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ALTERED PROFILE AND D2-DOPAMINE RECEPTOR MODULATION OF
HIGH VOLTAGE-ACTIVATED CALCIUM CURRENT IN STRIATAL
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Abstract—In the present work we analyzed the profile of high
voltage-activated (HVA) calcium (Ca2�) currents in freshly
isolated striatal medium spiny neurons (MSNs) from rodent
models of both idiopathic and familial forms of Parkinson’s
disease (PD). MSNs were recorded from reserpine-treated
and 6-hydroxydopamine (6-OHDA)-lesioned rats, and from
DJ-1 and PINK1 (PTEN induced kinase 1) knockout (�/�) mice.

ur analysis showed no significant changes in total HVA
a2� current. However, we recorded a net increase in the
-type fraction of HVA Ca2� current in dopamine-depleted

rats, and of both N- and P-type components in DJ-1�/� mice,
whereas no significant change in Ca2� current profile was
observed in PINK1�/� mice. Dopamine modulates HVA Ca2�

channels in MSNs, thus we also analyzed the effect of D1 and
D2 receptor activation. The effect of the D1 receptor agonist
SKF 83822 on Ca2� current was not significantly different
among MSNs from control animals or PD models. However, in
both dopamine-depleted rats and DJ-1�/� mice the D2 recep-
or agonist quinpirole inhibited a greater fraction of HVA Ca2�

current than in the respective controls. Conversely, in MSNs
from PINK1�/� mice we did not observe alterations in the
effect of D2 receptor activation. Additionally, in both reser-
pine-treated and 6-OHDA-lesioned rats, the effect of quin-
pirole was occluded by the selective L-type Ca2� channel

locker nifedipine, while in DJ-1�/� mice it was mostly oc-
luded by �-conotoxin GVIA, blocker of N-type channels.
hese results demonstrate that both dopamine depletion and
J-1 deletion induce a rearrangement in the HVA Ca2� chan-
el profile, specifically involving those channels that are se-

ectively modulated by D2 receptors. © 2011 IBRO. Published
y Elsevier Ltd. All rights reserved.
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Parkinson’s disease (PD) is a neurodegenerative move-
ment disorder characterized by bradykinesia, rigidity, rest-
ing tremor, and postural instability. Although the occur-
rence of PD is largely sporadic, an increasing number of
monogenic mutations in distinct genes—such as the large
exonic deletions or frame-shift truncations, suggestive of a
“loss of function” mechanism, found in DJ-1 and PINK1
(PTEN induced kinase 1) genes (Bonifati et al., 2003;
Valente et al., 2004; Kitada et al., 2007)—has been linked
to familial forms of parkinsonism, which clinically resemble
idiopathic PD. The clinical features of idiopathic and famil-
ial PD are thought to result from a reduced dopaminergic
input to the striatum, inducing a complex rearrangement in
the functional anatomy of the basal ganglia. In particular,
dopamine depletion has been shown to cause the loss of
spines in medium spiny neurons (MSNs) from both animal
models of PD and parkinsonian patients (for review see:
Deutch et al., 2007; Smith and Villalba, 2008). This mor-
phological alteration of MSNs has been recently ascribed
to the disinhibition of Cav1.3-containing L-type Ca2� chan-
nels, as a consequence of the reduced striatal dopaminer-
gic tone (Day et al., 2006). In fact, chronic administration of
an L-type channel antagonist completely prevented the
spine loss induced in rats by acute DA depletion. Con-
versely, spine density was found to be significantly in-
creased in Cacna1d�/� mice, lacking the Cav1.3�1 sub-
nits. L-type Ca2� channels have already been implicated

n the selective degeneration of dopaminergic neurons in
D (Chan et al., 2009); these experimental data suggest

hat high voltage-activated (HVA) Ca2� channels might
play a direct role in striatal dysfunction, as well.

EXPERIMENTAL PROCEDURES

All experiments were performed in accordance with both the EC
and Italian guidelines (86/609/EEC; D.Lvo 116/1992, respectively)
and approved by the University of Rome “Tor Vergata” (n.
153/2001A).

