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Background

Epilepsy is a brain syndrome with a high rate of
occurrence. Unfortunately, about 30% of epileptic
patients are refractory to antiepileptic drugs [1].
Therefore, various experimental models of epilepsy
have been established in an attempt to discover new
effective antiepileptic drugs. Electrical kindling is a
putative experimental model of epilepsy which was
initially introduced by Goddard [2] and has been
widely used for this purpose. This model of epilepsy
is equivalent to human complex focal seizures. To
establish kindled animals, usually stainless steel
electrodes are implanted in some brain areas of
experimental rodents. After determination of the
threshold intensity, the animals receive either a
single electric current each day [3] or various
currents each day [4] to reach stage five seizures in
Racine classification [5]. The later-named rapid
kindling has the advantage of fast development of
the kindling process, usually within three to five

days. The problem is that the stainless steel wires
used to make the electrodes are rather expensive.
Copper, on the other hand, is a relatively low-cost
and readily available metal that is used to make
electric wires. Accordingly, it may be used as an
alternative to steel electrodes in the development of
the rapid electrical kindling model of epilepsy. In
animal cells, copper is a crucial element and
functions as a cofactor for vital enzymes. Both
copper insufficiency and surplus have detrimental
impacts on cells and organisms [6]. As a case in
point, cellular copper excess was shown to have
exceedingly damaged the mitochondria |[7].
Accordingly, cells use mechanisms to keep copper
concentrations in an appropriate range. The brain
contains the highest content of copper after the
liver [8]. Meanwhile, it was reported that the brain
mitochondria are especially vulnerable to copper [9].
Interestingly, patients with mesial temporal lobe
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epilepsy showed a considerably lower copper level
in their hippocampus [10]. On the other hand, in
the electrical kindling model, just the tip of the tri-
polar electrodes is in direct contact with the
neurons, and the effect of such contact on neurons
and the induction of subsequent seizures has not
been well studied, specifically in the rapid kindling
model. Therefore, this study aims to compate the
development of rapid electrical kindling in rats,
using stainless steel and copper electrodes.

Objectives

This study aimed to compare the development of
rapid electrical kindling using steel and copper
clectrodes in adult male Wistar rats.

Materials and Methods

Animals

Twenty-four adult male Wistar rats (300120 g) were
used in this study. They were four months old and
were provided by the animal breeding center of the
Faculty of Pharmacy, Isfahan University of Medical
Sciences, Isfahan, Iran. The animals were kept under
standard protocol conditions. The study received an
ethics code from the FEthics Committee of
University of Isfahan, Isfahan, Iran (Code No.
IR.ULREC.1401.058). Water and food were freely
available for the animals. They were kept in standard
cages (42cmX26.5cm*15cm). The animal room had
a persistent temperature (21£1°C) and a 12/12
light/dark period (light on at 7 a.m.).

Establishment of the Electrical Kindling

Rats were divided into four groups (n=6) arbitrarily.
The electrical kindling method was performed as
defined previously [11]. Animals were anesthetized
with ketamine (100 mg/kg; ip) and xylazine (10
mg/kg; i.p) and put in the stereotaxic apparatus to
implant a tri-polar electrode in the right basolateral
amygdala nucleus (AP: -2.5 mm from the bregma;
ML: -4.8 mm from the bregma; DV: -7.5 mm from
the dura) [12]. Two unipolar electrodes were fixed
on the right and left parietal bones. After one week
of recovery, the electrical current was delivered to
the amygdala using a stimulator device (e-Pulse,
Science Beam, Tehran, Iran). An amplifier (e-Wave,
Science Beam, Tehran, Iran) was used to record and
determine the after-discharge (AD) threshold. After
24 h, animals got six stimulations each day with 20-
min intervals until they showed three successive
stage five seizures along with the Racine
classification [5].

Histological Preparations
The histological preparations were performed as

described eatlier [13]. In brief, the perfusion was
conducted with phosphate-buffered saline, followed
by 4% paraformaldehyde, in three rats from each
group. Next, the brains were removed, held in 4%
paraformaldehyde, and fixed in paraffin. Suitable
coronal sections were then prepared from the
amygdala. The Nissl method was used to stain brain
sections and quantify dead neurons in the basolateral
amygdala. The 0.1% Cresyl Fast Violet was used to
stain cellular nuclei (Merck, Germany). Three visual
microscopic fields were chosen to provide digital
images from the amygdala. The amygdala dead
neurons were measured by Image | software.

