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ABSTRACT

Since the last decade deep brain stimulation has been proposed as an alternative treatment for patients who do not be-
come seizure-free with the current pharmacological treatments and cannot undergo resective surgical procedure. How-
ever, the optimal stimulation parameters remain undetermined and active research in humans and animals is necessary.
The present study was designed to investigate the effect of unilateral Low Frequency Stimulation (LFS) of hippocam-
pus on seizure development by using the hippocampal rapid kindling method (hRK) in rats. We used male Wistar rats
implanted with electrodes in the ventral hippocampus. All rats underwent hRK (biphasic square wave pulses, 20 Hz for
10 seconds) during three consecutive days (twelve stimulations per day). The control group (hRK; n = 6) received only
RK stimulus, while the treated group (LFS-hRK; n = 8) received also LFS (biphasic square wave pulses, 1 Hz for 30
seconds) immediately before the RK stimulus, during three consecutive days. At the end of behavioral testing on day 3,
62% (P < 0.05) of the animals receiving LFS treatment were still not fully kindled staying in stages O-111 (P < 0.01). The
number of stimulations needed to achieve generalized seizures (stage IV-V of Racine scale) was significantly higher (P
< 0.05) in the LFS group with respect to control group. No significant differences in the cumulative daily afterdischarge
duration were observed between both groups. These findings suggest that preemptive LFS can significantly decrease the
incidence of hippocampus-kindled seizures and delay the progression and secondary generalization of focal seizures.

Keywords: Hippocampal Rapid Kindling; Epilepsy; Electrical Stimulation; Low-Frequency Stimulation; Electrical
Stimulation Protective Effect

1. Introduction epilepsy (TLE). Moreover, stimulation of hippocampus,
as ictal onset zone, could potentially avoid memory loss
associated with resective surgery.

Kindling is probably the most widely accepted ex-
perimental model for TLE [20]. Traditional kindling pro-
tocols usually provide once- or twice-daily stimulations
and depending on the region that is stimulated, it takes 10
- 30 days for the rats to become fully kindled. Lothman
et al. (1988/93/94) described the serial day rapid kindling
(RK) procedure and found that the serial day rapid kin-
dling protocol renders fully kindled animals faster than
traditional kindling [21-23].

The inhibitory effect of low frequency stimulation
(LFS) has been widely proved using the conventional
kindling method, in animal model of complex partial
epilepsy [24,25]. Several studies have used LFS of the
kindling focus [26] as well as neuroanatomical structures
*Corresponding author. related to the genesis and propagation of the ictal activity

Since the last decade deep brain stimulation (DBS) has
been proposed as an alternative treatment for patients
with drug-resistant epilepsy and are not amendable to re-
sective surgery [1,2]. DBS of various neural targets has
been investigated in clinical studies and animal studies,
including the anterior nucleus of thalamus (ANT) [3-6],
subthalamic nucleus [7,8], centromedian nucleus of the
thalamus [9,10], caudate nucleus [11], cerebellum [12-
14], and hippocampus [15-18]. Despite this broad range
of researches, the optimal stimulation parameters as well
as the neuroanatomical target remain uncertain [19].
Therefore, active research in both humans and animals is
necessary.

The stimulation of hippocampus may provide an al-
ternative to patients who have refractory temporal lobe
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[27,28], proving both of them inhibition of the kindling
acquisition and seizure development with controversial
results. However, there are few reports of the effect of LFS
in hippocampus using the rapid kindling (RK) method.
The experimental results published by Mohammad-Zadeh
et al. [29] and Wyckhuys et al. [30] showed that the op-
timal LFS duration remains indeterminate and that there
are still arguable results in relation to its efficacy.

Taking into account the reduced time required to de-
velop the kindling process, three days in the protocol that
we used [31], the RK is a fast alternative to conventional
kindling and could be considered as a more practical ex-
perimental model than the conventional kindling method
(which requires approximately 30 days to fulfil the ex-
periment).

Considering the important role of hippocampus in epi-
leptogenesis and due to there are no sufficient reports
about the effect of LFS on hippocampus in a rapid kin-
dling protocol, the present study was designed to inves-
tigate the inhibitory efficacy of unilateral LFS in a model
of hippocampal RK (hRK) in wistar rats.

2. Materials and Methods
2.1. Animals

Adult male Wistar rats (220 - 270 g) were housed indi-
vidually in cages with an ambient temperature of 23°C -
25°C and a 12-h light/12-h dark cycle (lights on from
6:00 - 18:00 h). Animals were provided with water and
food ad libitum. They were acclimated for at least 1 week
before surgery. Experiments were carried out each day
between 10:00 - 17:00 h.

