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Abstract

Background: Copper plays key roles in brain metabolism.
Disorders of copper metabolism impact on neural signaling.
The intracellular and extracellular concentrations of copper
are tightly regulated. Pregabalin is a drug with multiple
modes of action and has a high-affinity binding site for the
alpha2delta subunit of voltage-gated calcium channels.
Methods: Assessment of neuroprotective effects of prega-
balin using cell culture, transcription studies, microdialysis
and neurophysiological assessment in rats. Results: In vitro,
copper decreased markedly the survival of neuronal cells
and enhanced the production of nitric oxide (NO). Transcrip-
tion of NO synthase (NOS) 1-3 and PGC-1a (a key regulator of
mitochondrial biogenesis) was activated. In vivo, copper im-
paired the NMDA-mediated regulation of glutamate in the
brain, increased the production of NO and enhanced mark-
edly the excitability of the motor cortex. Pregabalin had an-
tagonistic effects both in vitro and in vivo. Conclusion: Our
experiments highlight that pregabalin antagonizes the neu-
rotoxic effects of copper. We argue that pregabalin exerts

neuroprotective effects by silencing the overexcitability

state induced by copper. We propose a possible use of pre-

gabalin for treatment of disruption of copper homeostasis.
Copyright © 2010 S. Karger AG, Basel

Introduction

Copper is a metal ion playing major roles in brain me-
tabolism [1]. Copper is a cofactor required for structural
and catalytic properties of key enzymes involved in oxi-
dative phosphorylation, synthesis of proteins and modu-
lation of neurotransmission [2, 3]. Free copper concentra-
tions in normal cells are controlled at very low levels;
probably less than one atom per cell [4]. In serum, about
65-90% of copper tightly binds with ceruloplasmin. The
rest loosely binds with albumin, transcuprein and amino
acids [5]. Copper is transported through the blood-brain
barrier as free copper [1]. The cellular uptake of copper
is mediated by the high-affinity copper transporter 1
(CuTrl) and the nonspecific divalent metal transporter 1
(DMT1) [6]. Copper efflux is supervised by the ATPase,
copper transport protein alpha (ATP7A) and beta
(ATP7B) [7]. Copper in excess interacts with oxygen and
generates reactive species such as H,O,, O, and OH*
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which are major players in excitotoxicity [8, 9]. Copper
overload induces mitochondrial dysfunction, lipid per-
oxidation, and formation of 4-hydroxy nonenal, an in-
hibitor of pyruvate dehydrogenase and alpha-ceto-gluta-
rate dehydrogenase [10-13].

Several neurodegenerative diseases are characterized
by impaired copper homeostasis [8]. In Wilson’s disease,
copper overload induces a liver failure and damages the
central nervous system, causing increased free radical
generation, lipid peroxidation and mitochondrial dys-
function [14-16]. Copper toxicity participates also in the
pathogenesis of disorders characterized by familial muta-
tions in the Cu-zinc superoxide dismutase (SOD1) gene
[17]. SOD1 turns into a pro-oxidant enzyme, with pro-
duction of reactive oxygen species (ROS) [9]. The onset of
Parkinson’s disease and Alzheimer’s disease might also
be associated with a disorder of copper metabolism [9, 18,
19]. Another brain structure which might be vulnerable
to copper is the cerebellum. We have observed a form of
cerebellar ataxia associated with hypercupremia (HICA
syndrome: hypercupremia-induced cerebellar ataxia).
Hypercupremia might decompensate a cerebellar syn-
drome of other origin, since depletion of copper with sup-
plements of zinc reduces the severity of cerebellar ataxia
(unpublished data). This form of cerebellar ataxia might
be related to a direct toxicity of free copper. Interestingly,
cerebellar nuclei are enriched in copper, especially in the
periphery, in zinc and iron [2, 20]. The distribution of
copper is impaired in brain and spinal cord of spinocer-
ebellar ataxia [21].

Pregabalin (S-3-aminomethyl-5-methylhexanoic acid,
known as S-3-isobutyl GABA), is a molecule with multi-
ple modes of action and binding to the alpha2-delta sub-
unit of voltage-gated calcium channels [22]. The drug is
widely used for seizures, pain and anxiety. Pregabalin re-
duces the release of neurotransmitters, primarily gluta-
mate. Its action depends upon NMDA receptor activation
[22]. Given its mechanism of action and given that the
drug targets in particular the presynaptic sites of synaps-
es in vivo, we tested the hypothesis that it might counter-
act the deleterious cascade of events triggered by copper.

The goals of the present study were the following:

(1) To improve our understanding of the signaling in
cases of copper toxicity, in particular the modulation of
glutamate signaling. For in vitro studies, we investigated
the toxic effects of copper on human neuroblastoma cells.
We characterized the copper effects on the transcription
of the 3 isoforms of the nitric oxide (NO) synthase (neu-
ronal NOSI, inducible NOS2, and endothelial NOS3), the
mitochondrial biogenesis’ key regulator PGC-1a (peroxi-
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some proliferator activated-receptor gamma cofactor
alpha) and the mitochondrial superoxide dismutase
(SOD2). For in vivo studies, we studied the effects of cop-
per on the NMDA-mediated regulation of glutamate in
the brain. We also investigated the effects of copper on
the excitability of motor cortex.

