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Abstract

Increasing evidence demonstrates that electric stimulation has anticonvulsant effects. The present study was undertaken to
investigate the effects of mild foot electrical stimulation (MFES) on the development of pentylenetetrazol (PTZ) kindling
and compare its effectiveness with the more commonly used treatment, phenytoin. Kindling was induced in rats by repeated
injections (every 24 h) of PTZ (37.5 mg/kg). The rats were subjected to either MFES (0.2 mA in intensity for a 160 ms
duration with a 160 ms interval for 20 min) or phenytoin (30 mg/kg) before PTZ injections. Following this treatment, rats
received MFES every other day for 10 days or 26 days after establishment of PTZ kindling. The data showed that MFES
significantly inhibited development of chemical kindling induced by PTZ in rats (p =0.001, as compared to PTZ-treated
animals). This inhibitory effect is comparable with the effect of 30 mg/kg doses of phenytoin (P =0.99, as compared to
phenytoin group). However, 10 days or 26 days durations of MFES had no effect on established kindled seizures (P =0.58
as compared to PTZ-treated animals). Our data demonstrate that although MFES significantly inhibited the development of

chemical kindling, this experimental paradigm had no effect on established kindled seizures.
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Introduction

Epilepsy is a common neurological condition [1]. This dis-
ease, if untreated, can cause permanent cerebral complica-
tions, such as cognitive impairments [2], learning disabilities
[3], intellectual disability, autism spectrum disorders and
attention deficit hyperactivity disorder [4, 5]. Epidemio-
logical investigations have shown that over 30% of epileptic
patients experience learning difficulties [6]. Currently, the
mainstay for treatment of chronic and recurrent seizures,
which is a key symptom of epilepsy, is the development of
drugs such as phenytoin and sodium valproate. These drugs
control the excitability of neurons in the brain [3].

It has been shown that antiepileptic drugs such as pheny-
toin have cognitive and behavioral side effects [7]. Further-
more, about 30% of epileptic patients do not respond to these
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drugs [8]. This is why it is becoming increasingly important
to find new methods for controlling seizures.
Pentylenetetrazol (PTZ) is a selective blocker of the
gamma-aminobutyric acid A (GABAA) receptor. It acts on
receptors coupled to chloride channels [9]. PTZ was used to
induce chemical kindling as an animal model of epilepsy.
Such modeling is often used for studying human epilepsy
and refers to a phenomenon in which repeated injections
of PTZ causes gradual seizure development, culminating
in generalized tonic—clonic seizures. There are two phases
in the PTZ-induced kindling process. The first phase is epi-
leptogenesis, during which repeated administrations of PTZ
culminate with progressive convulsant activity. The second
phase is the established epileptic state, referring to the point
at which stage five seizures are considered established [10].
There have been many experimental and clinical attempts
to control epileptic seizures by using electrical stimulation.
Electrical stimulation for the treatment of epilepsy has been
proposed in a variety of modalities, such as vagus nerve
stimulation [11], deep brain stimulation applied to the ante-
rior nucleus of the thalamus, cerebellum and subthalamic
nucleus [12] and spinal cord stimulation [13]. The goal of
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these methods is to provide a treatment with maximum effi-
cacy and minimum adverse effects. Recent studies reported
that electrical stimulation can be applied to the skin of the
foot and that this low intensity electrical stimulation has
beneficial effects on learning and memory performance
[14]. However, the effect of mild foot electrical stimulation
(MFES) on the development of PTZ kindling and on fully
kindled animals has not yet been studied. Therefore, the aim
of this study was to investigate the effect of MFES on kin-
dling induced by PTZ and compare it with phenytoin.

Materials and methods
Animals

Sixty male Wistar rats weighing 200-250 g each were
divided into seven treatment groups. Group 1 (n=12)
received PTZ (37.5 mg/kg, ip injection every second day). In
this group 60 min before PTZ injection, each rat was placed
in the grid box without electrical stimulation for 20 min.
Group 2 (n=12) received MFES during the kindling process
(60 min before PTZ injections). Group 3 (n=12) received
phenytoin during the kindling process (30 min before PTZ
injections). Group 4 (n=26) received MFES for 10 days
after they reached to the stage five seizure. Group 5 (n=06)
received electric stimulation for 26 days after they reached to
the stage five seizure. Group 6 (n=6) received foot electrical
stimulation and group 7 (n=6) received 30 mg/kg phenytoin
every other day. The rats were housed in environmentally
controlled conditions (12 h light—dark cycles, 7:00-19:00
light and 19:00-7:00 dark, temperature 22 +2 °C) at the
Arak University of Medical Sciences animal facility. Food
and water were supplied ad libitum. All procedures were
carried out in accordance with EU Directive 2010/63/EU
and the University Ethics Committee standards (Arak Uni-
versity of Medical Sciences Research Ethics Committee,
ethical approval # 94-132).

