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Striatum
Since the anti-epileptic drug Zonisamide (ZNS) seems to exert beneficial effects in Parkinson's (PD) disease,
we have investigated the electrophysiological effects of ZNS in a rat corticostriatal slice preparation. ZNS
affected neither the resting membrane potential nor the input resistance of the putative striatal spiny
neurons. In contrast, this drug depressed in a dose-dependent manner the current-evoked repetitive firing
discharge with a EC50 value of 16.38 μM. ZNS also reduced the amplitude of glutamatergic excitatory
postsynaptic potentials (EPSPs) with a EC50 value of 32.5 μM.
Reduced activity of the mitochondrial respiratory chain, particularly complex I and II, is implicated in the
pathophysiology of PD and Huntington's (HD) diseases, respectively. Thus, ZNS was also tested in two
different in vitro neurotoxic models obtained by acutely exposing corticostriatal slices either to rotenone, a
selective inhibitor of mitochondrial complex I, or to 3-nitropropionic acid (3-NP), an inhibitor of complex II.
Additionally, we also investigated the effect of ZNS in an in vitro model of brain ischemia. Interestingly, low
concentrations of ZNS (0.3, 1, 3 and 10 μM) significantly reduced the rotenone-induced toxicity protecting
striatal slices from the irreversible loss of corticostriatal field potential (FP) amplitude via a GABA-mediated
mechanism. Conversely, this drug showed no protection against 3-NP and ischemia-induced toxicity.
Our data indicate that relatively high doses of ZNS are required to decrease striatal neuronal excitability
while low concentrations of this drug are sufficient to protect striatum against mitochondrial impairment
suggesting its possible use in the therapy of basal ganglia neurodegenerative diseases.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Neuronal hyper-excitability, mitochondrial dysfunction, and oxi-
dative stress have been implicated in the pathogenesis of different
neurological disorders, including stroke, epilepsy, amyotrophic lateral
sclerosis, Alzheimer's and Huntington's disease (HD) but the evidence
is particularly strong in Parkinson's disease (PD) (Calabresi et al.,
1996, 2007; Di Filippo et al., 2006; Mattson et al., 2008).

Glutamate-mediated excitotoxicity is believed to substantially
contribute to neuronal death during the degenerative process (Greene
and Greenamyre, 1996, Luetjens et al., 2000 and Calabresi et al., 2001).
However, whether impaired activity of mitochondrial complex I and II
leads to striatal neuron degeneration through similar or different
mechanisms is unknown.
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Advances in understanding the pathogenesis of the above-
mentioned diseases allowed the development of new pharmacolog-
ical approaches with different mechanisms of action. Antiepileptic
drugs (AEDs) have been proposed as putative neuroprotective agents
(Calabresi et al., 2003). The major common goal of the pharmacolog-
ical treatment with AEDs is to counteract abnormal brain excitability
by either decreasing the excitatory transmission or enhancing
neuronal inhibition (Calabresi et al., 2000c; Rogawski and Loescher,
2004). Some AEDs have proven to modulate the excitatory corticos-
triatal transmission, the abnormal striatal excitability and/or the
intrinsic striatal GABAergic transmission (Costa et al., 2004, 2006).
Among the various AEDs, Carbamazepine (CBZ) exerts a potent
neuroprotective action against rotenone-induced striatal neuronal
dysfunction (Costa et al., 2008) and the use of various AEDs as a
possible neuroprotective strategy against brain ischemia provided
also encouraging experimental results (Calabresi et al., 2003; Costa et
al., 2004, 2006).

Interestingly, in a recent double-blind controlled study the new
AED Zonisamide (ZNS) has shown antiparkinsonian actions (Murata
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et al., 2007). An adjunctive treatment with low dose of ZNS to
levodopa has induced improvement of all the cardinal symptoms of
PD (Murata et al., 2007). Experimentally, a single ZNS dose increased
intracellular and extracellular DOPA, dopamine (DA) and homova-
nillic acid (HVA) levels and decreased dihydroxyphenylacetic acid
(DOPAC) levels in the rat striatum presumably through its moderate
MAO-inhibiting effects (Okada et al., 1992, 1995). A ZNS-induced
increase in dopamine synthesis has been also hypothesized (Murata
et al., 2007).

