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Obijective. Epilepsy is a neurological disorder that can be caused by many underlying pathologies. The epileptic and interictal manifestations
that appear during the progression of chronic epilepsy are still not understood completely. One of the most frequent forms of this disease is
temporal lobe epilepsy in which is clear involvement of the hippocampal formation. In order to study the electrografic progression of untreated
seizures we used amygdala kindling in freely moving rats. Methods. Seven animals were implanted with bilateral hippocampal and prefrontal
electrodes. A bipolar electrode, implanted in the lateral nuclei of the left amygdala was used for stimulation. The kindled group of animals
was stimulated daily with the minimum current intensity needed to reach the afterdischarge threshold. Behavioral changes during kindling
were scored according to the Racine scale. Results. The average seizure severity on the Racine scale was 2.6+0.4 by day 6 and 4.4+0.6
by day 20. The first spontaneous seizures appeared after 31 days of stimulation. During spontaneous seizures the preictal spike full width at
half maximum increased gradually from 51+4msec to 110+5msec (p < 0.05) whereas the amplitude of the negative field potential deflection
increased by 62% (p < 0.05). Conclusions. Our study showed that the progression of temporal lobe epilepsy, as seen in humans, can be
reproduced in the kindling model with high fidelity. This study confirms in vivo the increase in preictal spike duration as well as the increase of

the amplitude of negative field potential deflection during the preictal period.
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Introduction

Epilepsy is a symptom of cerebral irritability [1] that can
be caused among others by chanellopathies, cerebral mal-
formations, brain traumatisms, brain tumors and brain in-
fections [2]. Currently we do not understand completely
the molecular changes, the morphological alterations or
the clinical signs of epilepsy. Careful analysis of epilep-
tic and interictal manifestations of epileptogenesis could
provide useful data needed for understanding (1) the un-
derlying mechanisms of chronic epilepsy progress, (2) the
factors that influence its severity, and (3) how to prevent
epileptogenesis if the initial insult already has occurred [3].

The hippocampal formation is of particular interest as it
is involved in the encoding, consolidation, and retrieval of
episodic memories [4] as well as in physiological and path-
ological oscillations [5]. One of the most frequent forms
of epilepsy is temporal lobe epilepsy (TLE), in which the
involvement of hippocampus seems extremely important
(6].

The kindling phenomenon has been used as a chronic
model of temporal lobe epilepsy for several decades [7] and
it is accepted as a model of complex partial epilepsy with
secondarily generalized seizures [8]. Kindling refers to a
seizure-induced plasticity phenomenon that occurs when
repeated afterdischarge induction by electrical stimulation
in a specific brain region evokes a progressive development
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of seizure susceptibility [7]; the seizures evoked by kindling
closely resemble secondarily generalized partial seizures
and are clearly progressive in nature [9]. Kindling helps
to understand the consequences of untreated seizures, in-
cluding mossy fiber sprouting, synaptic reorganization and
progressive hippocampal neuronal loss [9].

The aim of the study was to monitor cortical electrogen-
esis in slowly kindled freely moving rats.

Methods

Animals

For the experiments we used male Wistar rats (n=7, weigh-
ing 250-380 g) that were housed individually, under
standard conditions: constant temperature (22-24°C) and
humidity (50-60%), 12 hours light/dark cycle and access
to food and water ad libitum. All procedures involving
animals were carried out in accordance with EU Directive
2010/63/EU and national and local guidelines and policies
(CEC 26/2011).

Electrode implantation and recording protocols

Electrodes were implanted during surgery under general
anesthesia (Ketamine 100 mg/kg and Xylazine 5 mg/kg,
i.m.). Body temperature was maintained at 38°C (Physi-
ological Temperature Controller TMP-5b, Supertech,
Pécs, Hungary) and vital signs were monitored continu-
ously during the procedure. For stimulation purposes a
stainless steel bipolar electrode (wire diameter 0.2, maxi-
mum distance between tips 0.3 mm) was implanted in
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the lateral nuclei of the left amygdala (5.5 mm lateral and
3.4 mm posterior from the bregma, depth 8 mm from the
cerebral surface). For recording the propagation of ictal ac-
tivity needle electrodes were implanted bilaterally in the
CA3 region of the hippocampus (wire diameter 0.2 mm,
2 mm lateral and 3 mm posterior from the bregma, depth
3.3 mm) and 0-80x1/16 screw electrodes were fixed in the
skull bilaterally above the frontal cortex (3 mm anterior
and 2 mm lateral from the bregma). 0-80x1/16 screw elec-
trodes were fixed in the skull symmetrically above the cer-
ebellum and used as ground and reference. Electrodes were
connected to plastic connectors that were fixed on the skull
with dental acrylic polymeric resin (electrodes and connec-
tors were purchased from Plastics One Inc., Roanoke, VA,
USA, dental acrylic resin was purchased from SpofaDen-
tal, Markova, Czech Republic). All electrodes were placed
according to the stereotaxic atlas of Paxinos and Watson
[10], the positioning was verified at the end of the protocol
by histological procedures (Nissl staining).