(2) To test the hypothesis that pregabalin exerts a pro-
tective effect, antagonizing both in vitro and in vivo ef-
fect of copper.

Materials and Methods

Studies were approved by the Animal Care Committee of the
Free University of Brussels.

In vitro Experiments

Cell Culture

SKNBE cells (human neuroblastoma cell line [23]) were grown
in DMEM supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine, 100 U/ml penicillin and streptomycin. All the
experiments with copper were conducted 1 day after the incuba-
tion in a penicillin/streptomycin-free media culture. SKNBE cells
were incubated with 1-5-10-50-100-200-500 M of copper (II)
sulphate (Sigma) dissolved directly in DMEM-free cell media cul-
ture for 24, 48 and 72 h. APV (2-amino-5-phosphonopentanoic
acid, an NMDA receptor antagonist; Sigma) and DNQX (6,7-di-
nitro-quinoxaline-2,3(1H,4H)-dione, an AMPA receptor antago-
nist; Sigma) were used at concentrations of 250 and 500 wM, re-
spectively. At the end of the incubation, total cell count (Trypan
blue assay assessing cell viability; count of viable control cells nor-
malized to 1) and total RNA extraction (see below) were per-
formed. We also studied the effects of potassium chloride (KCI;
Sigma) in SKNBE cells [24]. Indeed, KCl induces a membrane de-
polarization, causing an opening of calcium channels [24]. Cells
were cultured with 20 mM KCl alone or in combination with 500
M copper and 500 wM pregabalin for 5 h before total RNA ex-
traction.

Real-Time PCR

Total mRNA was extracted with the RNeasy mini Kit (Qia-
gen). Total RNA was incubated with the DNase set (Qiagen)
before retro-transcription. 1 g of total RNA was reverse-tran-
scribed using the reverse-transcriptase M-MLV superscript II
(Invitrogen). Approximately 50 ng of cDNA were amplified by
real-time PCR using a Power SYBER Green master Mix (Applied
Biosystems). Primers for the NOS1, NOS2, NOS3, PGC-1a, SOD2
genes and for the reference gene (B-actin) were obtained from
Qiagen. GAPDH was also used as reference gene to confirm the
results. Each sample was run in triplicate in a 20 wl reaction. All
reactions were performed in an ABIPrism 7500 sequence detector
system. Quantitative real-time PCR analyses were carried out us-
ing the 2(-Delta Delta C(T)) method (2-AACt) [25].

NO Production
NO levels were estimated in SKNBE cells (500,000 cells) main-
tained in PBS solution. NO concentrations were assessed using an
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ISO-NO microsensor for Apollo-1000 (World Precision Instru-
ments, UK). Calibration was performed using S-nitroso-N-ace-
tyl-penicillamine (SNAP, Sigma) as reported by Alvarez et al. [26].
The lower detection limit of the sensor is less than 100 pM of NO.
NO concentrations were expressed as percentages of baseline
measurements (mean concentration for the duration of analysis
of a period of 15 s). We assessed the effects of copper 500 uM,
NMDA 10 mM and the association of copper 500 uM + NMDA 10
mM on the concentrations of NO.

