Neurobiology
of Disease

www.elsevier.com/locate/ynbdi
Neurobiology of Disease 23 (2006) 54 — 60

Enhanced sensitivity of DJ-1-deficient dopaminergic neurons to
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DJ-1 gene mutations lead to an inherited form of early-onset
parkinsonism. The function of DJ-1 is unclear, though a neuro-
protective role has been postulated. Electrophysiological recordings
were made of striatal and dopaminergic nigral neurons both of wild-
type (WT) and DJ-1-knockout (DJ-1~") mice. We assessed the
responses of dopaminergic cells to combined oxygen and glucose
deprivation (OGD), and to the mitochondrial toxin rotenone. OGD
induced a membrane hyperpolarization in nigral neurons from WT
mice. Similarly, rotenone hyperpolarized neurons and then a depo-
larization occurred. In DJ-I '~ mice, the OGD-induced hyperpolar-
ization was significantly enhanced. Moreover, rotenone caused a
shorter hyperpolarization followed by an irreversible depolarization.
To evaluate the involvement of Na*/K" ATPase, we tested ouabain, a
Na'/K" ATPase inhibitor, on two distinct neuronal subtypes. Compared
to WT mice, in dopaminergic neurons from DJ-1 e mice, ouabain
induced rapid and irreversible membrane potential changes. Notably,
this effect was observed at concentrations that were unable to
produce membrane potential shifts on striatal spiny neurons, both
from WT and DJ-I~~ mice. These findings suggest that DJ-1 loss-
of-function enhances vulnerability to energy metabolism alterations,
and that nigral neurons are particularly sensitive to Na*/K* ATPase
impairment.
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Introduction

Recessively inherited loss-of-function mutations in the DJ-1
gene cause early-onset, familial Parkinson’s disease (PD) (Bonifati
et al., 2003). The nature of the physiological function of DJ-1 has
not been clarified, although compelling evidence supports a
potential neuroprotective role of DJ-1 in oxidative stress, protein
folding and degradation pathways (Canet-Aviles et al., 2004;
Martinat et al., 2004; Kim et al., 2005; Ved et al., 2005; Zhang et
al., 2005). Such indication is consistent with the notion that
mitochondrial dysfunction, oxidative stress and proteasome failure
play a central role in the pathogenesis of neuronal loss in PD
(Dawson and Dawson, 2003; Sherer et al., 2003; Shen and Cookson,
2004; Betarbet et al., 2005). Several animal models have been
extensively characterized in attempt to reproduce oxidative stress
and mitochondrial impairment. This effort has certainly improved
our understanding of the molecular basis of neuronal damage. For
instance, the use of the meperidine analogue, MPTP has established
the involvement of mitochondrial respiratory chain complex I in
dopaminergic neuronal damage in PD (Ramsay et al., 1986).

More recently, generation of DJ-1 null mice has provided an
opportunity to gain further insights in the cellular pathways involved
in neuroprotection and degeneration. Cortical and midbrain neurons
from DJ-1-deficient mice have been reported to exhibit an enhanced
vulnerability to MPTP and to oxidative stress. Notably, restoration
of DJ-1 expression was able to mitigate this increased sensitivity
(Kimetal., 2005). Yet, DJ-1 has been proposed as an oxidative stress
sensor, signaled by a key cysteine residue, C106. Acidification of
C106 would drive its translocation to the mitochondrial outer
membrane, where DJ-1 might exert a protective action (Canet-
Aviles et al., 2004). However, conflicting results have been reported
on the precise intracellular localization of DJ-1 protein and its
possible translocation. By means of electron microscopy and cell
fractionation, Zhang et al. (2005) reported that DJ-1 is an integral
protein of the mitochondrial matrix and of the inter-membrane
space, likely to play a central role in mitochondria function.
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We took advantage of the recently generated mouse model
lacking the DJ-1 gene and performed electrophysiological
recordings from slices of striatal and nigral dopaminergic
neurons (Goldberg et al., 2005). Our native slice preparation
represents a valid tool to monitor, in real time, the electrophys-
iological properties of single neurons, allowing to detect non-
physiological responses. Evidence is provided that dopaminergic
neurons from substantia nigra pars compacta (SNpc) exhibit a
significantly higher sensitivity to energy metabolism impairment
compared to controls. Moreover, compared to striatal neurons,
nigral dopaminergic neurons show an increased susceptibility to
the block of the Na'/K" ATPase.