Given these premises, the characterization of electrophysiological
effects produced by ZNS on the striatal intrinsic and synaptic
excitability might offer possible insights for the treatment of
neurodegenerative disorders. In this study, therefore, we have
analyzed the effects of ZNS in rat striatal slice preparations by
means of intracellular and field potential recordings.

In addition, we have tested the neuroprotective effect of ZNS in
two in vitro neurotoxic models obtained following the acute
administration of selective inhibitors of complex I (rotenone) and II
(3-nitropropionic acid, 3-NP) of the mitochondrial respiratory chain.
In fact, a reduced activity of complex I has been found in PD patients
(Schapira et al., 1998; Büeler, 2009), and chronic treatment with
rotenone mimics PD in animal models (Ferrante et al., 1997; Betarbet
et al., 2000; Höglinger et al., 2003; Sherer et al., 2007) while a defect of
complex II has been found in HD (Browne et al., 1997; Beal, 1998; Di
Filippo et al., 2006). We have also characterized the possible
protective effects of ZNS against the permanent loss of electric
activity caused by in vitro ischemia induced by combined oxygen and
glucose deprivation.

Materials and methods

Brain preparations and solutions

All the experiments were conducted in conformity with the
European Communities Council Directive of November 1986 (86/
609/ECC) and in accordance with a protocol approved by the
Animal Care and Use Committee at the University of Perugia.
Preparation and maintenance of rat corticostriatal slices have been
previously described (Calabresi et al., 1998; Picconi et al., 2003).
Briefly, corticostriatal coronal slices (thickness, 270 μm) were cut
from 1- to 2-month-old male Wistar rats (Harlan, Italy) using a
vibratome. A single slice was then transferred to a recording
chamber and submerged in a continuously flowing Kreb's solution
(34 °C; 2.5–3 ml/min) bubbled with a 95% O2 and 5% CO2 gas
mixture. The composition of the solution was (in mM) 126 NaCl,
2.5 KCl, 1.2MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 10 glucose, and 25 NaHCO3.
Drugs were bath-applied by switching the solution to one contain-
ing known concentrations of drugs. In vitro ischemia was delivered
by switching the standard Kreb's solution to an artificial cerebro-
spinal fluid solution in which sucrose replaced glucose, gassed with
95% N2 and 5% CO2. The ischemic solution was bath applied for
10 min during field potential recordings and for 2 min in a Mg2+-
free Kreb's solution during intracellular recordings. Rotenone for in
vitro experiments was solved in DMSO. The final concentration was
reached by dissolving it into the standard Kreb's solution 1 μM
rotenone was applied on the slice by adding it to the standard
medium for the duration of the experiment. DMSO alone, at least at
the concentration used to solve rotenone, did not cause any
detectable electrophysiological effect. Total replacement of the
medium in the chamber occurred within 1 min.

Electrophysiology

Intracellular recordings of striatal medium spiny neurons were
obtained by using sharp microelectrodes pulled from borosilicate
glass pipettes backfilled with 2 mol/l KCl (30–60 MΩ). An Axoclamp
2B amplifier (Molecular Devices, USA) was connected in parallel to an
oscilloscope (Gould, USA) to monitor the signal in “bridge” mode and
to a PC for acquisition of the traces using a pClamp9 software
(Molecular Devices, USA). After the impalement of the neuron, a small
amount of current (5–20 pA) might be injected via the recording
electrode when necessary. Only neurons electrophysiologically
identified as spiny neuronswere considered for experiment (Calabresi
et al., 1998).