In vivo Experiments

Microdialysis

Adult Wistar rats (Charles River laboratories) were housed in
the local Animal Care Facilities. Rats were anaesthetized with a
loading dose of chloral hydrate i.p. (400 mg/kg dissolved in Ring-
er’s solution) and fixed in a stereotactic frame. Rats were kept un-
der general anesthesia using a continuous infusion of chloral hy-
drate i.p. 2 pl/min, in order to obtain stable concentrations of
metabolites [27]. Following shaving and dissection of the skin,
microdialysis probes were implanted in the left cerebral cortex
(coordinates related to Bregma: ant.: +2.2 mm, lat.: +0.8 mm,
depth: tip of probe at +2 mm) or in left cerebellar nuclei (ant.:
-11.6 mm, lat.: +2.3 mm, depth: -5 mm). A hole was performed
in the skull using a manual drill. Probes (CMA-12, Sweden) were
secured with dental cement (Durelon®, carboxylate cement). Rats
were kept over a temperature controller (Heating Controller 872,
Harvard Apparatus) during the experiments. Indeed, it has been
shown that the temperature is a key-factor for NMDA assess-
ments (the channel kinetics play an important role in determin-
ing amplitude and time course of NMDA receptor-mediated
postsynaptic currents [28]). The infusion rate of the fluid through
the probe was 1 pl/min (CMA 100 microinjection pump, Swe-
den). Copper was administered by reverse dialysis at a concentra-
tion of 71.2 wM (dissolved in Ringer’s solution; cerebral cortex:
40-80 min; cerebellar nuclei: 20-60 min), followed by NMDA
infusion 10 mM (dissolved in Ringer’s solution; cerebral cortex:
from 100 to 160 min; cerebellar nuclei: from 80 to 140 min) in
order to study the NMDA-mediated regulation of metabolites
[28,29]. For studies in motor cortex, pregabalin was administered
by the i.p. route at 3 doses: 10, 30 and 100 mg/kg, 20 min before
copper exposure. For studies in cerebellum, we tested (a) the ef-
fects of infusion of zinc given the modulatory effects of zinc 14.4
wM upon glutamatergic transmission, especially via NMDA re-
ceptors, and the favorable clinical effects of zinc in Wilson’s dis-
ease with neurological deficits [14, 30]; the dose of zinc infused
by reverse dialysis was based on the estimation of the extracel-
lular concentration of zinc between 10 and 30 wM, see Kitamura
et al. [31]; (b) the effects of 7-nitroindazole 100 mg/kg i.p. (7-NI,
an inhibitor of NOS3); (c) the effects of APV 50 wM in loco; (d)
the effects of pregabalin alone 30 mg/kg i.p. at 20 min, and (e) the
effects of pregabalin 30 mg/kg i.p. administered simultaneously
with copper. Microdialysates were collected every 20 min and
analyzed for the following metabolites using the CMA 600 device
(CMA, Sweden): glutamate, glycerol, lactate, pyruvate, glucose.
Linearity regression coefficients (R?) determined locally are
0.9984 for glutamate, 0.9991 for glycerol, 1 for lactate and 0.9997
for pyruvate [27]. Each rat was sacrificed at the end of experi-
ments to confirm probe location. Animals were first given a le-
thal dose of chloral hydrate i.p. and were subsequently decapi-
tated. Brains were dissected and put in isopentane (-80°C). Only
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data with the correct probe location (the exposed dialysis mem-
brane located in the target region) were analyzed. Cryosections
were performed every 50 pm.

Measurements of NO in Motor Cortex

In a first group of rat, we used an infusion of Ringer’s solution
via the microdialysis probe and measured the concentrations of
NO by implanting the NO microsensor (see above) near the ex-
tremity of the probe. In a second group, we infused copper 71.2
M at 20-60 min. In a third group, pregabalin administration
(30 mg/kg i.p. at 0 min) was followed by infusion of copper (71.2
M at 20-60 min) was applied. Copper was infused in Ringer’s
solution at a flow rate of 2 pl/min. NO measurements were per-
formed every 10 min from 10 to 60 min.

Excitability of Motor Cortex

We assessed the effects of infusion of copper in interpositus
nucleus upon the excitability of contralateral motor cortex [32].
Corticomuscular responses were assessed (a) before and during
intra-nuclear infusion of a control solution (Ringer), (b) before
and during intra-nuclear infusion of copper 71.2 puM, (c) before
and after infusion of pregabalin 30 mg/kg i.p., and (d) before and
after administration of pregabalin 30 mg/kg i.p. followed by intra-
nuclear infusion of copper 71.2 wM. Infusion rate was 2 pl/min.

We investigated the responses in the left gastrocnemius mus-
cle following electrical stimulation of the right motor cortex
(NeuroMax 4, Xltek, Canada). We used the location of 3 mm lat-
erally and 0.5 mm posterior to the Bregma for stimulation of the
motor cortex (duration of stimuli: 1 ms; square waves; NeuroMax
4, Xltek, Canada) [32]. This location is consistent with stimulation
sites used in other studies [33]. Recruitment curves (detection of
motor threshold MT defined as the lowest intensity eliciting at
least 5 of 10 evoked responses with an amplitude >20 .V, followed
by increases of the intensity of stimulation with steps of 0.1 mA
until a plateau is reached) of corticomotor responses were ana-
lyzed to confirm the classical sigmoid course using a sigmoid fit-
ting with 3 parameters: y = a/(1 + exp(-(x - x0)/b)) [34]. Subse-
quently, motor cortex was stimulated at an intensity of 130% of
MT to assess corticomotor potentials. Peak-to-peak amplitudes in
motor responses of the left (right) gastrocnemius muscle were
studied for 10 successive corticomotor responses (filter settings
were 30 Hz to 1.5 kHz; NeuroMax 4, Xltek, Canada). We used
subcutaneous electrodes (Technomed 017K025) implanted in gas-
trocnemius muscles. The impedance was kept below 5 k(). To re-
cord compound muscle action potentials (CMAPs), electrical
stimuli were applied (needle electrodes) at the level of the ipsilat-
eral sciatic nerve at about 16 mm laterally from midline. CMAPs
in the left/right gastrocnemius muscles were obtained using elec-
trical stimuli delivered by a stimulation unit (NeuroMax 4, Xltek,
Canada) [34].

Statistical Analysis

Statistical analysis was performed using the Sigma Stat Soft-
ware.