The experimental protocol was approved by the Insti-
tutional Committee for the Care and Use of Laboratory
Animals (CICUAL) of School of Medicine of Buenos
Aires University and was in complete accordance with
the UE (86/609/EEC) and the ethical guidelines of the
Committee of Health Guide for the Care and Use of
Laboratory Animals of School of Veterinary Medicine of
Buenos Aires University. Furthermore, efforts were made
to minimize the number of animals used in the study and
their suffering.

2.2. Surgery

The rats were deeply anaesthetized with intraperitoneal
injections of a ketamine/xylazine mixture at a concentra-
tion of 85.0 mg/ml ketamine and 15.0 mg/ml xylazine.
The rats were fixed in a stereotaxic frame according to
the method of Paxinos and Watson [32] and the skull was
exposed. Five holes were drilled, two of them for anchor
screws, two for placement of a stainless steel wire used
as ground and reference and one for placement of the
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electrode. A bipolar recording and stimulating electrode
(0.2 mm in diameter) was chronically implanted in the
right ventral hippocampus, using the following coordi-
nates in mm from bregma and skull surface: anteroposte-
rior —5.3; lateral 5.2; depth 7.5 [32]. The electrodes con-
sisted in two twisted stainless steel Teflon-coated wires
(tip distance 0.5 - 1.0 mm) insulated except for 0.5 mm at
the tip. Electrode was connected to a miniature receptacle,
which was embedded in the skull with dental cement. At
least 7 days were allowed for recovery from surgery be-
fore starting the experiment. Following completion of the
experimental protocol, all animals were anaesthetized by
an intraperitoneal injection of ketamine (85 mg/kg) and
xylazine (15 mg/kg) and then transcardially perfused
with 4% paraformaldehyde. Brains were frozen and
coronally sectioned into 40 um slices with a microtome
and slide mounted, allowing for confirmation of elec-
trode placements. The data of the animals with false
placement of their electrode position or existence of any
abnormality, such as lesion, were not included in the re-
sults.

2.3. Stimulation Procedures

All the recordings were performed after the rat had been
transferred from the home cage to a recording box (30 x
30 x 30 cm). The head-stage of the rat was connected to
a flexible, shielded cable. Evoked responses were re-
corded in freely moving rat while the animal was awake
with its eyes open.

Seven to ten days post surgical recovery, on day 0, the
afterdischarge thresholds (ADT) were determined as the
minimum intensity sufficient to evoke an afterdischarge
(AD) of 5 s or longer, defined as a two-fold increase in
the EEG baseline. An initial current of 50 pA (peak-to-
base; 2 s trains of biphasic square wave pulses, 20 Hz)
was applied and then increased in steps of 50 pA (to a
maximum of 400 pA), with 5 minutes intervals between
current delivery. The animals that did not elicit AD with
a current intensity of 400 pA were excluded from the
experiment. On day 1 the implanted animals were as-
signed to two groups: the control group (hRK; n = 6) and
the treated group with LFS (LFS + hRK; n = 8). All ani-
mals received the rapid kindling stimulus. The hRK
stimulus consisted in 12 stimulations daily during three
consecutive days. Each stimulus was carried out at ADT
intensity with 10 s trains of biphasic square wave pulses,
at a frequency of 20 Hz with intervals of 30 minutes be-
tween each of them. The LFS (biphasic square wave
pulses 50 pA, 1 Hz for 30 seconds) was applied to the
treated group immediately before each of the 12 RK
stimulations on three stimulation days. LFS parameters
were determined according to Goodman et al. [26] and

NM



176 Effect of Unilateral Low-Frequency Stimulation of Hippocampus on
Rapid Kindling—Induced Seizure Development in Rats

our preliminary experiments (unpublished data, 2010).