Electrodes for extracellular recordings were filled with 2 mol/l NaCl
(15–20 MΩ). An Axoclamp 2B amplifier (Molecular Devices, USA)
was used for extracellular recordings. The field potential (FP)
amplitude was defined as the average of the amplitude from the
peak of the early positivity to the peak negativity and the amplitude
from the peak negativity to peak late positivity. A glutamatergic
corticostriatal synaptic excitatory postsynaptic potential (EPSP) or a
FP was evoked every 10 s by means of a bipolar electrode connected
to a stimulator unit (Grass Telefactor, USA). The stimulating electrode
was located in the white matter between the cortex and the striatum
to activate corticostriatal fibers. The recording electrodes were
invariably placed within the dorso-lateral striatum. Quantitative
data are expressed as a percentage of the field potential or of the
EPSP amplitudes in respect to the relative control amplitude values,
the latter representing the mean of responses recorded during a
stable period (15 to 20 min). Off-line analysis was performed using
Clampfit (Molecular Devices, USA) and GraphPad Prism 3.0 (Graph-
Pad software) software.

Drugs

Powders were dissolved in water or DMSO and then stored at
−20 °C in aliquots. Each aliquot was only used the day of experiment
and then discarded. Drugs were applied by dissolving them to the
desired final concentration in the external Kreb's solution. Zonisamide
was from EISAI (London, UK); Rotenone, (−)-Bicuculline methiotide
and 3-Nitropropionic acid were from Sigma-Aldrich (Milan, Italy).

Statistical analysis

Analysis of variance (ANOVA), followed by Bonferroni's post hoc
test, and Student's t-test were used for statistical analysis. Values
given in the figures and text are mean ± standard error of the mean
(SEM). The significance level was established at pb0.05 (⁎), pb0.01
(⁎⁎), pb0.001 (⁎⁎⁎).

Results

Effects of ZNS on intrinsic membrane properties of striatal spiny neurons

In this study we have analyzed the electrophysiological properties
of ZNS on principal spiny neurons recorded in rat corticostriatal slice
preparations.

Conventional sharp microelectrode intracellular recordings were
obtained from75electrophysiologically identified striatal spinyneurons.
These cells had high resting membrane potential (−84±5 mV),
relatively low apparent input resistance (38±8 MΩ) when measured
at the resting potentials from the amplitude of small (b10 mV)
hyperpolarizing electrotonic potentials, action potentials of short
duration (1.1±0.3 ms) and high amplitude (102±4 mV).

Striatal spiny neurons respond to a depolarizing pulse of current
with a sustained repetitive firing of action potentials (Calabresi et al.,
1998). ZNS reduced, in a dose-dependent manner (1–300 μM), the
repetitive firing discharge frequency produced by depolarizing steps
of current (n=7 for each concentration). The action potential
frequency discharge was, in fact, reduced by 47.53±10.97 % in the
presence of 100 μM ZNS, with respect to control conditions (n=7,
pb0.001; Fig. 1A). Lower doses failed to significantly reduce firing
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discharge. The potency of ZNS on the inhibition of firing discharge,
expressed as the extrapolated EC50 value, was 16.38 μM. ZNS, similarly
to other AEDs (phenytoin, lamotrigine and gabapentin) (Calabresi et
al., 1999), affected neither the membrane potential nor the input
resistance and the current–voltage relationship of the recorded cells
(n=7 for each concentration, p=0.98; Fig. 1B).
Effects of ZNS on glutamatergic excitatory synaptic transmission

Excitatory glutamatergic FPs were recorded from the striatum of
corticostriatal rat slices as previously described (Costa et al., 2004). In
electrophysiological experiments (n=55), the white matter between
cortex and striatum was stimulated to obtain FP of 1.2±0.3 mV in
amplitude and 2±0.5ms in duration. Stimuli (0.03±0.01ms and 1 to
5 V) were delivered at a frequency of 0.1 Hz to monitor the time
course of FP amplitude. The application of 0.3 μM, 1 μM, 3 μM, 10 μM
and 30 μM ZNS for 10 min did not alter the amplitude of the FP (n=7
for each concentration pN0.05). Conversely, 100 μM and 300 μM of
ZNS were able to decrease the FPs by about 11±1.3% and 23±6.9%,
respectively (n=12 for each concentration pb0.05; Fig. 2A).