In vitro studies: To evaluate the statistical significance of the
copper effect on cell survival, the analysis of variance was used.
Levels of NO in SKNBE cells were compared using the analysis of
variance followed by post-hoc test (Holm-Sidak test). For RNA
studies, statistical significance was calculated using the analysis
of variance.
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Fig. 1. Phase-contrast microscopy of
SKNBE cells and cell survival after copper
incubation. a SKNBE control cells (Ctrl:
not treated cells; magnification: X10).
b SKNBE cells after exposure to copper
500 wM (magnification: x10). ¢ SKNBE
cells were incubated with 1-5-10-50-100—
200-500 M of copper for 72 h. Cells were
counted using the Trypan blue method

(dye exclusion method). The number of vi-
able cells was calculated and normalized
to the not treated cells (value = 1; Ctrl: con- 127 127 4
trol). d Cells survival (SKNBE cells) after 1.0 4 # 1.0 4
48 h of incubation. Experimental condi- 3 08 3 081 &
tions (from left to right): Ctrl: control cells s s
S 0.6 S 0.6
not exposed to copper, exposure to copper 2 2
alone 500 M, exposure to copper 500 M G 0.4+ G 0.4+
plus APV 250 wM, exposure to copper 500 021 02
M plus DNQX 500 M, exposure to cop- | 0 N N I I
per 500 wM plus APV 250 pM/ DNQX 500 Ctrl Copper Ctrl Copper 500 pum
pM, and exposure to copper 500 pM plus 1 5 10 50 100 200 500 APV DNOX APV PGB
PGB 500 pM. * p < 0.001 referred to Ctrl; UM BM  uM M uM M M 250 500 250uM 500
%p < 0.01 referred to copper. PGB = Pre- | . d WMo ;J%?ﬁw hm
gabalin.

In vivo studies: To assess the effects of copper and pregabalin
on NO in the motor cortex, the analysis of variance followed by
post-hoc procedures was applied. For experiments with microdi-
alysis, timing effects and group-by-time interactions were looked
for. Repeated measure analysis of variance was performed, fol-
lowed by post-hoc analysis. For corticomotor responses, we also
applied the analysis of variance, followed by post-hoc test.

Differences with p < 0.05 were considered significant.

Results

In vitro Studies

Toxicity of Copper on Human Neuroblastoma Cells

(SKNBE)

We investigated the toxic effect of copper at different
times and doses. Figure 1a shows control cells not exposed
to copper. An example of the toxic effect of copper is il-
lustrated in figure 1b. We observed cell death with aggre-
gates. We found a statistically significant cell death after
incubation with copper at 24, 48 and 72 h at doses of 100,
200 and 500 M (p < 0.05). At 72 h of copper exposure, we
observed a decrease in the number of cells from 1 to 0.72
with 100 wM copper (p<0.05), from 1 to 0.67 with 200 M
copper (p < 0.05) and from 1 to 0.28 with 500 M copper

Reducing Copper Toxicity with
Pregabalin

(p < 0.001). We observed a dose-dependent toxicity at 72
h of exposure which could be fitted exponentially (R* =
0.9662; fig. 1c). This was confirmed in the same experi-
mental conditions using mouse wild-type cells from the
subventricular zone (NPC-SVZ) (data not shown). Our
data are in agreement with a previous observation made
in M17 human neuroblastoma cells, showing that copper
induces an apoptosis-mediated cell death [35]. We also in-
vestigated the in vitro protective effects of APV, DNQX,
the combination APV/DNQX and pregabalin alone on the
cellular toxicity induced by copper (fig. 1d). We observed
that the combination of APV 250 uM/DNQX 500 M, as
well as pregabalin 500 wM significantly increased the sur-
vival rate of cells. Cell survival increased from 0.43 (cop-
per 500 M) to 0.67 and 0.64, respectively (p < 0.001).

Effects of Copper on NO Production in SKNBE Cells

A significant group effect between control cells, cells
exposed to copper, cells exposed to NMDA and cells ex-
posed to copper/NMDA was found (p <0.001). Following
infusion of copper, NO increased to 259.72 * 3.46%
(fig. 2; p=0.01 as compared to control condition). NMDA
increased also markedly the concentrations of NO. Con-
centrations increased to 244.274 * 13.647% (p = 0.013).
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Fig. 3. Real-time PCR analysis. NOS1, NOS2, NOS3, PGC-1a and
SOD2 mRNA levels after 48 h of incubation. From left to right:
control cells (Ctrl), APV 250 puM, DNQX 500 wM, APV 250 wm/
DNQX 500 wM, PGB 500 wM, copper 500 wM, copper 500 wM/
APV 250 M, copper 500 uM/DNQX 500 wM, copper 500 puM/
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APV 250 uM/DNQX 500 wM and copper 500 wM/PGB 500 M.
All the values are relative to B-actin. * p < 0.001 referred to ctrl;
* p < 0.005 referred to Ctrl; * p < 0.001 referred to copper; & p <
0.005 referred to copper.
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Fig. 4. Real-time PCR analysis: effects of depolarization with KCL
NOS1,NOS2, NOS3, PGC-1a and SOD2 mRNA levels after 5 h of
incubation with copper (Cu) 500 pM, potassium chloride (KCI) 20
mM, pregabalin (PGB) 500 uM, Cu 500 pM/KCl 20 mM, Cu 500
WM/PGB 500 uM, KCI 20 mM/PGB 500 wM, Cu 500 wM/KCl 20

In the condition NMDA plus copper, NO increased to
260.999 * 3.102% (p = 0.015), but there was no addition-
al effect of NMDA. Our data were also confirmed in
NPC-SVZ in the same experimental conditions (data not
shown).

