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as emerged as an attractive non-dopaminergic target in the experimental
pharmacological therapy for Parkinson's disease (PD). Moreover, it has been postulated that A2A adenosine
receptor antagonists exert neuroprotective effects in experimental models of PD and progressive
supranuclear palsy (PSP). Interestingly, in both these pathological conditions a deficit of mitochondrial
complex I has been found. Thus, utilizing extracellular and intracellular recordings from corticostriatal brain
slices, we have tested the possible neuroprotective action of two A2A receptor antagonists, ST1535 and
ZM241385, on the irreversible electrophysiological effects induced by the acute application of rotenone, a
pesticide acting as a selective inhibitor of mitochondrial complex I activity. Both these antagonists reduced
the rotenone-induced loss of corticostriatal field potential amplitude as well as the membrane
depolarization caused by this toxin on striatal spiny neurons. The use of A2A receptor antagonists might
represent a promising neuroprotective strategy in basal ganglia disorders involving a deficit of mitochondrial
complex I activity.

© 2009 Elsevier Inc. All rights reserved.
Introduction
Dysfunction in mitochondrial energy metabolism and oxidative
damage has been strongly implicated in the etiology of both
Parkinson's disease (PD) and progressive supranuclear palsy (PSP)
(Höglinger et al., 2005). Despite these neurodegenerative diseases
present a distinctive pattern of neuronal cell loss and pathological
hallmarks, mitochondrial deficits have been reported in tissues from
both PD (Sulzer, 2007) and PSP patients (Burn and Lees, 2002).
Experimental studies have reported that generalized complex I
inhibition by the widely used natural pesticide rotenone causes the
damage of both nigral and striatal neurons, in a pattern reminiscent of
atypical parkinsonian syndromes such as PSP (Höglinger et al., 2005;
Centonze et al., 2006).

Adenosine A2A receptor has emerged as an attractive non-
dopaminergic target in the pursuit of improved therapy for PD,
based in part on its unique central nervous system (CNS)
distribution. In particular, adenosine A2A receptors are abundant
in the caudate-putamen, nucleus accumbens, and olfactory tubercle
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and can form functional heteromeric complexes with other G-
protein-coupled receptors, including dopamine (DA) D2, type 5
metabotropic glutamate (mGlu5) and adenosine A1 receptors
(Schwarzschild et al., 2006). Interestingly, experimental findings
have raised the possibility that A2A receptor antagonist-mediated
neuroprotection extends beyond PD models of nigrostriatal neuron
degeneration and can limit the damage to striatal output neurons
induced by mitochondrial toxins (Alfinito et al., 2003; Schwarzschild
et al., 2006; Chen et al., 2007).

The present study was aimed at investigating the possible
neuroprotective role of A2A receptor antagonists against the neuronal
damage triggered by rotenone. In particular, we utilized intracellular
and extracellular electrophysiological recordings in an in vitro
neurotoxic model obtained following the acute administration of a
selective inhibitor of complex I of the mitochondrial respiratory chain.
Materials and methods

Preparation and maintenance of corticostriatal slices for
electrophysiological recordings

Preparation and maintenance of rat corticostriatal slices have
been previously described (Calabresi et al. 1997, 2001). Briefly,
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corticostriatal coronal slices (thickness, 270 μm) were cut from one
to two-month-old male Wistar rats (Charles River Laboratories, Inc.
Wilmington, MA, USA) using a vibratome. All the experiments were
conducted in conformity with the European Communities Council
Directive of November 1986 (86/609/ECC). A single slice was then
transferred to a recording chamber and submerged in a continu-
ously flowing Kreb's solution (34 °C; 2.5–3 ml/min) bubbled with a
95% O2–5% CO2 gas mixture. The composition of the solution was (in
mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 10 glucose,
and 25 NaHCO3. Drugs were bath-applied by switching the solution
to one containing known concentrations of drugs. Total replacement
of the medium in the chamber occurred within 1 min.

