Discussion

The results of the present study indicated that adminis-
tration of LFS either in the kindling focus or other target
sites can retard amygdala kindled seizures acquisition.
All LFS administered groups showed significant lower
daily seizure stages compared to control group from the
2nd day of the kindling procedure. However in the case
of the piriform-LFS group the difference was significant
only in the 2ndand 3rdday. Moreover, all the LFS admin-
istered groups required more stimulation days to achieve
different seizure stages. In addition, LFS prevented the
increased percentage of ADD in all LFS administered
groups.

Our obtained results from the amygdala-LFS group are
in line with previous studies. Application of LFS to the
amygdala as the kindling focus can provoke a dramatic
elevation in the local AD threshold. The mechanism of
anticonvulsant actions of LFS is unknown, however, the
mechanisms involved in long-term depression or depo-
tentiation may have a role in reducing the excitability
and elevating the AD threshold (Albensi et al., 2004;
Cheong, Yun, Mook-Jung, Kang, & Jung, 2002; Kemp
& Bashir, 2001). Moreover, LFS administration could
result in changing of some receptors involved in the ex-
pression of the seizures. The possible alterations in re-

ceptor binding may be associated with suppressed excit-
ability, reduced recruitment, and elevated AD thresholds
during kindling acquisition (Ackermann, Finch, Babb,
& Engel, 1984). Recently, it has also been shown that
application of LFS in amygdala as the kindling focus
preserves the electrophysiological properties of the rat
hippocampal CA1 pyramidal neurons from the destruc-
tive effects of amygdala kindling and provided further
support for the use of LFS as a very beneficial alternative
treatment method for epilepsy (Ghotbedin et al., 2012).

The piriform cortex has strong connections to limbic
structures, including the amygdala, hippocampus, and
entorhinal cortex. It has a significant modulating effect
on seizures (Loscher & Ebert, 1996) and during initial
phase of kindling in each brain regions, piriform cortex is
the first to show the epileptic activity (Ebert & Loscher,
1995). This structure is critically involved in generation
and propagation of epileptic discharges that induced by
electrical stimulation of other brain sites (Loscher & Eb-
ert, 1996). Therefore it could be considered as a suitable
candidate to interfere with kindling procedure by LFS
administration. The results of our study are in line with
the previous studies which showed that the administra-
tion of LFS in the piriform cortex can retard the progres-
sion of seizure stage and reduce AD duration induced
by amygdaloid kindling in rats (Ghorbani et al., 2007;
Yang et al., 2006; Zhu-Ge et al., 2007). However, it is of
interest that in previous studies the LFS administration
to the piriform cortex had greater inhibitory effect than
what we observed in the present research. Although it is
very difficult to compare the inhibitory action of LFS in
various studies, the difference in LFS pattern could be
the main reason for the difference between their results
and ours.

As far as we know, this is the first study which assessed
the inhibitory effects of LFS application to the SN.
However, previous studies showed that high-frequency
electrical stimulation of the substantia nigra completely
blocks amygdaloid-kindled seizures in nearly a half of
experimental animals (Shi et al., 2006). There are also
several lines of other evidences which have indicated
that the substantia nigra is critically involved in epileptic
seizures. Lesions of substantia nigra appear to suppress
kindling (Shin, Silver, Bonhaus, & McNamara, 1987)
and electrical stimulation of the substantia nigra within
a wide range of frequencies attenuates cortical epilepti-
form activity (Boda & Szente, 1992; Sabatino, Gravante,
Ferraro, Savatteri, & La Grutta, 1988) and blocks kin-
dling induced seizures (Velisek, Veliskova, & Moshe,
2002). Previous electrophysiological work also revealed
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that substantia nigra neurons can led subthalamic nucleus
and hippocampus neurons in synchronized firing during
amygdala-kindled seizures (Shi et al., 2006) reinforcing
the view that the substantia nigra mediates a crucial role
in amygdala-kindled seizures.

In the present study there was a significant difference
in antiepileptogenic effect of LFS when applied in dif-
ferent experimental groups. It has a stronger inhibitory
effect on kindling development when applied in substan-
tia nigra compared to the amygdala and piriform cortex.
On the other hand, LFS had also greater inhibitory ef-
fect on percentage increase of the ADD when applied to
the amygdala compared to piriform cortex. Considering
the fact that piriform cortex is more sensitive to kindled
seizures than amygdala (Loscher & Ebert, 1996), the de-
creasing effect of LFS on seizure activity may be more
difficult when applied in the piriform cortex than that of
amygdala. In contrast, administration of LFS to the sub-
stantia nigra significantly decreased both behavioral and
electrophysiological parameters of seizures. SN-LFS
group was the only group which significantly increased
the required number of stimulations to reach seizure
stage one. The increased percentage of ADD was signifi-
cantly lower from the 6th day the kindling procedure. In
addition, SN-LFS group showed significant lower ADD
parameter on the 9th and 12th day of the kindling pro-
cedure in comparison with the piriform-LFS group. Our
results introduce the substantia nigra as a suitable brain
region for LFS anticonvulsant action. However, further
studies are required to confirm these findings and also
determine the role of substantia nigra in mediating the
anticonvulsant action of LFS.

In conclusion, the inhibitory effects of LFS on kindled
seizures depend on the target site for LFS administra-
tion. In this study, we observed that administration of
LFS to the substantia nigra produced somehow stronger
anticonvulsant effects compared to the kindling focus
(amygdala) and piriform cortex. However, beside the
target site for LFS application, there are many other fac-
tors which must be taken into consideration when using
brain stimulation as a therapeutic approach.
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