Effects of Copper and Pregabalin on mRNA in

SKNBE Cells

We exposed human neuroblastoma cells to 500 wM of
copper for 48 h. We observed a statistically significant
increase in the expression of NOS1, NOS2, NOS3, PGC-
laand SOD2 (mRNA only) (fig. 3). In particular, the lev-
el of mRNA increased from: 1 to 3.2 for NOSI1 (p <0.001),
1 to 2.5 for NOS2 (p < 0.001), 1 to 3.1 for NOS3 (p <
0.001), 1 to 1.9 for PGC-1a (p < 0.001), and from 1 to 1.9
for SOD2 (p <0.001) as compared to control samples. We
also investigated the effects of APV, DNQX, and the
combination APV/DNQX on the copper-mediated
NOSI1-3, PGC-la and SOD2 transcription modifica-
tions. The combination of APV 250 uM and DNQX 500
M reduced the mRNA levels of NOSI from 3.2 to 0.6
(p<0.001), NOS2 from 2.5 t0 0.9 (p <0.001), NOS3 from
2.9t0 2.1 (p <0.001), SOD2 from 1.9 to 1 (p < 0.001), by

Reducing Copper Toxicity with
Pregabalin

mM/PGB 500 wM. All the values are relative to B-actin. Ctrl: refers
to control cells not exposed to copper. * p < 0.005 referred to Ctrl;
# p <0.001 referred to Ctrl; * p < 0.001 referred to copper; & p <
0.001 referred to KCL; * p < 0.001 referred to PGB; @ p < 0.001 re-
ferred to Cu/KCL

comparison with exposure to copper alone. Moreover,
we investigated the effect of pregabalin 500 wM after
copper incubation. We found a statistically significant
inhibition of copper-induced mRNA transcription acti-
vation on NOSI-3, PGC-la and SOD2. In particular,
NOSI1 form dropped from 3.2 £ 0.3 t0 0.4 * 0.1 (p <
0.001), NOS2 from 2.5 = 0.1to 1.2 * 0.1, NOS3 from 3.1
+ 0.2t0 0.9 £ 0.2 (p <0.001), PGC-1a from 1.9 * 0.1
to 1.1 £ 0.1 (p <0.001), SOD2 from 1.9 * 0.1to 0.9 *
0.1 (p < 0.001).

We also studied the interaction with depolarization
induced by KCI 20 mM at 5 h of incubation on SKNBE
cells (fig. 4). Copper at 500 M slightly increased mRNA
levels of NOS2 and both PGC-1a and SOD2. KCl alone
decreased significantly the mRNA levels of NOS3, where-
as depolarization increased the levels of PGC-1a, as dem-
onstrated in previous studies [24]. Pregabalin decreased
the mRNA levels of NOSI1. The combination of copper
and KClI resulted in an increase in NOS1/PGC-1a/SOD2
mRNA as compared to control cells, a decrease in NOS2
mRNA as compared to copper alone, and an increase in
the levels of NOS3 and SOD2 compared to KCl alone. In-
terestingly, pregabalin incubation with copper resulted