Animal models

6-hydroxydopamine (6-OHDA)-lesioned rats. Dopamine
denervation was obtained by injecting the neurotoxin 6-OHDA (1
mg/kg) into the substantia nigra pars compacta (SNpc) of adult
male Wistar rats (150–170 g). Animals were anaesthetized with
xylazine (7.5 mg/kg, i.m.) and ketamine (50 mg/kg, i.m.) and
secured in a stereotaxic apparatus (Stoelting, Woodale, IL, USA).
The injection of 6-OHDA into the mesencephalon was performed
according to the following coordinates (from bregma): AP, �4.4; L,

�1.2; DV, �7.8. After 15 days, dopamine denervation was as-

ts reserved.
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sessed by apomorphine-driven test (1 mg/ml/kg). Animals show-
ing �400 rotations/h (n�17) were used for the electrophysiolog-
ical experiments. Fifteen rats were injected with saline solution in
the same surgical sessions (sham-operated group).

Reserpine model. Adult Wistar rats (135–170 g) were in-
jected i.p. with reserpine (3–4 mg/kg in 0.5% glacial acetic acid in
PBS). Either 20–24 h (n�13) or 48 h (n�4) after reserpine injec-
tion rats displaying typical parkinsonian-like symptoms (bradyki-
nesia, posture stiffness, and tremor) were used for electrophysi-
ological recordings. Vehicle-treated controls were prepared in the
same sessions (n�15).

Preparation of acutely dissociated striatal neurons

Coronal corticostriatal slices (450 �m thick) were cut as previously
escribed (Martella et al., 2008) from brain tissue blocks of either
ale Wistar rat (125–150 g) or wild-type, DJ-1�/�, and PINK1�/�

mice (aged 40–45 days) generated in J. Shen laboratories (Gold-
berg et al., 2005; Kitada et al., 2007). Data obtained from each
animal group were compared to the respective controls. Vehicle-
treated and sham-operated rats were utilized as controls for the
reserpinized and 6-OHDA-lesioned animals, respectively, while
wild-type littermates of the same mixed genetic background were
utilized as controls for either DJ-1�/� or PINK1�/� mice. In brief,
animals were killed under ether anaesthesia by cervical disloca-
tion, the brains were rapidly removed, and coronal corticostriatal
slices were cut with a vibratome in ice-cold Krebs’ solution (in mM:
126 NaCl, 2.5 KCl, 1.3 MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 10
lucose, and 18 NaHCO3). Afterward, as previously described

(Martella et al., 2008) the striatum was dissected from slices and
incubated first in HEPES-buffered Hank’s balanced salt solution
(HBSS), bubbled with 100% O2 at 35 °C, and then in HBSS
containing 0.5 mg/ml protease XIV for 30 min. After repeated
wash-out in HBSS, the tissue was mechanically triturated with a
graded series of fire-polished Pasteur pipettes. The cell suspen-
sion was placed in a Petri dish mounted on the stage of an
inverted microscope (Nikon Diaphot, Japan). Healthy cells were
allowed to settle for about 10–15 min.

Patch-clamp recordings

Freshly isolated MSNs were identified by their morphologic and
electrophysiological properties (Martella et al., 2008). Patch-
clamp recordings in the whole-cell configuration were performed
by using glass pipettes (WPI PG52165-4, Germany) pulled with a
Flaming-Brown puller (Sutter Instrument, Novato, CA, USA) and
fire-polished before use. Pipette resistance ranged from 3 to 8
M�. The composition of the internal solution was (in mM): N-meth-
yl-D-glucamine, 185; HEPES, 40; EGTA, 11; MgCl2, 4; phospho-
creatine, 20; ATP, 2 to 3; guanosine triphosphate (GTP), 0 to 0.2;
leupeptin, 0.2; pH 7.36, 280 mOsm/L. After obtaining the cell
access, cells were bathed in (mM): TEA-Cl, 155; CsCl2, 5;

EPES, 10; and BaCl2, 5, as the charge carrier; pH 7.35, 300
mOsm/L. Control and drug solutions were applied with a linear
array of six gravity-fed capillaries positioned 500–600 �m close to
the patched neuron. Recordings were made with an Axopatch 1D
(Axon Instrument). Electrode resistances in bath were �3–6 M�.
After formation of a G� seal and subsequent cell rupture, series
resistance was compensated (75–85%) and periodically moni-
tored. Data were low-pass filtered (corner frequency, 5 kHz). For
data acquisition and analysis, pClamp 9.2 software (Axon Instru-
ments) was used.