Materials and methods
Brain slice preparation

DJ-17"" mice (6—8 weeks of age) were generated as described
previously (Goldberg et al., 2005). The experimental protocols
utilized are in accordance to the guidelines of the European Union
Council (86/609/EU) and to the Animal Act (1986). All efforts
were made to minimize the number of animals utilized and to
reduce their suffering. Mice were sacrificed under ether anesthesia
by cervical dislocation, the brain was quickly removed and
corticostriatal coronal and nigral horizontal slices from SNpc
(230—-300 pm) were prepared from tissue blocks of mouse brain
with the use of a vibratome in an ice-cold (0°C) Krebs’ solution
(Calabresi et al., 1995a; Mercuri et al., 1997; Goldberg et al.,
2005). The composition of the control solution was (in mM): 126
NaCl, 2.5 KClI, 1.2 MgCl,, 1.2 NaH,POy, 2.4 CaCl,, 11 Glucose,
25 NaHCOs;. One slice was then placed into a submerged chamber
(0.5-1 ml volume) mounted on an upright microscope and
constantly superfused with Krebs solution (33°C, 2—3 ml/min)
gassed with 95% O,—-5% CO,. To induce combined oxygen and
glucose deprivation (OGD), glucose was removed from the
perfusate and substituted with sucrose to balance osmolarity. This
solution was gassed with a mixture of 95% N,—5% CO,. Total
replacement of the medium in the chamber occurred within 1 min.

Electrophysiology

Sharp microelectrodes were filled with 2 M KCI1 (30—60 MQ).
An Axoclamp 2 B amplifier (Axon Instruments, USA) was utilized
for recordings. Dopaminergic neurons from the SNpc were
distinguished from those of ventral tegmental area (VTA) accor-
ding to both anatomical and electrophysiological criteria (Liss et
al., 2005). By visual guidance, the tip of the recording electrode
was advanced into the SNpc. VTA and SNpc were identified as the
regions medial (VTA), rostral and caudal (SNpc) to the medial
terminal nucleus of the accessory optic tract (Marinelli et al., 2000;
Mercuri et al., 1994a,b, 1997). Traces were displayed on an
oscilloscope (Gould, USA), stored both on a high-gain chart
recorder (Gould RS 3400) and on pClamp9 (Axon Instruments)
running on a PC for off-line analysis, performed with Clampfit.
Cell input resistance was measured by applying small electrotonic
hyperpolarizing current steps before and during drug application.
Values given in the figures and text are mean + SEM. Student’s ¢
test (unpaired) was used to compare the means.

Drugs were bath-applied by switching the solution to one
containing known concentrations of drugs. Drugs solutions entered

the chamber within 1 min after turning a three ways tap on.
Rotenone and ouabain were from Sigma (Italy).

Results
Characterization of dopaminergic neurons

Intracellular recordings of dopaminergic neurons were per-
formed from SNpc both of WT and DJ-1 ~~ mice (n = 32). All of
these neurons fired spontaneously action potentials at a mean rate of
~2-4 Hz. Spontaneous, rhythmic firing activity of SNpc neurons
in DJ-1~'" mice was similar compared to their WT littermates.
Hyperpolarizing current pulses evoked a prominent sag that has
been attributed to an hyperpolarization-activated cation current (/},)
(Mercuri et al., 1995). Both maximal firing rate and sag amplitude
were considered as distinguishing features between VTA and SNpc
dopaminergic neurons (Liss et al., 2005). As recently reported
(Goldberg et al., 2005), no significant change was observed in the
resting membrane potential (RMP) or input resistance of the
recorded cells. The results shown in the present study were obtained
from neurons with these electrophysiological characteristics.