Striatal spiny neurons respond to a single cortical stimulation by
producing an excitatory postsynaptic potential (EPSP). In this study,
we have also analyzed the effects of ZNS on EPSP amplitude and we
have found that 10–300 μM of ZNS, bath-applied for 10–20 min,
reduced the corticostriatal EPSP in a dose-dependent manner (n=7
for each concentration, pb0.05; Fig. 2B). Also, this effect was
concentration-dependent and the potency of ZNS, expressed as the
extrapolated EC50 value, was 32.5 μM.

In order to investigate whether the depression of EPSPs by ZNS
was dependent on pre- and/or postsynaptic sites of action, we
measured synaptic responses to a pair of stimuli before and during the
applications of two different concentrations of ZNS (Fig. 2C). In these
experiments, the inter-stimulus interval was 60 ms. Paired-pulse
modification of neurotransmission has been studied extensively and
is attributed to a presynaptic change in release probability (Manabe et
al., 1993; Schulz et al., 1994; Calabresi et al., 1999). The analysis of the
paired-pulse ratio (EPSP2/EPSP1) revealed that the depression of the
EPSP amplitude, induced by either 30 or 100 μM ZNS, was not
associated with a significant increase of the EPSP ratio indicating that
the effect of ZNS does not involve only a presynaptic site of action
(n=8; p=0.98; Fig. 2C).

Effects of ZNS on the electrophysiological action induced by acute
intoxication with rotenone

To test whether inhibition of mitochondrial complex I by rotenone
was able to alter the electrical neuronal activity in a corticostriatal
brain slice preparation, FPs were recorded from the striatum after the
activation of glutamatergic inputs.

As shown in Fig. 3A, rotenone induced a progressive reduction of
the FP amplitude and after 25–30 min of 1 μM rotenone application,
the loss of the FP amplitude was almost complete.

The possible neuroprotective effect of ZNS on the FP amplitude in
the presence of acute intoxication with rotenone was investigated by
treating slices with different concentrations of ZNS (Fig. 3A). The
application of 1 μM ZNS did not alter the amplitude of the FP (n=22).
However, this concentration of ZNS, applied before and during the
administration of 1 μM rotenone, was neuroprotective (n=7,
pb0.001; Figs. 3A, B).

The neuroprotective action of ZNSwas evident at concentrations of
0.3, 1, 3, and 10 μM (n=7, pb0.05; n=7, pb0.01; n=7, pb0.05;
n=5, pb0.05, respectively) and undetectable at 0.1 and 30 μM (n=7,
Fig. 1. ZNS inhibits in a dose-dependent manner the current-evoked firing discharge of
striatal spiny neurons while does not alter current-voltage relationship. (A) The graph
shows the dose–response curve obtained at various concentrations of ZNS on the firing
discharge. Each data point was obtained from 7 single experiments. The upper part of
the figure shows single voltage responses to a depolarizing pulse (1.0 nA) recorded
from a striatal spiny neuron under control condition and during the application of
100 μM ZNS. (B) The graph and electrophysiological traces from a medium spiny
neuron showing current–voltage relationship in control condition and in the presence
of 100 μM ZNS. This antiepileptic drug induced no significant changes of resting
membrane potential and did not modify current drops caused by voltage steps in both
depolarizing and hyperpolarizing directions.
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pN0.05; n=7, pN0.05, respectively). High doses of ZNS showed a
detrimental effect. In fact, in the presence of 100 μMZNSwe observed,
after 15 min of the application 1 μM rotenone, a reduction of the FP
amplitude larger than the effect obtained in the presence of rotenone
alone (n=7, pb0.001; Figs. 3A, B).