Total HVA Ca2� current was examined by utilizing either ramp
est (from �70 mV to �40 mV) or test pulse protocols (a single
step from �60 mV to �10 mV; or incremental 10 mV steps from
�70 to �40 mV, Fig. 1A). In order to pharmacologically identify
he distinct components of HVA Ca2� current, selective Ca2�

channel blockers were applied sequentially: L-type channel

blocker nifedipine (NIFE, 1–5 �M), N-type channel blocker
�-Conotoxin GVIA (Ctx-GVIA, 1 �M), P-type channels blocker �-
gatoxin IVA (Atx-IVA, 20 nM), and Q-type channel blocker

�-Conotoxin MVIIC (Ctx-MVIIC, 100 nM). The voltage depen-
ence of activation was determined from measurements of tail
urrent amplitude, which was expected to reflect the fraction of
a2� channels opened during the preceding depolarization.

Data analysis

Voltage-activated currents were leak subtracted. Cells exhibiting
leak currents �10 pA were not included in this analysis. Cell
capacitance (Cm) was monitored using the automated function of
he Axopatch amplifier. A stable Cm-value over time was an im-
portant criterion for the evaluation of the quality of experiments.
Statistical tests were performed using Microcal Origin (OriginLab,
Northampton, MA, USA) and GraphPad Prism (GraphPad Soft-
ware, San Diego, CA, USA) softwares. Values given in the text
and in the figures are mean�SD of changes in the respective cell
populations, unless otherwise stated. The t-test or Mann–Whitney
test were used for assessing statistical significance where appro-
priate. Multiple groups were compared using one-way or two-way
ANOVA. The Tukey HSD test was used for post hoc comparison
of the ANOVA. Values were considered statistically significant
when P�0.05 with ��0.001.

Drug source

Nifedipine, �-conotoxin GVIA, and �-agatoxin IVA were from Toc-
is-Cookson, UK. All other compounds used were purchased from
igma-Aldrich, Italy.

RESULTS

Increased L-type Ca2� current fraction in striatal
MSNs from dopamine-depleted rats

Two different experimental approaches were utilized to
obtain striatal dopamine depletion modelling idiopathic PD
(for review see: Bonsi et al., 2006; Gubellini et al., 2010). In
a group of male Wistar rats (n�17) the neurotoxin 6-OHDA
(1 mg/kg; Baunez et al., 1995) was delivered into the SNpc
by sterotactic injection. In the same surgical sessions,
saline was injected into the SNpc of another group of 15
rats (sham-operated group). Furthermore, in a different
group of animals endogenous amines were depleted by
3–4 mg/kg, i.p. reserpine treatment (Harrison et al., 2001)
and after 24 (n�13) or 48 h (n�4) rats manifesting typical
parkinsonian-like symptoms were utilized for the experi-
ments (Baunez et al., 1995; Spadoni et al., 2004). Vehicle-
treated controls were prepared in the same sessions
(n�15).

Total HVA Ca2� current was recorded from 173 MSNs
cutely isolated from the striata of either vehicle- and
eserpine-treated rats, or 6-OHDA-lesioned and sham-op-
rated rats (Fig. 1A). Peak amplitude of the current was
ot statistically different either between vehicle- (625.7�
3.6 pA; n�43), and reserpine-treated rats (627.6�33.2
A; n�45; P�0.05 Mann–Whitney test; not shown), or
etween sham-operated (671.8�35.4 pA; n�41) and
-OHDA-lesioned rats (611.2�21.2 pA; n�44; P�0.05
ann–Whitney test; not shown). Moreover, the amplitude
f total HVA Ca2� current was not statistically different