A pharmacological test was performed on nigral neurons both
from WT and DJ-1 '~ mice. A hyperpolarizing response to DA is
typical for DA-containing nigral neurons (Mercuri et al., 1994a,b).
Indeed, DA (100 uM, 30 s) induced a reversible membrane
hyperpolarization and inhibited cell firing (Figs. 1A and 3) in slices
obtained from WT mice. In agreement with our previous findings,
the response to DA was significantly shorter in neurons from
knockout mice, compared to their WT littermates (Goldberg et al.,
2005).

Response of dopaminergic neurons to OGD challenge and to
mitochondrial complex I inhibition

Previous reports demonstrated that dopaminergic neurons from
SNpc are reversibly hyperpolarized by a brief exposure to OGD
(Mercuri et al., 1994a,b). We compared the effects of OGD in WT
and DJ-17/" mice, to test whether neurons from DJ-1~/~
exhibited a different sensitivity to energy deprivation. In response
to a brief OGD challenge (2 min), dopaminergic neurons from WT
mice hyperpolarized and firing activity ceased (Figs. 1B, C; 15 + 4
mV; n =5). Shortly after washout, the membrane returned to control
levels and firing activity resumed. In nigral neurons from DJ-1 "~
mice, a similar exposure to OGD induced a membrane hyperpo-
larization of significantly larger amplitude (Figs. 1B, C; 30 £ 7.5
mV; n = 6; P <0.05). In some of the recorded neurons, a biphasic
hyperpolarization was observed, characterized by an initial trend to
return to baseline, followed by a further shift in hyperpolarizing
direction. This response has been also observed in rat dopaminergic
neurons exposed to anoxia or aglycemia (Mercuri et al., 1994a;
Marinelli et al., 2000). In all of the recorded cells, the hyperpolar-
ization was followed by a small depolarization (4 + 1.5 mV). Then,
after a long washout, firing activity resumed.

The observation of a higher sensitivity to a generic energetic
stress, such as OGD, prompted us to investigate whether a selective
mitochondrial impairment could generate abnormal responses in
DJ-1-deficient mice.

Thus, we tested the effects of the selective mitochondrial
complex [ inhibitor, rotenone, on dopaminergic cells. In WT
mice, perfusion with rotenone (3 pM, 3 min) blocked the



56 A. Pisani et al. / Neurobiology of Disease 23 (2006) 54—60

+/+

B oGD

OGD

_|1o mv

O +/+

20 1 e -

-10 -5 0 5 10 15 20 25 30 35
Time (min)

_|1Dm'v'

1 min

Fig. 1. Enhanced sensitivity of dopaminergic neurons from DJ-1"'~ mice to OGD. (A) Characterization of recorded nigral neurons. In slices from WT mice
(upper trace, +/+), bath-application of dopamine (DA 100 uM, 30 s) hyperpolarized the cell, and blocked firing activity (resting membrane potential, RMP = —55
mV). Upon drug washout, the cell returned to resting values and firing activity resumed. The lower trace shows a typical response of a nigral neuron to DA (100
M, 30 s) from a DJ-1-deficient mouse (—/—). Note that the response was significantly shorter than in WT mice, and both resting potential and firing activity
rapidly returned to control levels (RMP = —57 mV). (B) The upper trace shows a dopaminergic nigral neuron recorded from WT mice. A brief exposition to OGD
(2 min) caused a membrane hyperpolarization and suppressed the spontaneous firing activity. Upon washout, the membrane repolarized and action potential
discharge returned to control levels (RMP = —57 mV). In a nigral neuron recorded from DJ-/ '~ mice (lower trace), OGD rapidly abolished firing discharge,
inducing a steep, long-lasting, biphasic membrane hyperpolarization. After OGD washout, the membrane slowly returned to resting levels and to action potential
discharge (RMP = —59 mV). The acquisition on chart recorder truncated action potential height. (C) The graph shows the mean time-course of nigral neurons
from WT (open circles, +/+) and D.J-1~~ (filled circles, —/—) mice in response to OGD. Each data point is the mean + SEM of 5 independent recordings.

spontaneous firing activity and elicited a membrane hyperpo-
larization (Fig. 2, 14 £ 6 mV; n = 4). Upon drug washout, the
membrane slowly returned to baseline and then a depolarization
occurred (30 = 5.5 mV). None of the recorded neurons returned to
resting levels for the whole duration of the recording session (up
to 60 min). Strikingly, in SNpc neurons from DJ-1~'~ mice,
rotenone induced an early membrane hyperpolarization followed
by a rapid and irreversible shift in depolarizing direction (13 = 5.6
mV; P > 0.05, and 59 £ 6 mV; P < 0.05 for the hyperpolarizing
and depolarizing response, respectively; n = 6). This larger
membrane depolarization was irreversible in all the recorded cells
from DJ-1""" mice.