Statistical Analysis

The Shapiro-Wilk and Kolmogorov-Smirnov tests
were utilized to examine the distribution of the data.
Unpaired t-test or one-way analysis of variance
(ANOVA) was used to analyze the data. The Data
were analyzed using GraphPad Prism (version 9.0.1).
The results were shown as meantSEM. A P-value of
<0.05 was considered statistically significant.

Results

Effect of Stainless Steel and Copper Electrodes on
Threshold Intensities

The unpaired t-test results showed that the threshold
intensities were significantly lower in animals
implanted with stainless steel electrodes compared to
the group implanted with copper electrodes
(P=0.02). However, after-discharge duration (ADD)
in the threshold did not wvary between the
experimental groups (P=0.28) (Figure 1).

Effect of Stainless Steel and Copper Electrodes on
Generalization of the Seizures

The unpaired t-test results indicated that the
number of stimulations required to reach stages two
(P=0.08), four (P=0.05), and five (P=0.07) did not
differ significantly in the stainless steel or copper
electrode implanted groups. However, the number
of stimulations to reach stage three (the first
generalized stage) was significantly lower in the
stainless steel group than in the copper group

(P=0.01) (Table 1).

Effect of Stainless Steel and Copper Electrodes on
Seizure Parameters in Fully-Kindled Rats

The wunpaired t-test indicated that seizure
parameters, including ADD (P=0.14), stage four
latency ([S4L], P=0.46), and stage five duration
(IS5D], P=0.45) did not vary significantly in fully
kindled rats between the stainless steel group and
the copper electrode group (Figure 2).
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Figure 1. Determination of the threshold intensity. (A) The unpaired t-test results showed that the threshold intensity was significantly lower in the
stainless steel group compared to the copper group. However, the ADD of the threshold did not differ between the experimental groups. (B)
Representative ADs were recorded from the basolateral amygdala to determine the threshold intensity. The initial stimulation intensity was 50 wA, which
was augmented in steps of 50 wA every five minutes in anticipation of recording a 20-sec AD. Data ate expressed as meanESEM.

*P<0.05

ADD: After-discharge duration

AD: After-discharge

SEM: Standard error of the mean

Table 1. Effect of stainless steel and copper electrodes on generalization of the seizures

Variables Groups Mean SEM P-Value

Cu 9.37 2.82 0.08
NS to stage 2

Stl 4.00 0.59

Cu 21.13* 4.24 0.01
NS to stage 3

Stl 8.25 0.99

Cu 22.86 2.98 0.05
NS to stage 4

St 14.00 2.99

Cu 34.29 4.18 0.07
NS to stage 5 stl 2275 433

The unpaired t-test results showed that the number of stimulations required to reach stage three was significantly lower in the stainless steel group
compared to the copper group.

*P<0.05

SEM: Standard error of the mean

Cu: Copper

Stl: Steel

NS: Number of stimulations

Effect of Stainless Steel and Copper Electrodes on significant difference in the extent of injury in the
the Extent of Injury in the Basolateral Amygdala amygdala between experimental groups (P=0.08)
One-way ANOVA results revealed that there was no (Figure 3).
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Figure 2. Scizure parameters in fully-kindled rats. (A) After the establishment of the kindling, seizure parameters, including ADD, S41, and S5D, did not
differ significantly in rats implanted with stainless steel electrodes compared to those implanted with copper electrodes. (B) Represented ADs in the fully
kindled rats in either of the stainless steel or copper electrode groups. Data are expressed as mean+SEM.

ADD: After-discharge duration

S4L: Stage four latency

S5D: Stage five duration

AD: After-discharge

SEM: Standard error of the mean
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Figure 3. (A) Qualitative and (B) quantitative analysis showing the extent of injury in the basolateral amygdala. Three rats from each group were used for
histological evaluations. One-way ANOVA results showed that there was no significant difference in the extent of injury between the expetimental groups.
Data are expressed as meanstSEM.

