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Administration of copper reduced
the hyper-excitability of neurons in CAI1
hippocampal slices from epileptic rats
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ABSTRACT

Copper as a trace metal is involved in several neurodegenerative illnesses, such as Menkes, Wilson’s, Alzheimer’s,
amyotrophic lateral sclerosis (ALS), and Creutzfeldt-Jakob. Electrophysiological evidence indicates that acute per-
fusion of copper can inhibit long-term synaptic potentiation in hippocampal slices. The objective of this work is to
determine whether Cu perfusion can perturb synaptic transmission in hippocampal slices derived from pilocarpine-
treated epileptic rats.

Field potential (FP) recordings of the CAl neurons of rats with chronic epilepsy showed voltage and response
duration decrease following copper sulfate perfusion. However, voltage and response duration were higher after
removing copper by washing. The discharge frequency of the CAl neurons of hippocampal slices from non-
epileptic control rats was increased after acute perfusion of 10 uM of pilocarpine. This increase was blocked by
administering copper sulphate 10 uM. Krebs-Ringer solution washing re-established the discharges, with a higher
[frequency than that provoked by pilocarpine perfusion. We discuss the blocking effect of copper and the synaptic
hyper-excitability generated by its removal.

Key words
Copper * Field potential (FP) * Hippocampus slices * Pilocarpine-induced chronic epilepsy * Rats

The aim of this study is to determine the effect of
copper on synaptic excitability in CA1 neurons
slices derived from pilocarpine-treated epileptic rats
and non- epileptic control with acute pilocarpine and
copper perfusion.

Infroduction

Copper is an essential element in many cellular func-
tions (Azimi and Rauk, 2011; Madsen and Gitlin, 2007)
and is an integral part of several protein and enzymatic
reactions. Copper binds thiolates, amines and carboxyl
groups present in diverse macromolecules (Cousins,

1994; Danks, 1995; Linder and Hazegh-Azam, 1996).
Copper has been linked to pathologies such as
Alzheimer’s, Parkinson’s and amyotrophic lateral
sclerosis (Bush, 2003; Sparks and Schreurs, 2003;
Gaier et al., 2013; Stys et al., 2012). Recent evi-
dence indicates that copper blocks NMDA receptors
in CAl neurons by suppressing long-term synaptic
potential (Doroulee et al., 1997; Leiva et al., 2003;
Leiva et al., 2009).

Experimental procedures

The experiments were conducted in accordance with
the Guide for Care and Use of Laboratory Animals,
published by the National Institutes of Health and
the experimental protocol was approved by the
Bioethical Committee of the Institute of Biomedical
Sciences, Faculty of Medicine of the Universidad
de Chile.
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Adult male Wistar rats (n=30) weighing between
200 and 250 g, were maintained at 22 + 1°C with a
light/dark cycle of 12/12 h. The animals were divid-
ed into groups of five each. All the groups received
280mg/kg of pilocarpine by intraperitoneal injec-
tion (Sigma, St. Louis, MO). Thirty minutes before
administering pilocarpine, 1 mg/Kg of scopolamine
(Sigma, St. Louis, MO, USA) dissolved in 0.5 ml
of saline was administered to attenuate the neuro-
vegetative effects of pilocarpine (Priel et al., 1996).
The rats were monitored visually in a transparent
30x20x27 cm plexiglass cage for 10 minutes before
and 60 minutes after administering pilocarpine.
Twenty of the thirty animals treated with pilocarpine
survived and became epileptic. They were observed
for 15 to 18 days before being sacrificed and prior to
sacrifice their behavior was assessed. The rats were
then superficially anesthetized with ether and eutha-
nized with a Stoelting guillotine. The brain was rap-
idly removed under a continuous cold Krebs-Ringer
(K-R) drip and then submerged for a short period in
K-R at 4° C. The hippocampus was removed and cut
into 400 uM coronal slices with a Mcllwain tissue
chopper (Mickle Laboratory Engineering, Surrey,
UK). The slices were submerged for 1 h in an oxy-
genated incubation chamber and then transferred
to the immersion register chamber with continuous
Krebs-Ringer perfusion at 31 + 1°C.