between the groups (P�0.05 ANOVA followed by Tukey

HSD test). In order to rule out changes in cell surface area
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that might affect whole cell current measurement, the
whole cell capacitance (CN) was measured for each cell of
every experimental group. The mean CN values did not
differ among PD models and the respective controls
(not shown; vehicle: 10.8�1.3 pF, reserpine: 11.5�2.1
pF, P�0.05 Mann–Whitney test; sham: 11.6�1.4 pF,
6-OHDA: 11.6�1.2 pF, P�0.05 Mann–Whitney test; n�10
for each group; P�0.05 ANOVA followed by Tukey HSD
test), indicating that the somatic surface area was un-
changed. In line with these data, the current/capacitance
ratio, that is proportional to current density, did not show
significant differences among the experimental groups
(Fig. 1B; vehicle: 59.0�7.5 pA/pF, reserpine: 56.4�11.1
pA/pF, P�0.05 Mann–Whitney test; sham: 58.8�7.2 pA/
pF, 6-OHDA: 53.3�5.3 pA/pF, P�0.05 Mann–Whitney
test; n�10 for each group; P�0.05 ANOVA followed by

Fig. 1. Analysis of HVA Ca2� currents recorded from MSNs in two d
Ca2� currents from either vehicle- and reserpine-treated rats or 6-OHD
step commands from �70 to �40 mV. (B) Plot representing the me
apacitance). No significant differences were observed in the means
howing HVA Ca2� current half-maximal activation (V½), obtained fro
ime-course of the effect of cadmium (400 �M) in representative reco
Tukey HSD test).
Similarly, current activation and deactivation kinetics
showed no differences among the groups (Fig. 1C; n�40
for each group; P�0.05 ANOVA, followed by Tukey HSD
test). As expected, the recorded Ca2� currents were fully
nd reversibly blocked by cadmium (Fig. 1D) in all re-
orded neurons (n�19, P�0.05 Mann–Whitney test).

The contribution of each Ca2� channel subtype to total
HVA current was pharmacologically addressed in the two
rat PD models and their respective controls by sequentially
applying the respective blockers (Fig. 2A). Bath-applica-
tion of the selective blocker of N-type Ca2� channels,
�-conotoxin GVIA (Ctx-GVIA, 1 �M), produced an inhibi-
tory effect on total HVA current that was not significantly
different among the experimental groups (Fig. 2B; P�0.05
ANOVA followed by Tukey HSD test). Indeed, 1 �M Ctx-
GVIA inhibited Ca2� current by 30.1�6.2% in MSNs from

imal models of idiopathic PD. (A) Representative recordings of HVA
ham-lesioned animals. Inward currents were elicited with incremental
of Ca2� current density values (peak current amplitude / whole-cell
he groups. (C) Representative current–voltage relationship (I–V plot)
rements performed at steady state on the currents shown in (A). (D)
f MSNs from reserpine-treated, 6-OHDA-lesioned, and control rats.
ifferent an
A- and s
an�SD
among t
vehicle-treated rats (n�7) and by 33.1�5.6% in reserpine-
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treated animals (n�7; Fig. 2B; P�0.05 Mann–Whitney
test). Similarly, in the sham-operated group Ctx-GVIA
caused an inhibition of 28.9�5.3% (n�8) vs. 32.1�5.1 in
the 6-OHDA-lesioned rats (n�8; Fig. 2B; P�0.05 t-test).

he analysis of both P- and Q-type components of HVA
a2� current in DA depleted animals did not show sig-

nificant rearrangements in these channels (Fig. 2B). In-
deed, the P-type blocker �-agatoxin IVA (Atx-IVA, 20 nM)
caused an inhibition of 15.2�6.7% of total Ca2� current in
ehicle-treated rats (n�5), vs. 17.0�6.1% in the reserpine-
reated group (n�5; Fig. 2B; P�0.05 Mann–Whitney test).