Electrophysiology

Extracellular recordings were obtained by using sharp micro-
electrodes pulled from borosilicate glass pipettes backfilled with
2 M NaCl (15–20 MΩ). Intracellular recordings of striatal medium
spiny neurons were obtained by using sharp microelectrodes pulled
from borosilicate glass pipettes backfilled with 2 M KCl (30–
60 MΩ). An Axoclamp 2B amplifier (Axon Instruments, USA) was
used for extracellular recordings. The field potential 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 post-synaptic potential (EPSP) or a field
potential 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 striatum.
Quantitative data are expressed as a percentage of the field
potential amplitudes or of the EPSP 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 (Axon Instruments, USA)
and Microcal Origin (Northampton, MA, USA) softwares. Kruskal–
Wallis and Dunn's post-hoc 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
(⁎) and pb0.01 (⁎⁎).

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. ZM241385
was from Tocris-Cookson (Bristol, UK); ST1535 was from Sigma-Tau
(Pomezia, Italy); Rotenone was from Sigma-Aldrich (Milano, Italy);
CGS21680 was from Tocris-Cookson (Bristol, UK).

Results

Electrophysiological effects of rotenone

In order to test whether inhibition of mitochondrial complex I
by rotenone was able to alter the electrical neuronal activity in a
corticostriatal brain slice preparation, field potentials were recorded
from the striatum following the activation of glutamatergic
corticostriatal inputs. As shown in the Figs. 1A, B, the application
of rotenone for 30 min induced a progressive reduction of the field
potential amplitude. After 30 min of application of this toxin the
loss of the field potential amplitude was almost complete by
utilizing a dose of 1 μM. After the wash-out of this toxin no
recovery of the field potential was observed (Figs. 1B–G). This
observation suggests that the utilized concentrations of rotenone
induced irreversible electrophysiological alterations in striatal
neurons reflecting neuronal death (Tozzi et al., 2007a; Costa et
al., 2008).

The effect of rotenone was also investigated by utilizing
intracellular recordings from 35 electrophysiologically identified
principal spiny neurons. The main characteristics of these cells have
been described in detail previously (Calabresi et al., 1997). These
cells had high resting membrane potential (−84±5 mV), low
apparent input resistance (39±9 MΩ) and action potentials of short
duration (1.1±0.3 ms) and high amplitude (102±4 mV). These
cells were silent at rest and showed tonic firing activity during a
long-duration depolarizing pulse. Rotenone, at the concentration of
1 μM induced a slow membrane depolarization starting after 5–
10 min from the onset of perfusion (n=15, Fig. 1F). The rotenone-
induced depolarization reached a plateau after 30 min from the
onset of the application, when the membrane potential of the
neuron was around −20 mV (Fig. 1F). Also in this case, the
electrophysiological effect induced by the toxin was irreversible
after its wash-out (n=5, data not shown). It is worth to note that
the rotenone-induced membrane depolarization was coupled to a
reduction of the input resistance of the recorded cells (n=7, data
not shown).

A2A receptors antagonism prevents the irreversible electrophysiological
changes induced by the inhibition of mitochondrial complex I

A2A receptors are particularly abundant in the striatum while
their expression is much lower in other brain areas (Schwarzschild
et al., 2006). In the striatum, A2A receptors are selectively
expressed by striatopallidal neurons, which also express dopamine
D2 receptors; additionally, a proportion of A2A receptors are
located presynaptically on corticostriatal terminals, where they
control glutamate release. It is known that blockade of pre-synaptic
A2A receptors reduces glutamate release in several brain regions.
Thus, a reduction in glutamate release might be one mechanism by
which the A2A receptor antagonists exert a neuroprotection (Chen
et al., 2007). For this reason, we have investigated the possible
neuroprotective effects of ST1535 and ZM241385, two A2A receptor
antagonists, against the irreversible functional alterations caused by
rotenone in striatal neurons. These antagonists were first pre-
incubated for 10–15 min alone and then applied together with
rotenone. As reported in the Figs. 1A–C, 1 μM and 0.1 μM
ZM241385, and 10 μM ST1535 significantly reduced the electro-
physiological changes caused by rotenone (n=8 for each drug,
pb0.05); 1 μM ST1535 produced a slight decrease of the field
potential damage induced by rotenone, however, this effect was not
significant (n=8, pN0.05). The application of 10 μM ST1535, 1 μM
and 0.1 μM ZM241385 for 15–20 min did not alter per se the
amplitude of the field potential (data not shown).