Electroencephalogram (EEG) during each AD was re-
corded through the hippocampal electrodes. All of the
recording were obtained and reviewed by using a digital
system (Stellate-Bioscience system, Bioscience S.R.L,
Buenos Aires, Argentina). The signal was amplified 1000
times, filtered 0.5 - 40 Hz (3 dB/octave), and digitized at
a sampling rate of 200 Hz. The behavioral manifestation
was classified following an adjusted version of the scale
of Racine [25]: stage I: immobility, facial clonus, wet
dog shakes; stage II: head nodding, chewing, automa-
tisms; stage III: clonus of one forelimb; stage IV: rearing,
bilateral forelimb clonus; stage V: rearing, bilateral fore-
limb clonus, loss of balance and falling [25,33,34].
Stages I-III were considered as focal seizures, while
stages IV and V were considered as generalized seizures
(GS) [35-37]. When the animals exhibited three consecu-
tive stage 5 seizures, they were regarded as fully kindled.
An investigator who had no information about the animal
group and the number of stimulations scored the behav-
ioral responses. After the completion of experiment, the
incidence of GS, the mean of stimulations necessaries to
reach the stage IV and V (generalization of seizures), the
behavioral progression of kindling (stages I-V; according
to Racine’s scores), and the cumulative daily AD (ADD)
were monitored to evaluate the effect of the LFS during
the kindling acquisition. Values for ADD were calculated
by summing the duration of ADs recorded after each of
the daily twelve stimulations.

2.4. Statistical Analysis

A two-way analysis of variance (ANOVA) followed by a
post hoc Bonferroni’s test was done to compare the ADD
and the number of stimulation required to achieve dif-
ferent stages between hRK (control) and LFS + hRK
groups. The behavioral progression of kindling (stages
[-V) was analyzed by using Mann Whitney U test. In the
case of comparing generalized seizure incidence, chi-
square test was used. Data are expressed as mean and
standard error of the mean (SEM). Statistical analysis
was carried out by GraphPad Prism 4.0 for Windows. For
all analysis, the tests were performed two-sided and a P <
0.05 was considered significant.

3. Results

Fourteen of fifteen rats used in this experiment fulfilled
the criteria, 6 were assigned to the control group (hRK)
and 8 to the treated group (LFS + hRK). At the end of
experiment, all control rats were fully kindled, while in
LFS group only 3 of 8 rats (38%) arrived generalized
seizures (stage IV-V) but they did not become fully kin-
dled (P < 0.05; Chi-square test) (Figure 1(a)). Five ani-
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mals of LFS (62%) were still not fully kindled staying in
stages O-1II being observed a significant difference on
day 3 (P < 0.01; Mann Whitney U test) with respect to
control group (Figure 1(b)).

A two-way ANOVA and post hoc Bonferroni’s test
showed that the average of stimulation required to reach
stage IV-V (generalized seizures) was significantly
higher in LFS + hRK group (26.17 £ 3.90) than in con-
trol group (17.75 + 0.95) (P < 0.05; Figure 2). However,
post hoc Bonferroni’s test did not show a significant ef-
fect of LFS on the ADD, although LFS group showed a
decreasing ADD from first to last day, but did not reach
significance (Figure 3).

4. Discussion

The obtained data show that LFS application with the
parameters used in the current study interferes with hRK.
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Figure 1. Effect of LFS on seizure severity. (a) hRK group
(control; black bar) and LFS treated group (gray bar) on
the incidence of generalized seizures in hippocampal-kin-
dled rats. Chi-Square test showed that LFS-treated group
(LFS + hRK) had significantly less incidence of generalized
seizures (GS) than control group (hRK; *P < 0.05), reaching
GS only the 38% of LFS + hRK animals; (b) Effect of LFS
application on progression of behavioral seizure stages
during 3 days of stimulations in treated group (LFS + hRK)
compared to control group (hRK). The nonparametric
Mann-Whitney U test showed a significant difference on
behavioral seizure scores on day 3 (**P < 0.01). Data were
shown as mean + SEM.
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Figure 2. Effect of LFS application on number of stimula-
tions needed to achieve different seizure stages. A two-way
ANOVA followed by a post hoc Bonferroni’s test showed
that the average number of stimulations required to reach
generalized seizures (stage 1V-V) were significantly in-
creased in LFS + hRK group compared with control group
(hRK; *P < 0.05). Data were shown as mean £ SEM (n = 6
for hRK group and n = 8 for LFS + hRK group).
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Figure 3. Effect of LFS application on progression of cu-
mulative daily afterdischarge duration (daily ADD). The
table shows the cumulative daily ADD of control (hRK) and
treated (LFS + hRK) groups. A two-way ANOVA, followed
by a post hoc Bonferroni’s test, did not show significant
differences between both groups. These data are plotted as
cumulative daily ADD (seconds) versus days of stimulation.
Data were shown as mean + SEM.

The LFS group presented a significant difference to
reached stages of generalized seizures (IV-V) in relation
to control group. Therefore, at the end of behavioral test-
ing, 62% of the animals receiving LFS treatment were
still not fully kindled remaining in stages O-III. LFS sig-
nificantly slowed the progression of behavioral seizure
stage on day 3 showing a retardation of kindling acquisi-
tion.