Effects of ouabain

In order to test whether a collapse of the Na'/K" ATPase is
involved in the enhanced neuronal sensitivity of DJ-1 /= mice, a
set of experiments was performed to compare the responses both of
nigral and striatal neurons from WT and DJ-1-deficient mice.

Bath application of 3 uM ouabain did not cause detectable
effects in the recorded neurons from WT mice (not shown). A
higher ouabain concentration (10 pM, 2 min) induced a moderate,

persistent membrane depolarization and increased the firing
frequency (Fig. 3A; n = 5). Raising the concentration up to 30
uM caused an early depolarizing phase coupled to an increased
firing discharge, followed by hyperpolarization in all dopaminergic
neurons recorded from WT mice. This hyperpolarization reached a
steady-state level, and then an irreversible membrane depolariza-
tion occurred (Fig. 3A).

Intriguingly, in SNpc neurons from DJ-1 7'~ mice perfusion
with 10 pM ouabain resulted in a dramatic response. In fact,
compared to controls, at this concentration, ouabain depolarized
nigral neurons, inducing an increase in firing activity rate,
accompanied by a decrease in afterhyperpolarization amplitude.
This effect was followed by a hyperpolarizing phase and
subsequently by a steep, irreversible membrane depolarization
(Fig. 3B). As application of 10 uM ouabain already provoked
irreversible membrane potential changes of DJ-I "~ neurons,
experiments at higher concentrations were not performed.

Striatal medium spiny neurons have been shown to tolerate
concentrations of ouabain up to 10 uM, without significant effects
on their resting membrane potential (Calabresi et al., 1995b).
Accordingly, bath-applied ouabain (10 pM, 2 min, n = 3) was
unable to determine significant membrane responses in WT mice
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Fig. 2. Higher susceptibility of nigral neurons to rotenone. (A) Represen-
tative recordings showing the effect of rotenone on dopaminergic neurons
obtained from WT mice (upper trace, RMP = —61 mV) and D.J-/ /" mice
(lower trace, RMP = —62 mV). Brief bath-application of rotenone (3 uM, 3
min) hyperpolarized the cell membrane of WT neurons, and blocked the
firing activity. After rotenone washout, a slow and progressive membrane
depolarization was recorded. In dopaminergic neurons recorded from DJ-
17~ mice, rotenone abolished firing activity and caused a membrane
hyperpolarization of shorter duration. Then, a rapid and irreversible
membrane depolarization occurred. The acquisition on chart recorder
truncated action potential height. (B) Time-course of the response to
rotenone in dopaminergic cells recorded from WT mice (open circle, +/+)
or from DJ-1~"" mice (filled circles, —/—). Each data point in the graph
represents the mean + SEM of at least 4 independent observations.

(data not shown). Similarly, in spiny neurons from DJ-1 -,
ouabain (10 pM) did not significantly alter resting membrane
potential. A higher ouabain concentration (30 pM, 5 min) caused a
membrane depolarization coupled to a fall (n = 3) or to an increase
(n =2) in input resistance in WT mice (Fig. 4; n =5, 22 + 7 mV).
Upon washout, the recorded cells did not return to baseline levels.
Interestingly, in spiny neurons from DJ-I~'~ mice, a similar
ouabain application (30 pM, 5 min) generated a rapid and
irreversible depolarization (Fig. 4; n = 6).

Remarkably, the range of ouabain concentrations used in this
study was similar to that employed to characterize the effects of
ouabain during anoxia in a variety of neuronal subtypes from slice
preparations (Fujiwara et al., 1987; Mercuri et al.,, 1994a,b;
Calabresi et al., 1995b).