In order to further analyse the ability of ST1535 and ZM241385 to
protect against the rotenone-induced neurotoxicity we also per-
formed intracellular recordings from striatal spiny neurons. Interest-
ingly, the preincubation of the slices with 10 μM ST1535 (n=10,
pb0.01) or 0.1 μM ZM241385 (n=10, pb0.05) significantly delayed
the onset of the rotenone-inducedmembrane depolarization (Fig. 1F).
At these concentrations ST1535 and ZM241385 did not alter per se the
membrane potential and the input resistance of the recorded neurons
(data not shown).

Since the obtained data suggest that antagonism of A2A
receptors exerts a neuroprotective role against rotenone-induced
neurotoxicity, we also tested the hypothesis that the application of
an agonist acting on these receptors could exert an additional
detrimental effect. However, CGS21680 (3 μM, n=8, pN0.05), a
selective A2A receptor agonist, did not alter the effects induced by
1 μM rotenone (Fig. 1D). CGS21680 (1 μM and 3 μM, n=8 for each



Fig. 1. A2A receptor antagonists ST1535 and ZM241385 reduce the irreversible field potential changes and membrane depolarization of striatal spiny neurons induced by rotenone.
(A) Example traces of corticostriatal field potentials (FP) measured before and 30 min after the application of 1 μM rotenone. In control conditions, 30 min rotenone abolish the FP
(left panel), whereas in the presence of 1 μM ZM241385 (ZM, middle panel) or in 10 μM ST1535 (ST, right panel) the FP amplitude is only partially reduced. (B) Time-course of
normalised FP amplitude in 0.1 and 1 μM ZM treated slices. 1 μM rotenone is applied for 30 min at the time indicated by the white bar. Note the significant protective effect of ZM at
both concentrations used (pb0.05). (C) Time-course of normalised FP amplitude in 1 μM and 10 μM ST treated slices. Rotenone (1 μM) application is indicated by the white bar. Note
that the FP amplitude is significantly reduced only at 10 μM ST in respect to controls (pb0.05). (D) The plots show a time-course of the FP amplitude of control slices and of slices
treated with the A2A receptor agonist CGS (3 μM). 1 μM rotenone application is indicated by the white bar. Note that CGS does not significantly affect the irreversible loss of FP
induced by rotenone. (E) As indicated in the plots, the loss of striatal FP is not obtained when 0.1 μM rotenone is applied for 30min (white bar) in isolation or when it is applied in the
presence of CGS (1 and 3 μM). (F) Plots showing themeanmembrane potential of a group on striatal spiny neurons intracellularly recorded in control conditions or in the presence of
0.1 μM ZM or 10 μM ST. 1 μM rotenone applied for 30 min (white bar) produces a depolarization of the neurons in the three groups revealing a significant protective effect of both ZM
(pb0.05) and of ST (pb0.01) on the recorded membrane potential. (G) Representative traces of rotenone-induced (30 min, white bar) membrane potential depolarization in three
striatal spiny neurons recorded in control conditions, in the presence of 0.1 μM ZM or in 10 μM ST.
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concentration, pN0.05) also failed to enhance the electrophysiolo-
gical effects induced by a lower dose (0.1 μM) of rotenone (Fig. 1E).