ANOVA: Analysis of variance

SEM: Standard error of the mean
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Effect of Stainless Steel and Copper Electrodes on the
Number of Dead Cells in the Basolateral Amygdala

One-way ANOVA results revealed that the number of
dead cells in the amygdala altered significantly in the
experimental groups. The Tukey-Kramer post hoc test
displayed that the number of dead cells was

(A)

significantly lower in the steel control group than in
the copper control group (P<0.01) and in the steel
kindled group than in the copper kindled group
(P<0.05). In addition, the number of dead cells was
lower in the steel control and steel kindled groups than
in the copper control group (P<0.001) (Figure 4).
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Figure 4. The number of dead cells in the basolateral amygdala of the experimental groups. Three rats from each group were used for histological
evaluations. One-way ANOVA results showed that there was a significant difference in the number of dead cells in the amygdala in the experimental
groups. The Tukey-Kramer post hoc test showed that the number of dead cells was significantly lower in the steel control group compared to the copper
control group (P<0.01) and in the steel kindled group compared to the copper kindled group (P<0.05). Data are expressed as meansESEM. Arrows

indicate dead cells. Scale bar: 20 um.
*P<0.05, ¥¥P<0.01, ***P<0.001
ANOVA: Analysis of variance
SEM: Standard error of the mean

Discussion

The results of this study revealed that animals with
a steel tri-polar electrode in their amygdala had a
significantly lower threshold than those with a
copper electrode. However, the ADD of the

threshold did not vary between the experimental
groups. The lack of a significant difference in the
ADD of the threshold was because the criterion for
threshold determination was the occurrence of at
least 20 min of AD for all the experimental groups.
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Therefore, the animals in all groups were stimulated
with different intensities until they showed at least
20 min of AD, and the group with copper
electrodes reached this criterion at the expense of a
higher threshold.

The intracranial electrodes are commonly used to
record electrical potentials elicited by neurons. An
investigation of the electrical characteristics of
different metals showed that silver chloride and
copper were reasonable for this purpose. However,
silver, gold, platinum, and stainless steel reduced
very low frequencies, which made the recordings
problematic. Therefore, from this perspective, silver
chloride and copper were shown to be desirable
[14]. Later, it was shown that rats implanted with
nichrome wire to induce electrical kindling had
significantly lower AD thresholds and required
fewer stimulations to produce stage five
convulsions compared to the group implanted with
copper electrodes. The authors concluded that this
might have occurred due to neural damage by
copper electrodes that retarded the kindling process.
However, they did not find any obvious histological
injuries [15]. Our findings are consistent with the
tindings of that study, as rats with steel electrodes
had lower thresholds than the copper electrode
group, while there was no significant difference in
the extent of injury in the amygdala of the
experimental groups. However, they used the
traditional kindling protocol, which uses a single
electrical stimulation/day and needs much longer
(up to 30 days) to develop kindling epileptogenesis.
Given that in the rapid kindling protocols, the
animals are fully kindled in short periods of three to
five days, we thought that copper electrodes might
be suitable to be used as an alternative to high-cost
stainless steel electrodes for the establishment of
rapid electrical kindling. It was reported that
prolonged stainless steel electrode implantation into
the rat amygdala decreased threshold intensity and
increased the rate of kindling, which was attributed
to the iron deposition and long-lasting biochemical
alterations in neuronal cells adjacent to the tip of
the electrodes [16, 17]. By contrast, the long-period
implantation (up to 37 days) of copper electrodes in
the rat brain caused necrosis and phagocytosis [18].
Meanwhile, some studies have proposed that
kindling is the consequence of tissue injury triggered
by the kindling process [19]. Wolske et al. suggested
that this injury could not be due to the necrotic and
phagocytic injuries caused by copper electrodes [15].
Our histological evaluations indicated that the
number of dead cells was significantly different in
the control groups implanted with steel or copper
electrodes not receiving stimulation. In addition, the
number of dead cells in the steel control and steel

kindled groups was almost the same. This may
reflect the fact that kindling by itself did not induce
neuronal death, and the copper electrode was
responsible for killing the neurons.

In our study, generalization of the kindled seizures
was delayed in rats with the copper electrodes, as
shown by the augmented number of stimulations
to show stage three. This may reflect the reduced
number of neurons in the seizure focus
(basolateral ~amygdala). However, after the
establishment of the kindling epileptogenesis,
seizure parameters, including ADD, S4L, and S5D,
did not vary in either of the experimental groups.
This may be because the tip of the copper
clectrode affected only neurons in the seizure
focus (basolateral amygdala) and left those outside
the seizure focus intact.