The K-R solution (in mM) was composed of NaCl
124.0, KCI 5.0, KH PO, 1.25, MgSO4 + 7H,O 2.0,
CaCl, 2.0, NaHCO, 26.0 and glucose 10 at pH 7.4.
The K-R solution was previously bubbled with
carboxygen (95% O, and 5% CO,). The immersion
chamber was perfused with a continuous flow of 2
to 3 ml/min.

In vitro slice recording

Hippocampal slices were placed on a nylon net
and stratum radiatum was electrically stimulat-
ed using bipolar tungsten electrodes. Extracellular
recordings were made with glass micropipettes.
Microelectrodes were filled with K-R solution and
showed impedance of 1-2 M(). These microelec-
trodes were made for recording of extracellular
spike activity and field potentials (FP) (Kirkwood
and Bear, 1994). The microelectrodes were visually
positioned in the CA1l with the aid of a binocular
lens (Carl Zeiss). A hydraulic micromanipulator
drove the micropipettes through the slice. Neural

activity was amplified (Bio-Logic VF180) and
displayed in an oscilloscope (Hitachi VC-6020).
All recordings were tape recorded (SONY.DTC.59
E.S) for off-line analysis. A DG2 digitimer trigger
generator connected to an isolated stimulator (model
DS2A) generated a single stimulus of 0.05-6.0
volts and 0.030 ms in duration. Increasing voltage
to twice the threshold induced unitary and or field
potential (FP) response. Data were analyzed with
an analogue-to-digital data convertor (Cambridge
Electronic Design, Cambridge, UK). The digitized
data were averaged with SIGAVG program on a
Pentium microcomputer.

Statistical Analysis

Statistical changes in the voltage and duration of FP
responses were determined by a one-way ANOVA
and a Newman-Keuls statistical t-test with the
Prisma program (www.GraftPath.com). P< 0.05 was
considered statistically significant.

Results

The pilocarpine-treated epileptic rats showed signs
of abnormal behavior the first five minutes after
pilocarpine (i.p.) induction. Afterwards, these rats
were followed by brief stretching and contracting
movements of the fore and back limbs, followed by
brief shaking of the head or body, which appeared
within 3 to 20 minutes after administering pilocar-
pine and lasted for 5 to 15 minutes. The epileptic
seizures of clonic-tonic character, sometimes asso-
ciated with the aforementioned movements, lasted
between 3 and 30 seconds and were accompanied by
piloerection, salivating, and sustained rigidity of the
tail and limbs. Similar descriptions of this model of
temporary epilepsy have been provided by different
authors (Priel et al., 1996; Leite et al., 1990).

Recording of the mean FP voltage in CAT
neurons of hippocampal slices derived
from non-epileptic control rat (NEC)

Stimulation of the stratum radiatum at twice the
threshold generated a stable FP response in pyrami-
dal CA1 neurons. The mean voltage value was 0.63
+ 0.04, mV (n=15) and the mean duration was 6.1 +
0.8 ms. Both values characterize the NEC responses
(Figure 1.1).
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Recording of the mean FP voltage in
slices derived from pilocarpine- treated
epileptic rats

The mean FP response in pyramidal neurons from
hippocampal slices was 0.88 + 0.12 mV (n=15),
which was significantly higher than the NEC
responses F, (=246, g=11.57, p<0.001 (Figure 1.2).
The mean FP response displayed a complex mor-
phology composed of four clear inflections, with
delays of 3, 4, 8, and 12 ms, very different compared
to the responses registered in NEC. Perfusion of
100 uM copper sulfate significantly reduced mean
FP response to 0.372 + 0.06 mV (n=15). The effect
began 6-8 min after copper perfusion (Figure 1.3).
This response was clearly lower than the mean FP
response previously registered F, =246, q=24.1,
p<0.001 and lower than the responses registered in
NEC, F, ;,=246, q=12.5 p<0.01. A subsequent K-R
wash for 85 minutes increased the mean FP to 1.137
+ 0.081 mV (n=15) (Figure 1.4). This value was
clearly higher than the FP response registered during
copper perfusion F , =246, q=36.5 p < 0.01 and the
same value was significantly higher than slices reg-
istered in NEC slices F, =246, q=31.60 p<0.001
as well as being significantly higher than the FP
response registered at the beginning in pilocarpine-
treated epileptic rats. F ,_ =246, q=12.42 p<0.001
(Figure 1.4).