Discussion

The present work provides the first electrophysiological
evidence for an enhanced vulnerability of SNpc dopaminergic
neurons from DJ-I1~~ mice to energy metabolism impairment.
Notably, dopaminergic nigral neurons exhibited an increased

sensitivity to blockade of the Na'/K" ATPase compared to other
neuronal subtypes, such as striatal medium spiny neurons.

Compelling evidence obtained from brain samples of PD
patients, as well as data derived from studies conducted on reliable
animal models have demonstrated the existence of an altered
metabolic state, intimately linked to an abnormal functioning of
Complex I of the mitochondrial respiratory chain (Schapira et al.,
1990; Betarbet et al., 2000, 2005; Palacino et al., 2004; Shen and
Cookson, 2004; Panov et al., 2005). Generation of different lines of
mice bearing mutations for distinct forms of recessive parkinson-
ism has provided a means to confirm the previous assumptions, or
even to formulate new hypotheses on this issue.

Mutations in the DJ-1 gene are recessively inherited and
include a large truncation deletion and a missense mutation that
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Fig. 3. Sensitivity of dopaminergic neurons to Na'/K"* ATPase blockade. (A)
In slices from WT mice (upper trace, RMP = —52 mV), brief bath-
application of dopamine (DA, 100 pM, 30 s) hyperpolarized the membrane,
and suppressed the action potential discharge. After DA washout, the
membrane slowly recovered and action potential discharge returned to
control levels. In the same neuron, bath-applied ouabain (10 uM, 2 min)
slightly depolarized the cell membrane and increased the firing activity rate
(inset). Higher ouabain concentration depolarized nigral neurons from WT
mice and increased firing activity (30 uM, 5 min, lower trace, RMP = —49
mV). This effect was followed by a hyperpolarizing phase and subsequently
by an irreversible membrane depolarization. (B) Compared to controls, DA
caused a membrane hyperpolarization of smaller amplitude and shorter
duration in nigral neurons from DJ-1 ~/~ mice (RMP = —58 mV). Bath-
application of ouabain (10 pM, 2 min) caused an early increase in firing
activity, coupled to a membrane depolarization. After firing cessation, a
membrane hyperpolarization was recorded. This membrane hyperpolariza-
tion was then followed by an abrupt and irreversible depolarization. The
acquisition on PC at 1 kHz truncated action potential height. The insets show
spontaneous firing activity at higher time resolution (see calibration bar).
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Fig. 4. Response of striatal medium spiny neurons to Na'/K" ATPase
blockade. (A) In a medium spiny neuron from WT mice (upper trace,
RMP = —89 mV), bath-application of ouabain (30 pM, 5 min) induced a
slow and progressive membrane depolarization, coupled to a small
increase in input resistance. In neurons from DJ-I1 '~ mice (lower trace,
RMP: —83 mV) ouabain caused a much steeper depolarization.
Downward deflections represent hyperpolarizing electrotonic potentials
evoked by current pulses to monitor input resistance (+/+: 150 pA; —/—:
200 pA, 40 ms). (B) Time-course of the response to rotenone in striatal
medium spiny cells recorded from WT mice (open circle, +/+) and from
DJ-17~ mice (filled circles, —/—). Each data point in the graph
represents the mean £ SEM of at least 5 independent observations.

destabilizes the protein, suggesting that these mutations cause
parkinsonism via a loss-of-function mechanism. DJ-1-deficient
mice display significant motor abnormalities and functional
deficits, consistent with an altered nigrostriatal dopaminergic
function, though the number and morphology of dopaminergic
neurons are normal (Goldberg et al., 2005). DJ-1 immunoreactivity
is present throughout the brain. Both SNpc and pars reticulata are
stained for DJ-1, as well as striatal medium spiny neurons (Zhang
et al., 2005). Several lines of evidence implicate DJ-1 as an
antioxidant with neuroprotective activity in physiological con-
ditions (Yokota et al., 2003; Canet-Aviles et al., 2004; Taira et al.,
2004). Accordingly, DJ-1 '~ mice showed increased sensitivity to
oxidative stress produced by the complex I inhibitor MPTP, an
effect mitigated by restoration of DJ-1 expression (Kim et al.,
2005).