Discussion

The major finding of the present study is that in corticostriatal
slices A2A receptor antagonism reduces the irreversible functional
alterations caused by rotenone in striatal neurons.
Chronic rotenone treatment inhibits the mitochondrial chain
complex I and damages both nigral and striatal neurons in two
experimental models of akinetic syndromes such as PD (Betarbet et
al., 2000) and PSP (Höglinger et al., 2005). Rotenone toxicity is thus
dependent upon oxidative stress, a primary mechanism of toxicity
(Sherer et al., 2007). Glutamate-mediated excitotoxicity is believed to
substantially contribute to neuronal death during degenerative pro-
cesses, and evidence exists that, at least under certain circumstances,
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mitochondrial impairment may sensitize neurons to glutamate NMDA
receptor-mediated excitotoxicity and vice versa (Greene and Green-
amyre 1996; Luetjens et al., 2000; Calabresi et al., 2001). One of the
possible explanations for the cell-type specific vulnerability induced by
rotenone in the basal ganglia is the dopamine-dependence of the
rotenone-induced neurodegeneration. In fact, it is possible that the high
endogenous dopamine levels present both in the pars compacta of the
substantia nigra and in the striatum render these structures selectively
prone to toxicity induced by mitochondrial complex I inhibition (Costa
et al., 2008). Accordingly, a close link between dopamine transmission
andmitochondrial dysfunction has been hypothesized in the pathogen-
esis of neurodegenerative disorders of the basal ganglia, such as PD and
PSP (Sulzer, 2007).

In the last few years, adenosine A2A receptor antagonists have
been consistently reported to exert antiparkinsonian and neuropro-
tective effects in different experimental models of neurodegeneration,
including PD (Schwarzschild et al., 2006). To the best of our
knowledge this is the first study aimed at investigating the possible
neuroprotective effect of A2A receptors antagonism against the
irreversible functional alterations caused by rotenone in striatal
spiny neurons.

The lack of effect of the selective A2A receptor agonist CGS21680 in
enhancing the detrimental action of rotenone on striatal neurons could
be explained postulating that, at least during metabolic impairment,
A2A receptors are already saturated by endogenous adenosine.

Although the mechanisms responsible for the neuroprotective
effects of adenosine A2A receptor antagonists are very complex, a
normalisation of abnormally elevated glutamate levels might play a
pivotal role (Ferre et al., 2005). Accordingly, our recent findings
support the possibility that endogenous adenosine may activate A2A
receptors located in presynaptic corticostriatal terminals, thereby
antagonizing D2 receptors and reducing DA-mediated inhibition of
glutamate release (Tozzi et al., 2007b). In fact, co-application of
quinpirole and ST1535 or ZM241385 significantly reduced the
amplitude of excitatory synaptic potentials. This inhibitory effect
was associated with an increased paired-pulse facilitation suggest-
ing a presynaptic mechanism of action. Accordingly, whole-cell
recordings showed that the concomitant activation of D2 receptors
and the antagonism of A2A receptors decreased the frequency of
spontaneous excitatory currents without affecting their amplitude.
These results suggest that A2A and D2 receptors converge in the
control of corticostriatal glutamatergic transmission by exerting an
opposite function. Thus, it is conceivable that the reduced glutamate
release might be one of the mechanisms underlying the neuropro-
tective effect of A2A receptor antagonists. An alternative mechanism
has been recently postulated for other neuroprotective agents able
to reduce striatal rotenone-induced electrophysiological changes
(Costa et al., 2008). In particular, we found that carbamazepine,
unlike other tested antiepileptic drugs, exerts a potent neuropro-
tective action against rotenone-induced striatal neuronal dysfunc-
tion by a mechanisms requiring the activation of GABAA receptors
via endogenous GABA. Since differential targeting of GABAergic
transmission may represent a possible therapeutic strategy against
basal ganglia neurodegenerative disorders involving mitochondrial
complex I dysfunction, it is possible that A2A antagonists might
exert their neuroprotective effects through the modulation of the
GABAergic system.

Future studies, analysing in detail the effects of rotenone on both
spontaneous and evoked excitatory and inhibitory striatal synaptic
transmission by whole-cell patch clamp studies, will help to
elucidate the possible contribution of glutamatergic and/or GABAer-
gic systems to the pharmacological effects of A2A receptor
antagonists.

In conclusion, our findings further support that A2A receptor
antagonistsmight represent promising neuroprotective agents against
the toxicity induced by mitochondrial complex inhibition, however
their true therapeutic potential needs to be confirmed in awider range
of doses and in in vivo models of neurodegenerative disorders.
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