(3.56)

The mean FP duration in CAT hippocam-
pal slices derived from pilocarpine-treat-
ed epilepftic rats

The mean FP duration in neurons of hippocampus
slices of epileptic rats was 23.4 + 2.3 ms (n=15)
(Figure 1.2), which was significantly longer than
the average registered in NEC, value 6.1 + 0.8 ms,
F,5,=278.3, ¢=29.62 p<0.001 Perfusion of 100 uM
copper sulfate significantly reduced the mean FP
duration to 8.28 + 1.9 ms (n=15). This effect was
observed 6-8 min after copper perfusion(Figure 1.3).
Washing the slices for 85 min increased mean FP
duration to 24.56 + 3.3 ms (n=15), which was signif-
icantly longer than the mean FP duration registered
in NEC slices F,=278.3, q=31.6 and from the
pilocarpine-treated epileptic slices recorded under
Cu perfusion F, = 278.3, q=27.85 p<0.01, but
similar to the mean FP duration response observed
in pilocarpine-treated epileptic slices F,  =278.3,
q=1.9 p>0.05. (Figures 1.2 and 1.4).

Effect of copper perfusion on CAIl spike
activity slices derived from non- epilepftic
control rat (NEC).

Stimulation of the stratum radiatum at twice the
threshold generated stable unitary activity responses
in pyramidal CA1 neurons, characterized by an
ensemble of 3-4 spikes within 3, 5, and 8 ms after
the stimulus. The spikes usually lasted 6.1 = 0.8 ms
very similar to the mean FP duration of 6.3 + 0.4
ms observed in NEC slices (Figure 1.1 and Figure
2 B.2). The number of spikes evoked by electrical
stimulation increased to 6 after acute perfusion of
10 uM of pilocarpine. Spikes latencies were 3, 5, 10,
48, 77, 93 ms, respectively (Figure 2.2). The spikes
lasted longer than the mean FP response obtained
from pilocarpine-treated epileptic slices 23.4 +2.3 ms
(n=15). The spike frequency increased eight minutes
after pilocarpine perfusion began. Perfusion of 10 uM
copper sulfate reduce all spike activity seven minutes
later (Figure 2.A.3). The effects and timing of the
spike blocking was clearly similar to the FP block-
ing response copper-induced in pilocarpine-treated
epilepsy slices (Figure 1.3). After fifty-five minutes
of K-R washing, with standard electrical stimulation,
twice the threshold, the number of spikes increased
significantly (n=6), which was similar to the regis-
tered during pilocarpine perfusion (Figure 2.A.4).
However, the number of spikes was higher than the
registered from control assessment (Figures 2.B.1-4).

Discussion

The behavioral changes observed in chronically epi-
leptic rats were similar to those described by others
authors (Priel et al., 1996; Leite et al., 1990; Radley
and Jacobs, 2003; Rutecki and Yang, 1998). The
mean FP response of CAl neurons of hipocampal
slices derived from NEC rats was stable in electri-
cal waveform, amplitude and latency, while the
mean FP response of CAl neurons derived from
pilocarpine-treated epileptic rats was more complex,
composed of several inflections, the latencies were
3,4, 8 and 12 ms respectively (n=5). At first sight,
the difference appears to be associated with plastic
synaptic modification in the CA1 neurons as result of
increased excitability emerging from chronic nature
of the epilepsy (Mello et al., 1993; Miiller-Dahlhaus
et al., 2010). Increased excitability, initially induced
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Fig. 1. - The hyper-excitable Field Potentials(FP), were blocked by copper in chronic epileptic neurons. Top: The
recordings show the mean FP voltage responses obtained from pyramidal CA1 neurons in hippocampal slices
(n=15) of control and chronic epileptic rats. The responses were obtained under four conditions: 1. Control slices;
2. Slices from chronically epileptic; 3. Slices from chronically epileptic rats with 100 uM copper perfusion; 4. Copper
washed from slices of chronically epileptics. The wash recordings were made 85 min after the wash began. The
recordings under conditions 2, 3 and 4 were made with the same slices. Under each condition we stimulated the
stratum radiaotum at twice the threshold to induce FP responses. The wide arrow indicates the duration of the stimu-
lation. Furthermore, the wide arrow indicates the start of FP and the star marks the end of responses. Calibrations
are shown. The inhibitory effect of copper can be observed. Lower Left. A: The graph shows the mean FP voltage
(n=15) measured in the first inflection of the response (EPSP), indicated by the narrow arrows (a, b) in recording
1 above. There were significant differences under the four recording conditions in mean voltage responses, as
indicated by a one-way ANOVA and a Newman-Keuls statistical test. Lower Right. B: The graph shows the mean
FP duration (n=15) measured during the four situations described above. The four recording situations showed
significant differences in mean FP duration, as indicated by a one-way ANOVA and a Newman-Keuls statistical test.