The animals were monitored closely for 24 hours fol-
lowing the surgical procedure. After a postsurgical recovery
period of 10-14 days a baseline electrical activity was re-
corded for 15 minutes with an 8-chanel amplifier (Multi-
amp SMA-4a, Supertech, Pécs, Hungary). All recordings
were made on freely moving rats: animals were housed
in a 50x50cm plexiglass cage, both connector plugs were
connected through a 50 cm shielded cable to an overhead
swivel (6+2 channels, Plastics One Inc, Roanoke, VA,
USA) and then to the amplifier as well as the biological
stimulator.

Stimulation protocol

The animals were divided in two groups: kindled (n=4),
and aged-matched sham-operated controls (n=3, to show
that electrode implants are not epileptogenic in nature).
Before starting the stimulation protocol we determined
the epileptic threshold (afterdischarge threshold — ADT):
first we used a train of 100 stimuli with 50 pA amplitude,
0.1-msec duration and 60 Hz frequency, then we gradu-
ally increased the current intensity in steps of 25uA up
to 100pA and then by steps of 50pA, until reaching the
ADT. The kindled group of animals was stimulated daily
through the implanted amygdala electrode with the mini-
mum necessary current intensity to reach ADT and elicit
seizures. In the control group only electroencephalography
was recorded without stimulation. Daily stimulations were
performed in each animal until the appearance of the first
spontaneous seizures.

Monitoring electrical and clinical seizures, data analy-
sis

Data recordings were performed using a 16 channel board
(PCI 6036E National Instruments), at 1 kHz resolution.
In order to filter the artifacts, the freely moving rats were
hosted in a Faraday cage. The rats were monitored by a
motion sensitive video-monitoring system for 2-4 weeks

after the appearance of spontaneous seizures to observe and
evaluate behavioral seizure types. The obtained data was
analyzed in offline mode, manually. Epileptic discharges
were defined as spikes with a frequency of at least of 5
Hz and with amplitude at least twice as the baseline. If
an electrographic seizure was recorded, we analyzed the
video-monitoring of the respective period as well. Behav-
ioral changes during kindling were scored according to the
Racine scale [11].

Descriptive statistics and nonparametric tests (two-
tailed Mann-Whitney) were applied for data analysis using
GraphPad Prism 5.00 for Windows (GraphPad Software,
Inc., San Diego, California, USA). Statistical data, unless
otherwise specified, is presented as Mean+SD. We consid-
ered a change statistically significant at p < 0.05.

Results
We recorded a baseline trace in all rats from both groups.
Recordings on freely moving animals were possible with-
out electrical artifacts. Frequency analysis of the recorded
traces showed marked theta (4-7 Hz) rhythm on both hip-
pocampus electrodes (Figure 1).

The corticogram recorded from animals that were not
stimulated (i.e. animals from the sham operated group) did
not show electrical activity characteristic for epilepsy.

Fig. 1. Baseline electrical activity recorded in freely moving rat.
Traces from top to bottom: left hippocampus, right hippocampus,
left premotor area, right premotor cortex.

We repeatedly (daily) stimulated 4 rats (kindled
group) eliciting seizures (Figure 2). The initial ADT was
350puA+50pA but after 6 days of stimulation it was re-
duced to 200pA+25pA, which did not change further. The
average seizure severity on the Racine scale was 2.6+0.4 by
day 6, this gradually increased to 4.4+0.6 by day 20.

The first spontaneous seizures started to appear af-
ter 31 days of stimulation (Figure 3). All stimulated rats
developed secondary seizures or spontaneous seizures. In
71% of the cases seizures started from the left hippocam-
pus then propagated to the right hippocampus and then
to the cortex. In case of spontaneous seizures the preictal



Orban-Kis K et al. / Acta Medica Marisiensis 2014;60(6):249-253 251

1 mv

Tsec

Fig. 2. Epileptic seizure initiated by a train of stimuli. The seizure
was initiated in the left hippocampus and propagated bilaterally to
the cortex. Note the spontaneous bursting activity before stimula-
tion. The order of traces is similar to Figure 1.

spike amplitude decreased gradually but without statisti-
cal significance whereas the full width at half maximum
increased gradually from 51+4 msec to 110+5 msec (p <
0.05) during the same seizure. The amplitude of the nega-
tive field potential deflection (NFPD) that characterized
the preictal spikes increased by 62% (p < 0.05) until the
start of the epileptic discharges.