To expand our understanding on the mechanisms underlying the
neuroprotective action of ZNS, we analyzed the role of endogenous
GABA. A GABAA-mediated mechanism was, in fact, involved in the
protection against rotenone by the AED carbamazepine (Costa et al.,
2008). In particular, we tested whether a low concentration of
bicuculline was able to block the neuroprotective action of ZNS. This
GABAA receptor antagonist, at a concentration of 3 μM, did not change
either the FP amplitude or the rotenone-induced electrophysiological
changes while it fully blocked the neuroprotective effects of ZNS on
the FP amplitude (n=6, pb0.001; Fig. 3C).

Lack of effect of ZNS against toxicity induced by 3-NP

3-NP, an irreversible inhibitor of succinate dehydrogenase (SD,
complex II) has been used as an experimental model of HD (Beal et al.,
1993; Brouillet and Hantraye, 1995; Brouillet et al., 1999). As we have
previously described (Centonze et al., 2006; Tozzi et al., 2007), bath
application of the slices with 3-NP (10 mM) irreversibly reduced the
FP amplitude in the absence of external Mg2+, but not in the presence
of physiological (1.2 mM) concentration of this ion. Incubation of the
slices with a different concentrations of ZNS (1 μM, 30 μM and
100 μM) before (10 min) and during the application of 3-NP did not
prevent the irreversible electrophysiological changes induced by this
mitochondrial toxin (n=5 for each concentration, pN0.05; Fig. 4A).

Lack of effect of ZNS against the toxicity induced by oxygen and glucose
deprivation

As previously reported (Costa et al., 2004), a period of in vitro
ischemia (oxygen and glucose deprivation) produced an irreversible
loss of corticostriatal FPs. After 10–15 min of a stable baseline
recording, in vitro ischemia was applied for 10 min. This treatment
progressively reduced the amplitude of the FP, which was completely
suppressed in about 5min. After the washout of the ischemic solution,
the FP did not recover and remained undetectable until the end of the
recording, suggesting an irreversible loss of physiological excitatory
synaptic transmission and a permanent ionic disruption in striatal
neurons. Application of ZNS (0.3 to 100 μM) for 10 min before and
during the ischemic period did not show any neuroprotective action
on the FP reduction (n=15, pN0.05; Fig. 4B).

Discussion

In the present study we have investigated the effects of ZNS on the
electrical activity of striatal spiny neurons. Our findings can be
summarized in three major points.

First, we have shown that the intrinsic resting properties
(membrane potential and input resistance) of striatal spiny neurons
Fig. 2. ZNS inhibits excitatory glutamatergic field potentials (FPs) and excitatory
postsynaptic potentials (EPSPs) evoked by cortical stimulation in striatal spiny neurons
without affecting paired-pulse facilitation. (A) The graph shows the dose–response
curve obtained at various concentrations of ZNS on the amplitude of cotricostriatal FPs.
The upper traces shows averages (6 single sweeps) of FPs recorded from a striatal slices
under control condition and during the application of 1 μM, 100 μM and 300 μM ZNS.
(B) The graph shows the dose–response curve obtained at various concentrations of
ZNS on the amplitude of EPSPs. The upper traces show averages (6 single sweeps) of
EPSPs recorded from a striatal spiny neuron under control condition and during the
application of 1 μM, 10 μM and 100 μMZNS. (C) The traces show synaptic responses to a
pair of stimuli recorded with interstimulus interval of 60 ms under control condition
and in the presence of 100 μM ZNS. The graph shows the ratio of the second pulse
response to the first pulse response (EPSP2/EPSP1) before and during the application of
two different concentrations of ZNS.
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are not significantly modified by ZNS even at high concentrations. The
second observation was that relatively high concentrations (30–
300 μM) of ZNS are required to significantly decrease both the
current-evoked repetitive firing discharge and the amplitude of
striatal glutamatergic transmission. The third finding was that ZNS,
at low concentrations (0.3–10 μM), exerts a selective neuroprotective
effect on the irreversible loss of the FP amplitude induced by the
complex I mitochondrial toxin rotenone. No effects were observed
against the neurotoxicity induced either by the complex II mitochon-
drial toxin 3-NP or by in vitro ischemia.