by pilocapine and subsequently remodeling over the Nadler, 1985; Wuarin and Dudek, 1996), which can

next fifteen days, is evidence of persistent functional
change (Priel et al., 1996; Leite et al., 1990; Rutecki
and Yang, 1998; Cavalheiro et al., 1991; Park et al.,
2006). Acute pilocarpine administration in NEC rats
significantly increased the average spike frequency,
while pilocarpine- treated epileptic rats increased the
amplitude of the FP response. The synaptic hyper-
excitability responses could be an expression of
morphological remodeling in plastic hippocampal
circuitry associated to CAl. It has been hypothesized
that plastic network reorganization increases excit-
ability in the dentate gyrus and neighboring regions
(Fujikawa, 1996; Isokawa et al., 1990; Tauck and

also include cellular proliferation in the dentatus
gyrus of adult rats (Mello et al., 1993; Turski et al.,
1984; Cavazos et al., 2004). The hyper-excitability
associated to morphological changes have also been
observed in hippocampal slices employing cholin-
ergic agonist and other epileptic agents (Radley and
Jacobs, 2003; Rutecki and Yang, 1998). In line with
these results, cell proliferation has been observed in
the septo granular zone (SGZ) and the granular cell
layer (GCL), three hours after pilocarpine-induced
status epilepticus (Radley and Jacobs, 2003). In
the same regard, has been described a significant
increase in the sprouting of the mossy fiber in the
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Fig. 2. - The hyper-activity in extracellular spikes were blocked by copper in acute epileptic neurons. Extracellular
spike recordings obtained from pyramidal CA1 neurons in hippocampal slices (n=15) of control rats. The responses
were obtained in four situations from the same slices: 1. Control (C). 2. Pilocarpine (10 uM) for eight to ten min. 3.
Copper sulphate (10 uM) for eight to ten min.. 4. Wash. The recordings for the wash were made 55 minutes after the
wash began. During each situation, the stratum radiatum was stimulated at twice the threshold to induce unitary
responses. The wide arrow indicates the time of stimulation. Calibrations are shown on the right. The inhibitory cop-
per effect can be observed. Upper recording A: Unitary recording of one sample (n=1) under all the conditions
(1. 2, 3, and 4), previously depicted from the same slice. Lower recording B: Average unitary recording (n=15) of

the same slice under all conditions (1, 2, 3 and 4).

innermost part of the molecular layer (Cavazos et
al., 2004; Karoly et al., 2011). In the present work,
the significant increase of frequency in the action
potential after acute pilocarpine perfusion is caused
by the irritation that precedes the synaptic plastic
remodeling in progress, as has been documented by
other authors (Rutecki and Yang, 1998; Priel et al.,
1996; Cavalheiro et al., 1991). Ingesting copper sul-
fate or hippocampal slice perfusion clearly reduces
neuronal excitability and suppresses the LTP in CA1
(Doroulee et al., 1997; Kardos et al., 1989; Leiva et
al., 2000; Leiva et al., 2003; Goldschmith et al., 2005;
Leiva et al., 2009). It is well known that NMDA and
AMPA receptors are involved in generating LTP
(Collindridge et al., 1983; Collingridge, 2003; Kandel
etal., 1997; Martin et al., 2000; Revest and Longstaff,
1998). In this respect, there is evidence that copper
blocks both types of receptors by interfering with
NR2A sub-unit (Revest and Longstaff, 1998; Bush,
2003; Erreger et al., 2005). It was recently shown
that 100 uM of copper inhibits AMPA currents and
thus decreases synaptic activity, including the typi-
cal miniature synaptic currents in neurons of the rat
hippocampal (Peters et al., 2011). Copper appears to