Fig. 2. The dihydropyridine sensitivity of HVA Ca2� currents increa
xperiment on a control rat MSN where the single constituents of tota

the selective blockers for L-, N-, Q-, and P-type Ca2� channels (NIFE,
Pie graphs reporting the mean inhibitory values of each channel subtyp
by cadmium is indicated in light grey. Left. The NIFE-sensitive com
vehicle-treated rats. Right. A similar increase in the L-type Ca2� curren
significance. (C) Representative ramp recording from a reserpine-treate
by the selective L-type channel blocker NIFE. (D) The time-course plo
from a 6-OHDA-lesioned rat. Inset: representative ramp recordings fr
imilarly, no significant difference was observed in the
nhibitory effect of Atx-IVA between 6-OHDA- and sham-
esioned rats (16.0�6.1% sham-operated group, n�8;
4.2�3.3 6-OHDA-lesioned rats, n�8; Fig. 2B; P�0.05

t-test). Bath-applied �-conotoxin MVIIC (Ctx-MIIC, 100
M), selective Q-type channel blocker, reduced total HVA
a2� current by 12.8�4.5% and 16.8�6.0% in vehicle-
nd reserpine-treated rats, respectively, and by 13.0�
.1% and 13.4�3.3% in sham- and 6-OHDA-lesioned rats,
espectively (n�5 for each group; Fig. 2B; P�0.05 Mann–

Whitney test). Finally, we tested the effect of the dihydro-
pyridine nifedipine (NIFE) at 1 and 5 �M on total HVA Ca2�

either reserpine or 6-OHDA treatment. (A) Plot of a representative
a2� current were pharmacologically isolated by applying in sequence
, Ctx-MVIIC, and Atx-IVA). Cadmium blocked the residual current. (B)
r in the different animal groups. The residual current that was blocked
as significantly increased in reserpine-treated rats as compared to
ent is observed in 6-OHDA-lesioned rats. Asterisks indicate statistical
. Inset: Time-course showing the increased amount of current inhibited
n enhanced NIFE-sensitive component of Ca2� current in a recording
HDA-lesioned rat.
ses after
l HVA C
Ctx-GVIA
e blocke

ponent w
t compon
d animal
currents of striatal MSNs. As the results obtained by using
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the two doses of NIFE were not statistically different, data
were pooled together. Reserpine treatment caused an in-
crease of the inhibitory effect of NIFE to 42.2�5.0% (n�7),
with respect to 34.1�6.0% in vehicle-treated rats (n�9;
Fig. 2B, C; P�0.001 Mann–Whitney test). A similar in-
crease in the NIFE-sensitive component of total HVA cur-
rent was observed after 6-OHDA-lesion, as application of
the L-type blocker on MSNs from these animals caused an
inhibition of 40.4�4.1% in the recorded current, as com-
pared to a reduction of 32.2�5.0% in sham-operated rats
(n�6 each group; Fig. 2B, D; P�0.05 t-test).

HVA Ca2� current profile in knockout mouse models
f monogenic PD

ext, the channel profile of HVA Ca2� current was ana-
lyzed in two knockout mouse models of PD, DJ-1�/� and
PINK1�/� mice, and compared to their wild-type litter-
mates (Fig. 3). The amplitude of total Ca2� current re-
corded from MSNs (Martella et al., 2008) was not statisti-
cally different in the four mouse strains analyzed (not
shown). Mean HVA Ca2� current amplitude recorded from
DJ-1�/� mice was 451.2�30.2 pA (n�16), and 413.9�
22.6 pA in their wild-type littermates (n�16; P�0.05 t-test).
Similarly, HVA Ca2� current amplitude was 442.8�30.0
pA in MSNs from PINK1�/� mice (n�13) and 452.7�33.2
pA in their wild-type littermates (n�13; P�0.05 Mann–
Whitney test).