Foot electrical stimulation

Based on previous studies that reported beneficial effects of
low-intensity electrical stimulation on learning and memory
[14], the same electrical stimulation parameters were used
in this study. Electrical stimulation was induced using a box
(30 cm X 30 cm X 40 cm high) with a steel-rod floor (29 par-
allel rods, 0.3 cm in diameter, set 1.0 cm apart). Foot shock
consisted electrical stimuli of 0.2 mA intensity for a 160 ms
duration with a 160 ms interval applied for 20 min. The
stimulation was produced by a constant-current stimulator
(WPIL, USA) and was delivered through the floor grid.

@ Springer

Kindling

For induction of kindling, a subconvulsive dose of PTZ
(37.5 mg/kg, ip injection Sigma, USA) was administered
every other day for a period of 26 days (13 injections). After
each PTZ injection, animals were kept in a Plexiglas cham-
ber (30 cm X 30 cm X 30 cm) and convulsive behavior was
recorded for 30 min. Convulsive responses were classified as
described previously [15]. Their parameters were as follows:
stage zero, no response; stage one, ear and facial twitch-
ing; stage two, myoclonic jerks without upright position;
stage three, myoclonic jerks, upright position with bilateral
forelimb clonus; stage four, tonic—clonic seizures; and stage
five, generalized tonic—clonic seizures, loss of postural con-
trol [16]. Rats were considered fully kindled when seizure
attacks (stage five) occurred after each PTZ injection for
three consecutive injections. The recording parameters were
as follows: seizure stage, latency to the onset of stage two
and stage five seizures and duration of stage five.

Corticosterone measurement

Animals were killed by decapitation 1 h after the last behav-
ioral testing, always occurring between 3 pm and 4 pm.
Blood was collected and serum corticosterone levels were
evaluated. Plasma corticosterone was measured by commer-
cial RIA kits (DRG-Germany). The radioimmunoassay was
performed according to the manufacturer’s instruction.

Statistical analyses

Statistical analyses were performed using SPSS Statistics
(Version 20). A one-way and two-way analysis of variance
(repeated measures and completely randomized) was con-
ducted, followed by a Tukey’s test for multiple comparisons.
An unpaired Student’s 7 test (two-tailed) was used to com-
pare two different groups of animals. Seizure stage data was
analyzed by nonparametric Kruskal-Wallis with post hoc
Mann—Whitney U tests. The criterion for statistical signifi-
cance was p <0.05. Results are reported as mean + standard
deviation of the mean (SD).

Results
PTZ kindling

The repeated administration of PTZ (37.5 mg/kg ip)
produced chemical kindling, as indicated by the pro-
gression in seizure stage of PTZ-treated animals. After
an average of 13 injections, rats were fully kindled (i.e.,
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displayed at least three consecutive stage five seizures)
[F(1, 13)=419.71; p<0.001, one-way repeated measure
ANOVA) (Fig. 1), and generalized tonic—clonic seizures
occurred in all animals.