interfere with the functioning of key receptors related
to the excitability of synaptic neurotransmissions and
plastic mechanisms. A biophysical study showed
multiple effects of copper on NMDA receptor cur-
rent. The copper effects was quantitatively similar in
GluN1/GIuN2B sub-units NMDA receptors, which
were potentiated by 10 uM and inhibited by 100 uM
copper (Marchetti et al., 2014). Our group has proven
that the hyper-excitability FP responses generated by
penicillin perfusion can be blocked in the CA1l by
copper sulfate perfusion, while removing copper by
K-R washing significantly increases the FP response
in CA1 neurons (Leiva et al., 2013). The effects of
copper remain while the copper is being perfused.
However, when the copper is washed away FP hyper-
excitability is restored. The effect of copper appears
to be related to the synaptic micro-environment and
it causes temporary modifications, probably without
causing any acute anatomical synaptic damage.

The levels of epileptic hyper-excitability that we
registered after washing suggest compensatory syn-
aptic modification as a result of blocking by Cu in
CA1 network. In our study, copper perfusion clearly
reduced the synaptic neurotransmission. There is
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evidence that copper concentration in rat brain cells
decreased after the epileptic episodes PTZ-induced
(Sahin et al., 2003). This suggests that epilepsy can
induce chronic reductions in copper, which in turn
can reinforce epilepsy. Consequently, low levels of
coppers can facilitate the emergence of epilepsy. This
appears to be confirmed with recent observations in
children with Menkes’s disease given that epilepsy is
the major clinical feature of this disorder, associated
to difficulties in copper metabolism (Prasad et al.,
2011). In line with this, early diagnosis and regular
Cu- histidine injections are currently the mainstay of
treatment and have been shown to reduce the seizure
susceptibility and hyper-tonicity associate with the
disease (Kreuder et al., 1993; Christodoulou et al.,
1998; Tumer and Moller, 2010). Recent gains in
knowledge have led researchers to propose a new
hypothesis, copper might affect the neuroproteosta-
sis of CNS neurons that lead to changes in neuronal
excitability. In summary, intracellular copper levels
would be a delicate tuner with the proper functions
of ubiquitin- proteosome system (Opaso et al., 2014).
However, further experimental studies are necessary
before any final conclusion can be reached.

Conclusions

Administration of copper (100 uM) blocks syn-
aptic transmission in CAl pyramidal neurons of
hippocampal slices derived from pilocarpine-treat-
ed epileptic rats. Administration of copper (10
uM) blocks the frequency of spikes in neurons of
CA1 hippocampal slices derived from non-epileptic
control(NEC) rats treated with pilocarpine.

Conflict of interest statement

The authors declare that the research was conducted
in the absence of any commercial or financial rela-
tionships that could be construed as a potential con-
flict of interest.

Acknowledgments

The authors are very grateful to Mr. Carlos Vargas
for his technical assistance.

References

Azimi S., Rauk A. On the involvement of copper
binding to the N-terminus of the amyloid beta
peptide of Alzheimer’s disease: A computational
study on model systems. Int. J. Alzheimer’s dis.
Vol 2011: Article. ID. 539762.

Bush A.I. The metallobiology of Alzheimer’s dis-
ease. Trends Neurosci., 26: 207-214, 2003.

Cavalheiro E.A., Leite J.P., Bortolott Z.A., Turski
W.A., Ikonomidou C., Turski L. Long-Term
effects of pilocarpine in rats: structural damage of
the brain triggers kindling and spontaneous recur-
rent seizures. Epilepsia, 32: 778-782, 1991.

Cavazos J.E., Jones S.M., Cross D.J. Sprouting and
synaptic reorganization in the subiculum and CA1 region
of the hippocampus in acute and chronic models of par-
tial-onset epilepsy. Neuroscience, 126: 677-688, 2004.

Christodoulou J., Danks D.M., Sarkar B., Baerlocher
K.E., Casey R., Horn N., Tumer Z., Clarke J.T.
Early treatment of Menkes disease with parenteral
copper-histidine: long term follow up of four treat-
ed patients. Am J. Med. Genet., 76: 154-164, 1998.

Collindridge G.L., Kehl S.J., Mcllennan H. Excitatory
amino acids in synaptic transmission in the Schaffer
collateral-commisural pathway of the rat hippo-
campus. J. Physiol. (London), 3345: 33-46, 1983.