In our study, we found an enhanced sensitivity both to OGD
and rotenone in neurons from D.J-1 ~'~ mice. Previous reports have
demonstrated that either oxygen or glucose deprivation in
dopamine-containing neurons of the SNpc results in a membrane
hyperpolarization mediated by an increase in potassium conduc-
tances. The pharmacological characterization of the conductance,
demonstrated that ATP-sensitive potassium (K-ATP) channels play
a major role in such a response (Guatteo et al., 1998). Similarly,
inhibition of mitochondrial metabolism by rotenone has been

shown to elicit a membrane hyperpolarization in dopaminergic
neurons in the SNpc, and, accordingly, this current was primarily
mediated with sulphonylureas-sensitive potassium currents (Roper
and Ashcroft, 1995).

Our recordings from nigral neurons show that the hyper-
polarizing response to OGD was larger both in amplitude and
duration in DJ-1-deficient mice, suggesting a robust recruitment of
potassium conductances. K-ATP channels are, at least in part, the
preferred candidate for such a response. These channels are
activated by a fall in ATP content, which occurs in conditions of
energetic stress. The degree of K-ATP channel activation depends
upon the availability of ATP and reflects activity-dependent
fluctuations in the ATP concentration within submembrane
domains. Furthermore, an ischemia-induced increase of intracellu-
lar sodium and calcium is an additional factor that activates
potassium currents (Seutin et al., 1996). Both these ions have been
shown to generate a potassium conductance in nigral neurons
(Mercuri et al., 1994a,b). Indeed, increased intracellular sodium
levels were able to induce a potassium current that was selectively
blocked by sulphonylureas (Seutin et al., 1996). Accordingly, the
anoxia-induced hyperpolarization was reduced significantly in a
low-sodium- or in a low-calcium-containing solution (Mercuri et
al., 1994a,b).

Rotenone has been shown to produce a hyperpolarization and to
inhibit electrical activity in acutely dissociated rat SNpc neurons, an
effect fully prevented by the K-ATP channel blockers tolbutamide
and glibenclamide (Roper and Ashcroft, 1995). Although both
OGD and rotenone are indeed able to hyperpolarize nigral neurons
by opening K-ATP channels, in our recordings such responses
differed significantly. Indeed, the amplitude of the hyperpolarizing
phase did not increase in DJ-1-deficient mice. Conversely, the
duration of the membrane hyperpolarization was significantly
shorter, ultimately resulting in an irreversible, rapid depolarizing
shift. The evidence of a more rapid and irreversible depolarization
in nigral neurons from DJ-1 '~ mice suggests an early increase in
cation conductances, observed neither during OGD nor during
rotenone application in controls and indicates a higher vulnerability
of dopaminergic neurons from DJ-1 ~~ mice.

In principle, either the response to OGD or the effect of
rotenone might be attributed to a self-protective response to a
metabolic stress. Indeed, maintaining the membrane potential far
from firing threshold would considerably reduce oxygen con-
sumption. This is consistent with the observation that dopaminer-
gic neurons from SNpc tolerate a protracted period of OGD,
remaining in a hyperpolarized state for several minutes (Mercuri et
al., 1994a,b). Furthermore, a neuroprotective role of K-ATP
channels has been documented in a variety of experimental models
of brain damage (Hernandez-Sanchez et al., 2001; Yamada et al.,
2001; Ballanyi, 2004). However, this view has been recently
challenged by the observation that K-ATP channels are involved in
promoting selective neurodegeneration of nigral neurons. Indeed,
genetic ablation of these channels resulted in a selective rescue of
SNpc neurons in two different mouse models of parkinsonism
(Liss et al., 2005).

It is conceivable that the different duration of the hyper-
polarizing phase preceding the depolarizing shift following OGD
or rotenone, might be attributed to the specificity and extent of
metabolic insult. OGD would favor the hyperpolarizing response
by opening K-ATP channels, whereas rotenone would rapidly
disrupt ion homeostasis, causing the opening both of potassium
channels but also of cation conductances. This interpretation fits
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with the hypothesis that K-ATP channel opening might be
beneficial during short-term metabolic demands, whereas they
could promote neuronal death in course of long-term neurodegen-
erative processes (Liss et al., 2005). It remains to be established
how metabolic insults could trigger distinct mechanisms leading to
opposite outcomes.