In all cases we confirmed by Nissl staining the correct
position of the stimulation electrode.

Discussion

During epileptogenesis the central nervous system suffers
major structural and functional changes that includes, but
it is not limited to, cellular death, synaptic reorganization,
axonal sprouting, gliosis, neurogenesis and pathological
synchronization, which together lead to hyperexcitability
[12]. In order to study epilepsy there are many experimen-
tal methods [13], that can be grouped in two major cat-
egories: in vitro and in vivo studies. In vitro studies have
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several major limitations, such as they do not characterize
the progressive nature of the epileptogenesis and they do
not offer reliable data about the interaction of neuronal
networks. These limitations can be overcome by in vivo
chronic studies. The most frequently used in vivo studies
employ a chemically and electrically induced status epilep-
ticus, but these studies have their limitations as well: high
mortality of animals, controversies relating the human rel-
evance of the epileptogenesis in rats with a severely dam-
aged neuronal network, the high number of daily seizures
that denotes a very severe epilepsy and creates a high degree
of discomfort to the animals [14]. Kindling studies offer
an alternative that may overcome the limitations of other
studies. It creates a local (i.e. focal) electrical activation and
a slower epileptogenesis that is more characteristic to hu-
man TLE [15] and allows to observe both the propagation
of the epileptiform discharges and the interictal periods
[16].

The kindling model that we used creates only a limited
lesion that induces, at first, stimulated focal electrographic
seizures, then stimulated secondarily generalized seizures,
and in time may lead to spontaneous recurrent seizures
that are progressive in nature (both regarding severity and
frequency of seizures) [14].

The critical role of the amygdala in epilepsy is known
for quite a while [7] and it is also known that it has the
lowest kindling induction threshold in the limbic system
(17, 18]. The amygdala kindling model is considered an
important tool in assessing TLE and can be used to assess
the progression and generalization of limbic seizures [19].
The lateral nuclei of the left amygdala were chosen because
of their reciprocal connections with the hippocampus [20]
and because of its anxiolytic effect [21].

The current intensity for obtaining ADT in our animals
is consistent with previous findings [7, 22]. The gradual
reduction of ADT was described earlier [23] and it may
be related to histological [24], neurochemical [25] changes
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Fig. 3. Spontaneous epileptic seizure recorded in freely moving rat. Note the generalized bursting activity that precedes the seizure. The

order of traces is similar to Figure 1.
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or to microhemorrhages and the deposition of iron [26].
The gradual reduction of the level of ADT can actually be
observed as a consequence of the electrode implantation,
but this was observed only after longer periods [23, 27]. As
such in our case the reduction of ADT was a consequence
of repetitive stimulation [22].

The electrographical progression of seizures was typical
in our rats. The initial stimulation triggered a simple, short
mono- or biphasic afterdischarge that did not propagate to
the controlateral hemisphere. With repetitions, the electri-
cal activity increases in complexity and projects invariably
to distant neuroanatomic sites, including the controlateral
hemisphere [28].

Kindling evokes a brief network synchronization that
induces progressive functional alterations [29]. This fea-
ture indicates that kindling is a form of activity dependent,
seizure-induced plasticity, which induces a permanently
increased seizure susceptibility [30]. The repetitive nature
of stimulation creates progressive functional and structural
alterations that include altered synaptic transmission [31],
gene expression induction [32], apoptotic neuronal loss
[33], neurogenesis [34] and glial proliferation [35]. These
changes eventually will lead to a significant reduction of
GABAergic interneurons [36, 37] that can explain the in-
crease of the severity of the seizures in our animals and the
appearance of spontaneous seizures.

In our data from freely moving rats we found a signifi-
cant gradual increase of preictal spike duration before the
start of seizure like events. This change was already revealed
in several, albeit in vitro, models of epilepsy that showed
a marked inward current, with gradually increasing dura-
tion, preceding the start of the seizures [38, 39]. Therefore
the appearance of seizures might be a result of a longer
depolarization that can be associated with pathological os-
cillations. In our data the significant increase of the ampli-
tude of NFPD, as we approach the start of the seizure, can
actually reflect a better synchronization of synaptic inputs
that allows for pathological high frequency oscillations and
propagation of epileptic discharges [40].

Conclusion

Our study confirmed that the progression of temporal lobe
epilepsy, as seen in humans, can be reproduced with high
fidelity in the kindling model. This study confirms in vivo
the increase in preictal spike duration as well as the increase
of the amplitude of NFPD during the preictal period that
reflects the oncoming pathological synchronization, which
may allow the initiation of epileptic discharges and the
propagation of the electrical activity from the limbic sys-
tem to the cortex.

Limitations of the study

The results of the present study should be interpreted with
care as the small number of animals hinders the possibility
to have a strong statistical evidence.
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