Collingridge G.L. The induction of N-methyl-D-
aspartate receptor-dependent long-term potentia-
tion. Philos. Trans. R. Soc. Lond. B. Biol. Sci., 358:
635-641, 2003.

Cousins R.J. Metal elements and gene expression.
Ann. Rev. Nutr., 14: 449-469, 1994.

Danks D.M. Disorders of copper transport. pp. 2211-
2235. in: Scriver C.R., Beaudet A.L., Sly W.M., Valle
D. (Eds). The metabolic and molecular basis of inher-
ited disease. 7" ed,. Mc. Graw-Hill, New York. 1995.

Doroulee Y., Yanovky H., Haas H. Suppression of
long-term potentiation in hippocampal slices by
copper. Hippocampus, 7: 666-669, 1997.

Erreger K., Dravid Sh. M., Banke T.G., Wyllie
D.J.A., Traynelis S.F. Subunit-specific gating con-
trol rat NR1/NR2A and NR1/NR2B NMDA chan-
nel kinetics and synaptic signaling profiles. J.
Physiol., 563: 345-358, 2005.

Fujikawa D.G. The temporal evolution of neuronal
damage from pilocarpine-induced status epilepti-
cus. Brain Res., 725: 11-22, 1996.

Gaier E.D., Eipper B.A., Mains R.E. Copper signal-

ing in the mammalian nervous system: synaptic
effects. J. of Neurosci. Res., 91: 2-19, 2013.



12 J.LEIVA ET AL.

Goldschmith A., Infante C., Leiva J., Motles E.,
Palestini M. Interference of chronically ingested
copper in long-term potentiation(LTP) of rat hip-
pocampus. Brain Res., 1056: 176-182, 2005.

Isokawa M., Levesque M.F., Babb T.L., Engel J. Jr.
Single mossy fiber axonal systems of human den-
tate granule cell studies in hippocampal slices from

patients with temporal lobe epilepsy. J. Neurosci.,
13: 1511-1522, 1990.

Kandel E.R., Schwartz J.H., Jessel T.M. pp. 730-738.
Neurociencia y conducta, in Cap. 36, Prentice
Hall, Madrid, pp. 730-738, 1997.

Kardos J., Kovacs 1., Hajos F., Kalman M., Somoyi M.
Nerve ending from rat brain tissue release copper upon
depolarization. A possible role in regulating neural
excitability. Neurosci. Lett., 103: 139-144. 1989.

Karoly N., Milhdly A., Dob6 E. Comparative inmu-
nohistochemistry of synaptic markers in the
rodent hippocampus in pilocarpine epilepsy. Acta.
Histochemica, 113: 656-662, 2011.

Kirkwood A., Bear M.F. Hebbian synapses in visual
cortex. J. Neuroscience, 14(3): 1634-1645, 1994.

Kreuder J., Otten A., Fuder H., Tuner Z., Tonnesen T.,
Horn N., Dralle D. Clinical and biochemical con-
sequences of copper-histidine theraphy in Menkes
disease. Eur J. Pediatr., 152: 828-832, 1993.

Leite J.P., Bortolotto Z.A., Cavalheiro E.A.
Spontaneous recurrent seizures in rats: An experi-
mental model of partial epilepsy. Neuroscience &
Biobeh Rev., 14: 511-517, 1990.

Leiva J., Palestini M., Tetas M., Lopez J. Copper
sensitivity in dorsal hippocampus slices. Arch. Ital.
Biol., 138: 175-184, 2000.

Leiva J., Gaete P., Palestini M. Copper interaction on
the long-term potentiation. Arch. Ital. Biol., 141:
149-155, 2003.

Leiva J., Palestini M., Infante C., Goldschmidt A.,
Motles E. Copper suppresses hippocampus LTP in
the rat, but does not alter learning or memory in the
Morris water maze. Brain Res., 1256: 69-75, 2009.

Leiva J., Palestini M., Infante C. Administration cop-
per blocks CA1l neuron hyper-excitability in rat
hippocampal slices. JBBS., 3: 403-408, 2013.

Linder MC., Hazegh-Azam M. Copper biochemistry
and molecular biology. Am. J. Clin. Nutr., 63:
797S-8118S, 1996.

Madsen E., Gitlin J.D. Copper and iron disorders of
the brain. Annu. Rev. Neurosci., 30: 317-337, 2007.