ZNS is a multi-target antiepileptic drug, exhibiting a broad
combination of complementary mechanisms of actions which may
offer a clinical advantage in the treatment of both partial and
generalized seizures. ZNS stabilizes neuronal membranes, and
disrupts synchronized firing through combined effects on ion
channels, thereby limiting the spread of seizures (Rock et al., 1989;
Kito et al., 1996). By altering the fast inactivation threshold of voltage-
dependent sodium channels, ZNS reduces the sustained high-
frequency repetitive firing of action potentials. Suppression of
voltage-dependent sodium currents, detected as an inhibition of the
firing activity, is a common action shared by many neuroprotective
compounds and anticonvulsant drugs, including phenytoin (Yaari et
al., 1986), carbamazepine (McLean and Macdonald, 1986a), oxcarba-
zepine (Calabresi et al., 1995b), gabapentin (Calabresi et al., 1999),
and sodium valproate (McLean and Macdonald, 1986b).

ZNSmay also alter the process of synaptic transmission through its
effect of attenuation of neuronal excitability. Glutamate is a primary
mediator of neuronal excitatory pathways of the brain, which have
been implicated in neurodegenerative diseases (Beal, 1992a; Browne
et al., 1997; Chase and Oh, 2000). Excitotoxicity seems to play a role in
a variety of neuropathological conditions and neurodegenerative
diseases with distinct genetic etiologies may share excitotoxicity as a
common pathogenic pathway (Beal, 1992b; Calabresi et al., 2000a,b;
Dong et al., 2009). Excessive activation of glutamate receptors by
excitatory amino acids leads to a number of deleterious consequences,
including generation of free radicals, activation of the mitochondrial
permeability transition, and secondary excitotoxicity (Beal, 1998;
Albers and Beal, 2002).

We found that ZNS exerts a concentration-related reduction of
glutamatergic corticostriatal excitatory transmission without affect-
ing the paired-pulse facilitation. Since this parameter is considered a
good index of a presynaptic mechanism of action (Manabe et al.,
1993; Schulz et al., 1994; Calabresi et al., 1997) it can be argued that
the inhibitory effect of ZNS on glutamatergic transmission does not
exclusively involve a presynaptic site of action but it could also affect a
postsynaptic mechanism.

Interestingly, low doses of ZNS are sufficient to exert a neuropro-
tective effect against rotenone-induced electrophysiological
alterations.

It is known that neurodegenerative disorders affecting the basal
ganglia, such as PD and progressive supranuclear palsy (PSP), have
been associated with defects in mitochondrial complex I function
(Swerdlow et al., 2000; Albers and Beal, 2002; Albers et al., 2002;
Chirichigno et al., 2002). Moreover, experimental studies have
reported that generalized complex I inhibition by rotenone damages
both nigral and striatal neurons, in a pattern reminiscent of PSP
pathology (Ferrante et al., 1997; Höglinger et al., 2003; Champy et al.,
2004; Zhu et al., 2004). Rotenone might lead to striatal damage
Fig. 3. ZNS exerts differential effects on rotenone-induced toxicity depending on the
utilized dose. (A) Example traces of corticostriatal field potentials recorded in control
condition and at two different concentration of ZNS. The rotenone-mediated reduction
of the field potential amplitude was significantly reduced by ZNS 1 μM while 100 μM
ZNS exerts a detrimental effect. The graph shows the time course of the mean field
potential amplitude recorded in control condition and in the presence of 1 and 100 μM
ZNS in corticostriatal slices. Incubation of the slices in 1 μM ZNS increased the
neurotoxic effect induced by rotenone. (B) The dose–response curve shows that
neuroprotective effect of ZNS was dose related. (C) The graph shows that the
neuroprotective effect of 1 μMZNSwas abolished by the application of 3 μMbicuculline.
The insert shows the single electrophysiological traces.