The CN measurement indicated that the somatic sur-
face area was unchanged among mice groups (P�0.05
ANOVA followed by Tukey HSD test): DJ-1�/� 11.6�1.3
F, DJ-1�/� 11.7�1.5 pF (not shown; n�10 each; P�0.05

Mann–Whitney test); PINK1�/�: 11.5�1.4 pF, PINK1�/�

11.7�0.9 pF (not shown; n�10 each; P�0.05 Mann–Whit-
ney test). Accordingly, the current density, as indicated by
the current/capacitance ratio, did not show significant dif-
ferences among the experimental groups (Fig. 3B; DJ-
1�/� 44.5�4.8 pA/pF, DJ-1�/� 49.5�6.1 pA/pF, P�0.05
Mann–Whitney test; PINK1�/� 45.2�6.9 pA/pF, PINK1�/�

43.2�3.7 pA/pF, P�0.05 Mann–Whitney test; n�10 for
each group; P�0.05 ANOVA followed by Tukey HSD test).
No significant differences in current deactivation or activa-
tion were observed among the mice strains, as well (Fig.
3C, D; P�0.05 ANOVA, followed by Tukey HSD test). The
recorded currents were fully blocked by 400 �M cadmium
Fig. 3E, F).

The profile of HVA Ca2� current in knockout mouse
models of PD was pharmacologically analyzed by applying
sequentially the subtype selective channel blockers (Fig.
4). Bath application of 5 �M NIFE reduced the Ca2� cur-
ent amplitude by 23.0�4.4% in DJ-1�/� mice (n�7), and

by 17.1�3.6% in DJ-1�/� mice (n�7; Fig. 4A; P�0.05
Mann–Whitney test). Likewise, NIFE reduced total Ca2�

current by a similar extent in PINK1�/� (28.6�5.5%;
n�10), and PINK1�/� mice (30.2�6.0%; n�10; Fig. 4C,
D; P�0.05 t-test). Interestingly, analysis of N- and P-type
HVA Ca2� current fractions gave different results in the
two genetic models of PD. In DJ-1�/� mice HVA Ca2�

current profiling showed an increased N-type channel-

mediated component, with respect to control wild-type lit-
termates (DJ-1�/�: 50.0�6.4%; n�5; DJ-1�/�: 32.6�
5.2%; n�5; Fig. 4A, B; P�0,001 Mann–Whitney test).
Conversely, the N-type fraction of Ca2� current was similar
n PINK1�/� and PINK1�/� mice (PINK1�/�: 24.6�4.1%;
�11; PINK1�/�: 20.4�5.0; n�11; Fig. 4C, D; P�0.05
ann–Whitney). Along with the rearrangement in the con-

ribution of N-type channels to HVA Ca2� current, an in-
reased P-type-mediated component was observed in DJ-
�/� mice. Indeed, Atx-IVA (20 nM) caused an inhibitory

effect of 16.3�4.2% in DJ-1�/� (n�5) vs. 30.1�5.7% in
J-1�/� mice (n�5; Fig. 4A, B; P�0.001 Mann–Whitney

est). Again, in PINK1�/� no significant rearrangement
f this channel subtype was observed (PINK1�/�:

15.2�2.4%; n�6; PINK1�/�: 13.4�4.0; n�6; Fig. 4C;
�0.05 t-test). The inhibitory effect of the Q-type Ca2�

channel blocker Ctx-MVIIC (100 nM) on total HVA Ca2�

current was not significantly altered either in DJ-1�/� or in
INK1�/� mice (DJ-1�/�: 19.2�3.1%; n�6; DJ-1�/�:

15.7�4.9%; n�7; Fig. 4A; P�0.05 Mann–Whitney test;
and PINK1�/�: 14.3�3.4%; n�6; PINK1�/�: 16.0�4.5%;
�9; Fig. 4C; P�0.05 Mann–Whitney).

nalysis of dopamine-dependent modulation of HVA
a2� channels in rat and mouse models of PD

Striatal D1 or D2 receptor activation modulates HVA Ca2�

channels (Surmeier et al., 1995; Hernandez-Lopez et al.,
2000; Pisani et al., 2000). Therefore the altered profile of
HVA Ca2� current observed in reserpine-treated and
-OHDA-lesioned rats, as well as in DJ-1�/� mice, might
eeply impact the response to dopamine receptor activa-
ion in MSNs. We addressed this issue by analyzing the
ffect of D1 and D2 receptor activation on HVA Ca2�

current in MSNs isolated from animal models of PD. The
D1 receptor agonist SKF 83822 (10 �M) caused an inhi-
bition of Ca2� current in most MSNs from control animals
vehicle-treated group: 17.6�4.7%; n�11 out of 13; sham-

operated group: 15.6�2.7%; n�11 out of 13; not shown)
that was not significantly altered in dopamine-depleted
animals (reserpine-treated rats: 15.7�3.2%; n�16 out of
19; 6-OHDA-lesioned rats: 13.1�7.6%; n�13 out of 16;
not shown; P�0.05 Mann–Whitney test and ANOVA). Sim-
ilarly, in both knockout mouse strains, DJ-1�/� and