Recent studies have proposed a role for copper in
neuronal excitability, showing that copper affects
neurotransmission in the rat brain [20]. Copper ions
release at synapses and modulate synaptic activity
and excitotoxic cell death. Despite the neurotoxic
activities of copper, the release of endogenous
copper in the synapse and the administration of
exogenous copper were shown to defend primary
neurons of the hippocampus from N-methyl D-
aspartate (NMDA)-induced cell death [21], which
might relate to the action of copper as an NMDA
receptor non-competitive antagonist [22].
Meanwhile, neurotransmitter  receptors — are
potential targets for copper. Copper has been
shown to inhibit GABA, ionotropic receptors in
neurons of the cerebellum [23]. Studies showed
that copper antagonized P2X4, the most widely
distributed purinergic receptor in the rat brain,
which increased brain excitability. It had a biphasic
effect on glutamate NMDA, and AMPA receptors.
Acute treatment of the hippocampal neurons with
copper inhibited AMPA receptor-mediated neuro-
transmission, while the chronic application of
copper increased functional AMPA receptors [24].
The same biphasic effect was reported for NMDA
receptors in the neonatal rat cerebellum [25]. In
addition, high levels of copper suppressed the
NMDA receptor subunit GIuN2B level in the
hippocampus, impaired synaptic function, and
triggered memory dysfunction in stressed mice
[26]. Whether the tip of the copper electrodes had
the same effect on neurotransmitter receptors in
the amygdala needs to be clarified in future studies.
However, it is probable that the lack of neurons
and the delay in the development of the kindling
epileptogenesis might have occurred somehow due
to the effect of the copper electrode on increased
excitability induced by the inhibition of GABAx or
P2X4 receptors or glutamate receptor-induced
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excitotoxicity.

Electrical kindling is a model of synaptic plasticity
and resembles long-term potentiation (LTP).
Kindling is accompanied by a rise in excitatory
mechanisms, specifically a rise in the quantity of
glutamate binding sites that are assumed to be a
category of glutamate receptors. Likewise, LTP is
provoked by transitory bursts of electrical
stimulation in  excitatory pathways and is
accompanied by a rise in the quantity of the
identical type of glutamate binding sites [27].
Interestingly, the former induction of LTP in the
perforant path was shown to facilitate the
establishment of electrical kindling [28], while
electrical kindling impaired synaptic plasticity [29].
LTP was revealed to be inhibited in hippocampal
slices exposed to exogenous copper [30, 31] and in
rat hippocampal slices that received a high-copper
diet [32]. However, copper was required for
amygdala LTP [33]. These discrepancies in
different studies highlight the need to assess the
effect of copper electrodes in different
neuroscience methods. However, based on the
resemblance of kindling with LTP, it is likely that
copper electrodes retarded the kindling parameters
by impairing LTP in the brain circuitry involved in
amygdala rapid kindling.

It is worth noting that in the electrical kindling
model of epilepsy, each animal serves as its own
control. From this point of view, one might think
that it is likely to establish full-kindled animals with
copper eclectrodes and use kindled animals for
experimental purposes. Although the tip of the
clectrodes is only in contact with the adjacent
neurons, and in fully-kindled rats, seizure
parameters were not significantly  different
compared to rats kindled with steel electrodes, we
think that copper electrodes might not be suitable
to be used for the establishment of rapid electrical
kindling. This is because of the changes in kindling
parameters, such as increased threshold intensity,
retardation of the kindling epileptogenesis, and
neuronal loss in the seizure focus. Therefore, the
results of such studies can be misleading.

Conclusions

In conclusion, our results confirm that it is possible
to establish rapid electrical kindling epileptogenesis
in rats with copper electrodes, but due to the
neurotoxic effects of copper electrodes, which led
to increased threshold intensities, delays in the
acquisition of kindled seizures, and tissue damage,
we conclude that the use of stainless steel electrodes
is preferred even though they are expensive.
Therefore, we recommend avoiding the use of
copper electrodes for the establishment of the rapid

electrical kindling model of epilepsy.
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