Fig. 4. ZNS does not exert neuroprotective action on neurotoxicity induced either by
mitochondrial complex II inhibition or by oxygen and glucose deprivation (OGD). (A)
The traces represent a field potential recorded before and after 30 min of application
10 mM 3NP in control condition (upper traces) and in the presence of 1 μM ZNS (lower
traces). The graph shows the time course of the mean field potential amplitude
recorded in the presence of 1, 30, and 100 μM ZNS in corticostriatal slices. (B) Single
experiments showing the changes of field potential amplitude following OGD in control
medium (upper traces) and in the presence of 1 μM ZNS (lower traces). The graph
shows the time-course of the OGD-induced changes of field potential amplitude in
control condition and in the presence of 300 nM, 1 μM, 3 μM, 30 μM and 100 μM ZNS.
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through various NMDA-independent mechanisms, including the
inhibition of cellular ATP production, intraneuronal sodium and
calcium accumulation, and free radical generation (Höglinger et al.,
2003; He et al., 2003; Bonsi et al., 2004; Bao et al., 2005).

Different mechanisms have been proposed to explain the
beneficial effects of AEDs, in particular of ZNS on PD, including an
inhibitory effect on voltage-dependent Na+ channel (Schauf, 1987)
and depolarization-induced glutamate release (Okada et al., 1998).
ZNS also enhances GABAergic and monoaminergic transmission
(Kawata et al., 1999; Okada et al., 2002; Yoshida et al., 2005).
Additionally, ZNS is a specific T-type Ca2+ channel blocker (Suzuki et
al., 1992; Kito et al., 1996) that increases the burst firing of
dopaminergic neurons in the substantia nigra. Recently, Yano and
collaborators have demonstrated, in mice after MPTP treatment,
that one of the neuroprotective actions of ZNS may involve elevation
of tyrosine hydroxylase on the dopaminergic system (Yano et al.,
2009).

We have recently reported that CBZ is able to exert a neuropro-
tective effect against rotenone, by enhancing the GABA-mediated
inhibition via the activation of GABAA receptors (Costa et al., 2008).
The present experiments are in line with this result and show that the
neuroprotective action of ZNS is blocked by bicuculline. This finding
provides further support to the hypothesis that neuroprotective
mechanisms against rotenone involve an enhancement of GABA-
mediated inhibition via activation of GABAA receptors. In linewith this
hypothesis, ZNS interacts with the GABAA receptor complex (Mimaki
et al., 1990) and a similar mechanism has also been proposed for
phenytoin (Granger et al., 1995). Interestingly, we did not observe a
linear relationship between the dose and the protective effect. In fact,
for this drug we obtained a bell-shaped dose–response curve that was
also obtained for the neuroprotective action of tiagabine and
vigabatrin (Costa et al., 2004). Since these two AEDs exert their
neuroprotection by enhancing endogenous GABA it could be
speculated that excessive activation of GABAA receptor may cause
an overload of chloride ions into the neurons, leading to cell swelling.

The inhibition of the sodium currents represents a well-recognized
mechanism for the therapeutic action of several AEDs as well as a
possible target for neuroprotection (Rogawski and Loescher, 2004).
Although we have demonstrated that the concentration of ZNS
exerting the neuroprotective action is much lower than that one
required to block sodium-dependent action potential discharge, it is
still possible that such low doses of this drug modulate sodium
channels expressed by GABAergic interneurons but not those on spiny
neurons. Future studies to test the effects of rotenone and ZNS on
GABAergic striatal interneurons are required.

Interestingly, there is a relationship between serum ZNS concen-
trations and clinical effect in animal models (Masuda et al., 1979). In
fact, ZNSwaseffectiveat serumconcentrations above10mg/l (47μmol/l)
and toxicitywas likely tooccurat concentrationsabove70mg/l (Patsalos
et al., 2008; Striano et al., 2008).