The LFS significantly increase the number of stimula-
tions required to achieve generalized seizures. This effect
is predominantly due to the significant retardation of pro-
gression from stages 0-III (focal seizures) to stages IV-V
(generalized seizures). However, ADD was not affected
by LFS.

The LFS applied in RK model on perforant path [29,
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38] and in amygdala-kindled rats [26] showed an anti-
convulsant effect similar to our findings. Other research-
ers did not found anticonvulsant effect of LFS on seizure
parameters using RK in piriform cortex [39]. On the
other hand, no anticonvulsant effect of LFS in hRK was
observed by Wyckhuys et al. [30], but they used a dif-
ferent protocol, the alternate day RK and a higher fre-
quency of stimulation (5 Hz instead of 1 Hz used in our
work). This controversy about the LFS antiepileptic effi-
cacy could be due to the different parameters used in
each experiment. It is known that different parameters of
LFS have important role in induction of LFS anticonvul-
sant effects. It seems that the slower LFS frequency and
the shorter interval between LFS and kindling stimula-
tions could cause the stronger anticonvulsant effect [40].
Therefore, this effect depends on the applied LFS pa-
rameters (e.g. intensity, pulse duration and train duration)
and the designed protocol [39].

Recently published results from the SANTE (Stimula-
tion of the Anterior Nuclei of Thalamus for Epilepsy)
trial demonstrate a significant reduction in seizure fre-
quency with programmed stimulation [4,12,41,42] mak-
ing the anterior nuclei of thalamus (ANT) a promising
target in seizure control for intractable epilepsy [6,43,44].
However, more large and well-controlled studies should
seek to apply stimulation to patients with inefficacious
effect and those were excluded in SANTE.

The hippocampus is another promising target for in-
tractable epilepsy. There is important evidence to con-
sider hippocampus as one of the most epilepsy-suscepti-
ble areas and the origin of temporal lobe epilepsy [43].
However there are few reports about this area as stimula-
tion target [18,22,30], we applied LFS in this structure,
assuming that the inhibition of seizure onset site would
facilitates the blocking of epileptic discharge.

In the present report, it has been demonstrated that us-
ing the hRK method can be observed an anticonvulsive
effect of LFS during kindling acquisition showing an-
tiepileptogenic potential. It has not been yet determined
the mechanisms that contribute to the strong protective
effect of LFS but it has been hypothesized that electrical
stimulation of specific brain areas can regulate seizure
susceptibility by raising seizure threshold or by interfer-
ing with seizure propagation by activating seizure-gating
networks [44-46]. A few studies using LFS in the kin-
dling focus have indicated that LFS-induced LTD or de-
potentiation may reverse kindling-induced long-term po-
tentiation in the focus, so retarding seizure development
[47,48]. The LFS induced-decrease in kindled seizures
severity observed in the present study can be explained
by an increase in AD threshold [26,46]. An elevation in
seizure threshold would make it less likely that a given
kindling stimulus would elicit a seizure. Therefore, if

NM



178 Effect of Unilateral Low-Frequency Stimulation of Hippocampus on
Rapid Kindling—Induced Seizure Development in Rats

kindling occurs through a potentiation of excitatory path-
ways, then an LFS-induced increase in seizure threshold
may occur through a depotentiation-like process possibly
delaying network synchronization and blocking seizure
generalization. This also could explain why the treated
animals needed more stimulations than controls to achieve
fully kindled state.

However, ADD is decreased during application of LFS,
but failed to reach significance. As in our report, it has
been previously observed by Wyckhuys et al. (2010) that
neither HFS nor LFS could affect the ADD despite hav-
ing increased the AD latency and AD threshold. Other
reports of rapid kindling applied during more of three
consecutive days of stimulation [29,30,38,40] showed
LFS-induced decreased ADD which differ of our find-
ings. Therefore, no significant change in ADD between
treated and control animals may be due to that time of
protocol used in this study (three days) do not allow ob-
served a long-lasting effect of LFS. Further experiments
using a prolonged protocol of rapid kindling will be per-
formed.

5. Conclusion

The hRK could be considered as a more practical ex-
perimental model than the conventional kindling method.
Preemptive LFS can gives significant retardation of pro-
gression from stages III (focal seizures) to stages IV-V
(generalized seizures). These findings may afford a new
insight into establishing an effective and long-lasting
therapy for seizure prone people, especially those with
temporal lobe epilepsy in future.
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