Effect of pretreatment with phenytoin
on the development of PTZ kindling

The steady increase in seizure stage was markedly
inhibited by phenytoin pretreatment [p < 0.001, time
effect F(12, 286)=4.327, p<0.001; group effect F(I,
286)=425.6, p<0.001] and time-group interaction [F(12,
286)=2.727, p<0.010] (Fig. 1), and only one rat in this
group had stage five seizures. Administration of pheny-
toin (30 mg/kg) increased the latency of the onset of stage
two seizures. Although one-way ANOVA revealed signifi-
cant differences among phenytoin, PTZ and PTZ + MFES
groups [F(4, 45)=3.75; p <0.010], the difference between
the phenytoin + PTZ group and the PTZ group was not sig-
nificant (p =0.118) (Fig. 2). The effect of phenytoin pre-
treatment on stage five seizures has been shown in Fig. 3.
The latency to the onset of stage five seizures significantly
increased in the phenytoin-treated rats compared with
PTZ rats [F(4, 46)=31.07; p=0.001, one way ANOVA].
Post hoc analysis revealed that this difference was sig-
nificant (p <0.001) as compared to PTZ group. Analyz-
ing the effect of phenytoin on stage five duration showed
that pretreatment with phenytoin significantly reduced the
stage five duration [F(4, 46)=5.501; p=0.001, one way
ANOVA]. Post hoc analysis revealed that this difference
was significant for (p =0.001) as compared to PTZ group
(Fig. 4).
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Fig. 1 Protective effect of MFES and phenytoin, on development of
PTZ kindling. Statistical analysis showed that repeated administration
of PTZ produced chemical kindling as indicated by the progression in
seizure stage of PTZ-treated animals [F(1, 13)=419.71; p=0.001].
Administration of phenytoin and MFES-inhibited the steady increase
in seizure stage. ***p <(0.001, values are expressed as mean (SD)
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Fig.2 Mild foot electrical stimulation increased stage two latency
in PTZ kindled rats. One-way analysis of variance analysis showed
significant differences among Phe.PTZ, MFES.PTZ and PTZ groups
[F(4,45)=3.75; *p <0.01], Post hoc analysis revealed that this differ-
ence was significant for MFES.PTZ group as compared to PTZ group
(p<0.010). Values are expressed as mean (SD)

Effect of electrical stimulation on the development
of PTZ kindling

Electrical stimulation pretreatment significantly reduced
the seizure stage for PTZ-treated animals [p=0.001, time
effect (F(12, 286)=3.818, p<0.001), group effect (F[1,
286)=345.7, p<0.001)] and time-group interaction (F(12,
286)=3.278, p<0.001), and only one animal achieved stage
five with 13 injections of PTZ (Fig. 1). Pretreatment with
electrical stimulation significantly increased the time nec-
essary to reach stage two of PTZ kindling [F(4, 45)=3.75;
p=0.010, one way ANOVA]. Post hoc analysis revealed
that this difference was significant (p =0.001) as compared
to PTZ group (Fig. 2). Furthermore, stage five latency was
significantly increased for animals in the electrical stimula-
tion group compared to the PTZ group [F(4, 46)=31.07,;
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Fig.3 Mild foot electrical stimulation has equal effect as phenytoin,
on increasing the latency to stage five seizure. One-way analysis of
variance analysis showed significant differences among PTZ, MFES.
PTZ and phe.PTZ groups [F(4, 46)=31.07; *** p<0.001], Post hoc
analysis revealed that this difference was significant for PTZ.MFES
group (***p<0.001) and Phe.PTZ group (p <0.001) as compared to
PTZ group. Values are expressed as mean (SD)
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Fig.4 Inhibitory effect of mild foot electrical stimulation and pheny-
toin, on the stage five duration. One-way analysis of variance analysis
showed significant differences among PTZ, MFES.PTZ and phe.PTZ
groups [F(4, 46)=5.501; p=0.001], Post hoc analysis revealed that
this difference was significant for MFES.PTZ group (***p=0.001)
and phe.PTZ group (**p <0.01) as compared to PTZ group. Values
are expressed as mean (SD)

p=0.001, one way ANOVA]. Post hoc analysis revealed
that this difference was significant (p =0.001) as compared
to PTZ group (Fig. 3). Analyzing the effect of electrical
stimulation on stage five duration also showed a significant
reduction in duration [F(4, 46)=5.501; p=0.001, one way
ANOVA]. Post hoc analysis revealed that this difference was
significant (p =0.001) as compared to PTZ group (Fig. 4).

Effect of electrical stimulation on established
kindled rats

The results showed that 10 days of MFES in rats with estab-
lished kindled seizures had no effect on seizure parameters.
When analyzing the effect of 26 days of MFES on PTZ
kindled rats, results also showed that electrical stimulation
after establishment of PTZ kindling had no effect on seizure
parameters.

Corticostrone test

Comparing the plasma corticosterone concentrations in
control, PTZ, phenytoin, MFES, MFES. PTZ and Phe.PTZ-
treated groups with one way ANOVA showed that there was
no statistical difference in basal corticosterone levels among
the groups [F(5, 30)=0.28, p=0.91].