Marchetti C., Baronowska-Bosiacka 1., Gavazzo P.
Multiple effects of copper on NMDA receptor cur-
rents. Brain Res., 1542: 20-31, 2014.

Martin S.J., Grimwood P.D., Morris R.G.M. Synaptic
plasticity and memory. Ann. Rev. Neurosci., 23:
649-777, 2000.

Mello L.E., Cavalheiro E.A., Tan A.M., Kupfer
W.R., Pretorius J.K., Babb T.L., Finch D.M.
Circuit mechanism of seizures in the pilocarpine
model of chronic epilepsy: cell loss and mossy
fiber sprouting. Epilepsia, 34: 985-995, 1993.

Miiller-Dahlhaus F., Ziemann U., Classen J. Platicity
resembling spike-timing dependent synaptic
plasticity: the evidence in human cortex. Front.
Synaptic Neurosci., 2:34. 1-10. 2010.

Opaso C.M., Greennough M.A., Bush A.I. Copper
from neurotransmission to neuroproteostasis.
Front. Aging Neurosci., 6:143. 1-7, 2014.

Park J.H., Cho H., Kim H., Kim K. Repeated brief
epileptic seizures by pentylenetetrazole cause neu-
rodegeneration and promote neurogenesis in dis-
crete brain regions of freely moving adult rats.
Neuroscience, 140: 673-684. 2006.

Peters Ch., Mufioz B., Sepulveda F.J., Urrutia J.,
Quiroz M., Luza S., De Ferrari G.V., Aguayo
L.G., Opazo C. Biphasic effects of copper on neu-
rotransmission in rat hippocampal neurons. J. of
Neurochem., 119: 78-88, 2011.

Prasad A.N., Levin S., Rupar C.A., Prasad Ch.
Menkes disease and infantile epilepsy. Brain &
Development, 33: 866-876, 2011.

Priel M.R., Ferreira dos Santos N., Cavalheiro E.A.
Developmental aspects of the pilocarpine model of
epilepsy. Epilepsy Res., 26: 115-121, 1996.

Radley J.J., Jacobs B.L. Pilocarpine-induced status
epilepticus increases cell proliferation in the den-

tatus gyrus of adult rats via a 5-HT1A receptor-
dependent. Brain Res., 966: 1-12, 2003.

Revest P., Longstaff A. Molecular Neuroscience. pp.
151-190. Spring-Verlag, Inc., New York, 1998.

Rutecki P.A., Yang Y. Ictal epileptiform activity in the
CA3 region of hippocampal slices produced by pilo-
carpine. J. of Neurophysiol., 79: 3019-3039, 1998.

Sahin D., Ilbay G., Ates N. Changes in the blood
brain barrier permeability and in the brain tis-
sue trace element concentrations after single and
repeated pentylenetetrazole-induce seizures in rats.
Pharmacological Res., 48: 69-73, 2003.

Sparks L.D., Schreurs B.G. Trace amounts of copper
in water induce 3-amyloid plaques and learning
deficits in a rabbit model of Alzheimer’s disease.
Proc. Nat. Acad. Sci. USA, 100: 11065-9, 2003.

Stys P.K., You H., Zamponi G.W. Copper-dependent
regulation of NMDA receptors by cellular prion



COPPER REDUCED HIPPOCAMPAL HYPER-EXCITABILITY IN EPILEPTIC RATS 13

protein: implications for neurodegenerative disor-
ders. J. Physiol., 590: 1357-1368, 2012.

Tauck D.L., Nadler J.V. Evidence of mossy fiber
sprouting in hippocampal formation of kainic acid-
treated rats. J. Neurosci., 5: 1016-1022. 1985.

Tumer Z. And Moller L.B. Menkes disease. Eur J.
Hum. Genet., 18: 511-518. 2010.

Turski W.A., Cavalheiro E.A., Bortolotto Z.A., Mello L.M.,
Shwarz M., Turski L. Seizures produced by pilocarpine
in mice: A behavioral, electroencephalographic and
morphological analysis. Brain Res., 321: 237-253, 1984.

Wouarin J.P., Dudek F.E. Electrographic seizures in
new recurrent excitatory circuits in the dentate
gyrus of hippocampal slices from kainate-treated
rats. J. Neurosci., 16: 4438 — 4448. 1996.