The Na'/K" ATPase pump is central to neuronal survival. A
large amount of ATP supply is devoted to maintenance of ion
homeostasis in neurons. In nigral neurons exposed to anoxia, the
Na'/K" ATPase pump has been shown to play a key role in
reestablishing ion homeostasis upon reoxygenation. As previously
reported, the biphasic hyperpolarizing response to OGD in nigral
neurons is secondary to the activation of the Na'/K' pump
(Mercuri et al., 1994a). Accordingly, the OGD-induced response
was significantly worsened by ouabain (Mercuri et al., 1994a,b).
Thus, during a profound energy depletion, the loss of intracellular
ATP would not allow the Na'/K" ATPase pump to prevent the
ensuing depolarization.

Blockade of the pump activity by ouabain in nigral neurons
from DIJ-1-deficient mice was able to induce a significant
membrane depolarization, that was in turn able to trigger a
hyperpolarization. Such response might be mediated by the
opening of sodium- or calcium-dependent potassium channels,
and could be interpreted as an attempt to restore ion balance.
The subsequent irreversible membrane depolarization is likely
the net result of a complete breakdown of cellular homeostasis.

These results are not surprising considering the central role of
the Na'/K" ATPase pump in maintaining resting membrane
potential and influencing the pattern of firing activity of nigral
neurons (Shen and Johnson, 1998). In physiological conditions,
dopamine neurons generate high density pump-dependent currents,
compared to other neuronal subtypes. Moreover, Na'/K" ATPase
pump is capable of increasing its activity in response to
intracellular sodium loading. On the other hand, in conditions of
energy depletion, this capacity to generate high-density sodium
currents predisposes nigral neurons to sodium accumulation, which
could, in turn, favor calcium influx. Another central issue that
deserves consideration is the sensitivity of nigral cells to ouabain.
First, dopaminergic neurons from WT mice tolerated ouabain
concentrations up to 30 uM, whereas neurons from DJ-1-deficient
mice underwent irreversible electrical changes with a much lower
dose. Secondly, the sensitivity of nigral neurons to ouabain
compared to striatal neurons was remarkably different. Striatal
medium spiny neurons are among the most susceptible neuronal
subtypes. This was further supported by the observation that also in
striatal neurons from DJ-1""~ mice, OGD caused a twofold
increase in the membrane depolarization recorded in WT mice
(Pisani et al., unpublished data). Nonetheless, in our recordings
from DJ-1""~ mice, the concentration of ouabain required to elicit
a response in striatal cells was three times higher than the dose
capable of inducing irreversible changes in nigral neurons.

Both in situ hybridization study and pharmacological analysis
demonstrated that SNpc neurons express the a3 subunit (Hieber
et al., 1991; Shen and Johnson, 1998). This appears of particular
interest also in light of the recent evidence that Rapid-Onset
Dystonia Parkinsonism (RDP), an autosomal-dominant movement
disorder characterized by sudden onset of dystonia and parkin-
sonism, is associated to mutations in the gene encoding for the
Na'/K" ATPase o3 subunit (de Carvalho Aguiar et al., 2004).

Though the downstream events linking mutations in DJ-1
with Na'/K" ATPase activity were not addressed in the present

work, we can speculate that the lack of DJ-1 could impair the
pump activity. Given that Na'/K" ATPase regulates basal firing
activity of SNpc neurons, and that intrinsic properties are not
different from WT neurons, it is likely that only under metabolic
constraint, the pump activity is altered. Indeed, the fall in ATP
would increase intracellular sodium levels that could impair, by
means of exchange systems, cytosolic and mitochondrial calcium
dynamics, triggering a cascade of events leading to cell death. It
will be relevant to address possible changes in the expression of
distinct o subunit isoforms as well as their phosphorylation state
in DJ-1-deficient mice.

Future work is required to clarify the molecular determinants
linking DJ-1 to neuronal vulnerability.
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