Neurosignals 2010;18:210-222 215



Glutamate — cerebral cortex
[0 NMDA
O Copper-NMDA Lactate - cerebral cortex
200 13 Copper-PGB 10 mg/kg-NMDA NMDA 10 mm 200 4 NMDA 10 mm
180 - @ Copper-PGB 30 mg/kg-NMDA x P 180 - =
o -{ l Copper-PGB 100 mg/kg-NMDA e
7 160 PP g/kg 5 160 Copper 71.2 um
g 140 Copper 71.2 pym . £ 140 _—
2 pg  __oPPer/l-oHM = PGB .
o 120 o
2 i il 2 %
< "M ’ g m |7 M ([
s so||AN |l |1 2 200 e e e
€ % 7 7 v 5} % 7 / ? % ?
s o[ [0 |00 ||FAR |10 || g mn
E 1 nman 3 200 m
S 40| |10 |8 |10 (] ||1 - A
7 7 7 7 7 7 7 7 7 7 7 7
% ? 2 7 7 7 Z ? ? 7 7 %
20 (AR (AR (MR (O L (AR 11 200 mnm mm
o AN (178 [1AN |78 [[A8 [/ | A [ |73 11728 |12 11 1A ||
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
a Time (min) b Time (min)
Fig. 5. Microdialysis in cerebral cortex. a Concentrations of glu-
. Pyruvate - cerebral cortex
tamate in the extracellular space of the cerebral cortex. One con- 200 NMDA 10
trol group with no administration of PGB and no administration 180 - mi
qf copper (NMDA group), one control group with no administra- — 160 - Copper 71.2 um ﬁ
tion of PGB (copper-NMDA group), and three groups of rats re- £ 1404 peg * FT
ceiving PGB (copper-PGB-NMDA group) are considered. The last £ 120 4 ! -
4 groups received an administration of copper locally by reverse = 100 4 % é é é
dialysis prior infusion of NMDA. Note the marked increase of o 8 ? é ’ g i é é é é
glutamate in controls following infusion of copper during the S OO RO
P . P =) —
NMDA challenge. The addition of PGB reduces significantly the s 60 OO RO
concentrations of glutamate. b Concentrations of lactate in the 401 é é g é é é é g é
extracellular space of the cerebral cortex. ¢ Concentrations of py- 20 1|14 ’ ’ ’ ’ é ’ ’ ’
; 1A % % % % A A % %
ruvate in the extracellular space of the cerebral cortex. Values are 0
mean * SEM (¥ p < 0.05). First group: n = 3 rats, second group: 0 20 40 60 8 100 120 140 160
n = 9 rats, PGB 10 mg/kg: n = 6, PGB 30 mg/kg: n = 5, PGB 100 c Time (min)
mg/kg: n =>5.

in a reduction of NOSI, NOS2, and SOD2 mRNA levels
as compared to copper alone, but no changes were ob-
served in PGC-1a levels. Moreover, pregabalin incuba-
tion with KCl showed a slight decrease in NOS1 mRNA
levels as compared to KCl. Whereas pregabalin alone did
not modify mRNA levels of NOS2/NOS3, addition of KCI
was associated with a drop in these mRNA levels, sug-
gesting that this effect of pregabalin was sensitive to de-
polarization. A further combination of pregabalin, cop-
per and KCl, significantly reduced NOS1 mRNA levels as
compared to control cells, with a robust upregulation of
NOS3 and PGC-1a amount of mRNA.

In vivo Studies

Microdialysis

Copper infusion in the cerebral cortex did not change
the extracellular concentrations of glutamate, but subse-
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quent administration of NMDA was associated with a
significant increase of glutamate concentrations (fig. 5a),
indicating that copper infusion impaired markedly the
NMDA-mediated turnover of glutamate in cerebral cor-
tex [29]. Pregabalin (10, 30 or 100 mg/kg) significantly
decreased the concentrations of glutamate as compared
to the condition of exposure to copper alone. There was
a significant group by time interaction (p = 0.008).

We also observed that NMDA infusion increased the
extracellular concentrations of glycerol (a marker of
membrane turnover) in cerebral cortex in rats exposed to
copper. Pregabalin reduced the levels of glycerol during
the NMDA challenge (see online suppl. fig. 1, www.
karger.com/doi/10.1159/000322544). However, the values
were not statistically different (group by time interaction:
p = 0.299). Glucose concentrations were not affected by
infusion of copper, NMDA or pregabalin (see suppl. fig.
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Fig. 6. Extracellular glutamate in cerebellar nuclei. Microdialysis
in cerebellum. Copper (71.2 M, infusion at 20-60 min) mark-
edly impairs the NMDA-mediated regulation of glutamate in cer-
ebellar nuclei as compared to control rats infused with Ringer’s
solution. 7-Nitroindazole (7-NI; 100 mg/kg administered by the
i.p. route 1 h prior to administration of copper), APV (50 uM in

2). The analysis of variance showed a group by time in-
teraction with a p value of 0.206. We found a significant
group by time interaction for lactate (fig. 5b; p = 0.001).
In particular, at 160 min, lactate levels were significantly
lower in the group receiving pregabalin at a dose of 30
mg/kg as compared to controls. Levels of pyruvate in the
extracellular space were higher with a dose of pregabalin
of 10 mg/kg, as compared to control rats or the group re-
ceiving a dose of pregabalin 100 mg/kg (fig. 5¢; group by
time interaction: p = 0.001). Concentrations of pyruvate
were similar with a dose of pregabalin of 30 or 100 mg/kg
as compared to controls.

In cerebellar nuclei, administration of copper severe-
ly impaired the NMDA-mediated regulation of gluta-
mate (fig. 6). Inhibition of NOS with 7-NI, administra-
tion of APV, zinc, and pregabalin had a favorable effect
upon the NMDA-mediated regulation of glutamate. In-
terestingly, the concomitant administration of pregaba-
lin with copper restored partially the NMDA-mediated
regulation.

Reducing Copper Toxicity with
Pregabalin

loco, administration 20 min before copper administration), zinc
(14.4 pM administered in loco between copper and NMDA), pre-
gabalin alone (administered i.p. 30 mg/kg at 20 min) and prega-
balin (administered i.p. 30 mg/kg during copper infusion) an-
tagonized the effect of copper. Values are mean = SEM. * p<0.05;
*p < 0.01.