Discussion
The results of present study show that applications of MFES

every other day can retard the development of PTZ kin-
dling in rats. This effect was comparable with phenytoin
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treatments (30 mg/kg). In addition, while electrical stimu-
lation retarded development of kindling, it had no effect on
established kindled seizures.

In this study, seizure severity consistently increased in
rats treated with PTZ, which is in accordance with the results
of earlier studies [17, 18].

Treatment with phenytoin elicited the expected inhibitory
effect against PTZ-induced kindling. We have shown that the
applied dose of phenytoin (30 mg/kg) partially inhibited the
development of PTZ kindling. This result is consistent with
previous reports [19, 20].

This is the first report demonstrating the antiepileptogenic
effect of a MFES pretreatment on the PTZ model of epilepsy.
Many experimental and clinical attempts have been made
to control epileptic seizures using stressors such as electric
shocks [21], immobilization [22], cold water [23] and acu-
puncture [24]. The main difference between this study and
previous studies for stress induction was stimulus intensity.
In the previous studies, high-intensity electrical stimulations
(3 mA) were used for electric foot stimulation. The inten-
sity used in this study was 0.2 mA, a much lower inten-
sity than what has been used in previous research. Previous
studies showed that an electrical stimulus with an intensity
of 0.5 mA or higher increased corticosterone levels, while
intensities lower than 0.5 mA did not increase the concentra-
tion of corticosterone [25]. In accordance with these find-
ings, the results of corticosterone measurement have shown
that electrical stimulation of the foot with 0.2 mA intensity
did not change the concentration of stress hormone. This
result is consistent with the finding of Uysal et al. [14] who
observed no difference in corticosterone level with 0.2 mA
foot electrical stimulation. So, it does not seem that the anti-
convulsant effect of MFES was mediated by stress or stress
hormones. Although no change in corticosterone concentra-
tions was detected, we cannot rule out the potential role of
stress. Previous studies have shown that MFES increased
the level of BDNF and VEGF in the hippocampus, and
hippocampus is an important structure in the development
of kindling [26]. Therefore, the protective effect of MFES
against PTZ kindling may result from the increase in the
level of BDNF and VEGEF in the hippocampus [14].

The exact nature of the anticonvulsant effect caused by
electrical stimulation is not fully understood and requires
further research.

After the first experiment showed that MFES could
inhibit the development of PTZ kindling in rats, we inves-
tigated whether electrical stimulation could inhibit estab-
lished kindled seizures or not. To answer this question,
rats received MFES for 10 days after PTZ kindling. The
results showed that the treatment did not change the seizure
parameters. Another experiment was conducted in which
rats received electrical stimulation for 26 days (same number
as in the kindling development) after kindled seizures were
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fully established. The results showed that electrical stimula-
tion for 26 days also did not change the seizure parameters.
Perhaps it needs higher electrical current to inhibit estab-
lished kindled seizures.

It seems that the kindling process was responsible for the
different effects of MFES on development of kindling and
on the established kindled seizures. Our data showed that
MEES inhibited kindling development, but had no effect on
established epileptic states. Previous studies have indicated
that some conventional antiepileptic drugs can also cause
independent effects for each of these phases. For exam-
ple, Loscher et al. [27] have shown that phenytoin inhib-
its the development of amygdala kindling in non-kindled
rats but that subsequent kindling of the animals leads to a
total loss of the anticonvulsant efficacy of phenytoin. One
interpretation of these results is that mild electrical stimula-
tion blocked the underlying mechanism of kindling instead
of masking the expression of seizures with anticonvulsant
action.

Further studies are needed to shed light on the mecha-
nism underlying the action of MFES on development of
PTZ kindling. In addition, the potential ability of pure cuta-
neous somatosensory stimulation to prevent PTZ kindling
requires further study. Because, molecular changes have not
been investigated in this study we are not able to come out
with a concise conclusion about the molecular mechanisms
involved in anticonvulsant action of MEFS. Another limita-
tion is that because the simultaneous electrophysiological
recording of the brain area (such as amygdala and hippocam-
pus) was not possible in this study. Therefore, the regions of
the brain that are likely involved in anticonvulsant action of
MEFES were not determined.

In conclusion, our results showed that although MFES
can suppress the development of PTZ kindling in rats, it had
no effect on established kindled seizures.
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