ZNS did not exert neuroprotection effects against 3-NP-induced
electrical alterations. Different lines of evidence support the view
that glutamate NMDA receptors play a primary role in toxic effects
of mitochondrial complex II inhibition by 3-NP (Greene and
Greenamyre, 1996; Kim et al., 2000; Lee et al., 2002; Kanki et al.,
2004). An antagonist of NR2B-containing NMDA receptors, like
ifenprodil, was able to protect striatal neurons from 3-NP-induced
toxicity but not against the effects of rotenone (Centonze et al.,
2006). Similarly, memantine, a low-affinity uncompetitive NMDA
receptor antagonist, displays some protection against irreversible FP
loss induced by 3-NP without influencing toxicity induced by
rotenone (Tozzi et al., 2007). On the basis of these data, it can be
hypothesized that ZNS is protective mainly in experimental models
of neurotoxicity not involving NMDA receptors.

The lack of neuroprotective effects of ZNS against in vitro ischemia
models is rather surprising. ZNS, in fact, has been shown to prevent
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ischemic damage in adult rodents (Minato et al., 1997; Owen et al.,
1997). Additionally, ZNS attenuated neonatal hypoxic–ischemic
damage in animals by a mechanism independent of its anticonvulsant
properties (Hayakawa et al., 1994). A possible explanation for the lack
of effect of ZNS in our in vitro model of ischemia in the striatum is the
peculiar selectivity of ZNS on the various subtypes of voltage gated
calcium channels. In fact, ZNS blocks the T-type voltage-gated calcium
channel (Matar et al., 2009) that are not prominently expressed in
striatal spiny neurons (Foehring et al., 2000). Moreover, ZNS does not
seem to affect the high-threshold L-type Ca2+channel (Suzuki et al.,
1992), one of the major targets of putative neuroprotective therapies
(Pisani et al., 1998, 2004). Finally, the concomitant inhibition of fast
Na+ and high voltage-activated Ca2+conductances could be critically
important for the neuroprotection induced by both the old and new
AEDs against the acute effects of ischemia (Costa et al., 2006).

The neuroprotective effects of ZNSmay be linked to its antioxidant
properties (Sobieszek et al., 2003; Biton, 2007). In fact, ZNS is known to
scavenge hydroxyl radicals and nitric oxide radicals in a cell-free
system (Mori et al., 1998), and inhibits lipid peroxidation and
oxidative DNA damage in the rat brain (Komatsu et al., 1995, 2000).
Moreover, recent findings indicate that pretreatment with ZNS
reduces the production of free radicals in the hippocampus during
kainate-induced seizures (Ueda et al., 2005). In line with these data,
we have also found evidence of the neuroprotective effects of ZNS on
differentiated neuroblastoma cell cultures exposed to rotenone toxin.
Our preliminary data indicate that ZNS pre-incubated 30min before to
rotenone treatment significantly reduced, in these cells, ROS produc-
tion in comparison to control condition (in preparation). However,
further studies should be carried out to characterize the mechanisms
leading to protein oxidation induced by free radicals during rotenone
application and the possible neuroprotective effects of antioxidants.

In addition, ZNS, as well as topiramate, is an inhibitor of carbonic
anhydrase and it may thus influence neuronal activity via changes of
pH (Biton, 2007). However, this mechanism is not believed to
contribute to the antiepileptic activity of this drug (Thöne et al.,
2008) and the possible involvement of this mechanism in the
neuroprotective action of ZNS remains to be established.

In conclusion, our experiments on the electrophysiological effects
of ZNS on striatal neurons suggest that low concentrations of ZNS are
sufficient to significantly reduce membrane alterations induced by
mitochondrial inhibition via GABAA receptors. Based on these
experimental results, it might be interesting to verify whether ZNS
exerts neuroprotective actions using in vivo models of basal ganglia
neurodegenerative diseases.
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