Effects of Copper and Pregabalin on NO in vivo

A significant group by time interaction was found for
the measurements of NO in motor cortex (p < 0.001;
tig. 7). Copper increased markedly the levels of NO (p <
0.001). Pregabalin 30 mg/kg i.p. antagonized this rise,
suggesting a contribution of the release of pre-synaptic
glutamate in the rise of NO concentrations. The values of
NO were significantly lower when pregabalin was admin-
istered prior to copper (p < 0.001). Although pregabalin
decreased the levels of NO, the concentration remained
higher at 50 and 60 min as compared to the control con-
dition (intergroup effect: p = 0.002).

Neurophysiological Studies

Infusion of copper in cerebellar nuclei was associated
with a marked increase in the amplitudes of corticomotor
responses (fig. 8), suggesting a disinhibition of cerebellar
nuclei [32]. Pregabalin alone did not induce any statisti-
cally significant change in the amplitudes of corticomotor
responses (p = 0.53), but antagonized the effects of copper
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on the amplitudes of corticomotor responses. The analy-
sis of variance revealed a significant group effect (p =
0.033), and a significant group-by-time interaction (p <
0.001). At 30/40/50 min, the amplitudes of corticomotor
responses were higher in the copper group as compared
to the pregabalin group (p < 0.05); at 50 min, the ampli-
tudes of corticomotor responses were significantly higher
in the copper group as compared to the control group
(Ringer), or the pregabalin/copper group (p < 0.05).

Discussion

We show that high doses of copper strongly increase
NO production, a key molecule for signaling. We also
demonstrate that copper induces an increase in the tran-
scription of the NOSI1-3, PGC-1a and SOD2 genes. The
combination of APV and DNQX prevents the transcrip-
tion activation of the NOS enzymes, PGC-1a and SOD2.
We also show that pregabalin increases cell survival dur-
ing copper exposure, antagonizes the increase of tran-
scription of NOS1-3 and restores the NMDA-mediated
regulation of glutamate in the brain. We also confirm re-
cent data demonstrating that depolarization induces an
upregulation of PGC-1a mRNA [24] and we show that the
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pregabalin effect on transcription of NOS2/NOS3 is sen-
sitive to KCl-induced depolarization.

What is the mechanism inducing cell death by high
doses of copper? The mechanism is multifactorial. Three
main factors contribute: the interaction with membrane
receptors, the activation of NO pathways and the mito-
chondrial toxicity. It has been demonstrated that copper
interacts directly with ionotropic receptors on cellular
membranes. In particular, copper interacts with the
NMDA receptor [36, 37]. We have observed that NMDA
and AMPA antagonists partially protect cells from cop-
per toxicity, confirming that the effects of copper are me-
diated by NMDA and AMPA pathways. Moreover, cop-
per strongly activates NO pathways and generates a nitro-
sative stress [38]. NOS1 and NOS3 produce low fluxes of
NO for short periods of time, whereas NOS2 generates
large amounts of NO for several hours. Copper adminis-
tration results in overproduction of superoxide, and leads
to synthesis of peroxynitrite, which is highly toxic [38-
42]. Copper overload induces also a marked mitochon-
drial dysfunction and impairs the activity of key mito-
chondrial and cytosolic enzymes involved in energy me-
tabolism [10-12].

How does pregabalin antagonize the toxicity of cop-
per? We provide 3 possible explanations. First, our results
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Fig. 8. a, b Effects of infusion of copper 71.2 uM in left cerebellar
nuclei on the amplitudes of corticomotor responses in left gas-
trocnemius muscle (stimulation of right motor cortex). a Illustra-
tion of corticomotor responses from T10 min to T50 min in the 4
experimental conditions. Ringer: infusion of Ringer’s solution
(controls); copper: infusion of copper 71.2 uM at 20-50 min; pre-

Reducing Copper Toxicity with
Pregabalin

gabalin: pregabalin administered at a dose of 30 mg/kg i.p. at
0 min; pregabalin/copper: pregabalin administered at a dose of 30
mg/kg i.p. at 0 min followed by infusion of copper at 20-50 min.
Values are mean £ SEM and expressed as percentages of baseline
measurements. Ringer: n = 5 rats, copper: n = 6 rats, pregabalin:
n = 4 rats, pregabalin + copper: n = 4 rats. * p <0.05; ** p < 0.01.
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can be evaluated at the light of the mechanism of action
of pregabalin at a presynaptic level. Indeed, a main hy-
pothesis for pregabalin activity is the reduction of calci-
um influx by an interaction with the alpha2delta subunit
of presynaptic VGCC. We argue that pregabalin antago-
nizes the increase of transmitters and metabolites re-
leased during excitotoxicity, mainly glutamate and indi-
rectly glycerol. It is established that glutamate in excess is
toxic to neurons. Increased concentrations of glutamate
overactivate ionotropic glutamate receptors, triggering
cell death [43]. The resulting increase in intracellular free
calcium is sequestered mainly by mitochondria, causing
a disruption of ATP synthesis impairing redox state.
Noteworthy, the mitochondria are the main site of uptake
of calcium following activation of the NMDA receptor
[43]. Levels of glycerol in the extracellular space are a
marker of membrane turn-over and are used to evaluate
the degree of brain damage in vivo in case of cellular in-
jury [44]. In models of occlusion-reperfusion, glycerol
concentrations increase markedly in the zone of infarc-
tion and in the penumbra. Extracellular concentrations
of glycerol are surrogate markers of the levels of ischemia.
Sustained increase of interstitial glycerol indicates severe
ischemia, whereas transient increases suggest a penum-
bra situation [44]. Malignant evolution in stroke models
are associated with increased levels of glutamate and
higher lactate/pyruvate ratios [45].

The second explanation on the neuroprotective effect
of pregabalin is the modulation of glutamate transport-
ers. Indeed, it has been shown recently in studies with
human neocortical synaptosomes that one of the modes
of action of pregabalin is the interaction with the activity
of uptake transporters which transfer the neurotransmit-
ter from the synaptic cleft back to the cytoplasm of neu-
rons and glial cells [46]. These transporters utilize trans-
membrane ion gradients to transport their substrates.
However, when ion gradients decrease, transporters re-
verse and release the neurotransmitter in a calcium-inde-
pendent manner [46, 47]. Such a situation is likely to oc-
cur in case of copper toxicity due to the disturbances in
energy metabolism.

ATP-sensitive K channels provide a link between the
electrical activity of cell membranes and cellular metabo-
lism [48]. These channels open in states of ATP deficiency,
rendering neurons resistant to stress by a phenomenon of
hyperpolarization. Huang et al. [49] have demonstrated
that pregabalin activates these channels in a concentra-
tion-dependent fashion. This activation impedes gluta-
matergic transmission both on the presynaptic and post-
synaptic levels, reducing the excitability of neurons. This
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could be a third mechanism of action to explain the an-
tagonistic effects of pregabalin upon copper toxicity.

PPARs are members of a nuclear receptors superfam-
ily activated by fatty acids, eicosanoids and other syn-
thetic ligands [50]. Activated PPARs bind specific cis-el-
ement (PPRE) of DNA in the promoter/regulative re-
gions of target genes and modulate their transcription
(51, 52]. PPAR-vy plays a key role in numerous cellular
functions and its altered regulation leads to several dis-
eases [53]. The effects of PPAR-y activation are mediated
by the recruitment of its coactivator PGC-1a binding to
PPAR-v, allowing the interaction with CBP/p300, a pro-
tein with histone acetyltransferase activity (HAT) [54].
PGC-1a is highly expressed in tissues having a high-en-
ergy demand, such as brown adipose tissue, heart, skel-
etal muscle and brain. Interestingly, PGC-1a is a master
regulator of mitochondrial biogenesis and cell respira-
tion [51, 52]. The effect on mitochondrial biogenesis is
mediated by the co-activation of ERR-a, NRF-1 and
NRF-2 [55]. PGC-1a is also required for the induction of
many ROS-detoxifying enzymes including GPX-1 and
SOD2 [56, 57]. Interestingly, calcium channels are also
mediators of PGC-1a activation [58]. Influx of calcium
via VGCC up-regulates PGC-1a transcripts and proteins
in neurons [59]. This is followed by an increase in neu-
ronal activity [24]. The coupling between calcium chan-
nels activation, depolarization of neurons and increased
gene expression appears as a main mechanism of regula-
tion of transcription factors not only in neurons, but also
in other cell types where cytosolic calcium triggers a cal-
cium/calmodulin-dependent protein kinase signaling
[60-63]. Decreases in ATP/ADP ratios following en-
hanced energy expenditure, impaired mitochondrial
metabolism and inflammatory responses contribute to
the stimulation of PGC-la via activation of the p38
MAPK, which could represent a vital upstream regulator
in signaling the activation of PGC-1a in neurons [58, 64,
65]. The interaction p38 MAPK/pregabalin deserves fur-
ther studies.

In summary, copper impacts on signaling cascades
related to glutamate and NO. Exposure to copper stim-
ulates the transcription of NOS1-3, which results in in-
creased production of NO and impairs the NMDA-me-
diated regulation of glutamate. Excess of glutamate con-
tributes also to the stimulation of NOS. Pregabalin acts
on several pathways, including on the alpha2delta sub-
unit of the VGCC, reducing the concentrations of gluta-
mate, the expression of PGC-1a and preventing the exci-
totoxic cascade. Taken together, these results suggest that
pregabalin could be used in disorders of copper homeo-
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stasis associated with neurological deficits, such as Wil-
son disease. Pregabalin could be seen as a regulator of
neuronal function in disturbances of metal ions homeo-
stasis. This study provides support for further works in

the area of neurodegenerative diseases with pharmaco-
logical agents acting like pregabalin.
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