INK1�/�, the effect of D1-like receptor activation was not
tatistically different from the effect observed in the respec-
ive wild-type littermates. Indeed, 10 �M SKF 83822 re-
uced HVA Ca2� current by 11.7�4.1% (n�8 out of 9) and

13.0�5.5% (n�7 out of 8) in MSNs from DJ-1�/� and
DJ-1�/�, respectively, and by 16.8�3.9% in 9 out of 11

INK1�/� cells and 15.3�3.3% in 10 out of 13 PINK1�/�

neurons, respectively (not shown; P�0.05 Mann–Whitney
test). Bath application of the D1 receptor antagonist
SCH23390 (10 �M) prevented the inhibitory effect of SKF
3822 on HVA Ca2� currents in all the animal groups.

Interestingly, we observed a substantial alteration of
he quinpirole-mediated modulation of HVA Ca2� currents.
Bath application of the D2 receptor agonist quinpirole (10
�M) caused an inhibition of total Ca2� current recorded
either from reserpine-treated or 6-OHDA-lesioned rats,

that was significantly increased with respect to control



r

G. Martella et al. / Neuroscience 177 (2011) 240–251 245
Fig. 3. Analysis of HVA Ca2� currents in two genetic mouse models of PD. (A) Representative recordings showing HVA Ca2� currents evoked from
MSNs of DJ1�/� and PINK1�/� mice and their wild-type littermates by means of step commands (from �70 to �40 mV). (B) Plot of HVA Ca2� current
density measured from MSNs of the different mouse strains. Data are reported as mean�SD. (C) I–V plot of the representative step-evoked Ca2�

currents shown in (A). (D) Plot of tail current amplitudes, obtained from the same recordings shown in (A). No significant differences were observed
in the properties of HVA Ca2� currents between DJ1�/�, PINK1�/� mice, and the respective controls. (E) Representative ramp recording of HVA Ca2�

current from a DJ1�/� mouse. Cadmium (400 �M) fully and reversibly blocked the recorded current. (F) Time-course of the effect of cadmium in

epresentative recordings of MSNs from DJ1�/�, PINK1�/� mice and the respective controls.
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animals (vehicle-treated: 28.0�4.7%; n�13 out of 15; re-
serpine-treated: 42.3�7.1%; n�16 out of 19; sham-oper-
ated: 27.0�5.4%; n�19 out of 21; 6-OHDA-lesioned:
40.0�7.1%; n�19 out of 23; Fig. 5; P�0.001 Mann–Whit-
ey). Similarly, quinpirole caused an increased inhibition of
otal HVA Ca2� current in MSNs from DJ-1�/� mice
34.7�6.1%; n�5), with respect to the DJ-1�/� group

(24.0�7.1%; n�5; Fig. 6A, B; P�0.001 Mann–Whitney
test). In contrast, we did not observe significant changes in
the inhibitory effect of quinpirole on HVA Ca2� current in
PINK1�/� mice (24.6�7.1%; n�6 out of 7), compared to
PINK1�/� mice (26.4�7.8%; n�6 out of 8; Fig. 6A;

�0.05 t-test).
Occlusion experiments with all the selective Ca2�

channel blockers were then performed to investigate the
channel subtype involved in the altered inhibitory effect of

Fig. 4. DJ-1�/� mice show an increase in the Ctx GVIA- and Atx IVA-s
ortion of HVA Ca2� current inhibited by the selective blockers of L-, N
J-1�/� and DJ-1�/� mice. The residual current that was blocked b
omponents of HVA Ca2� currents were significantly (*) increased in M
catter dot (inset) plots of the inhibitory effect of Ctx-GVIA and Atx-IVA
ean contribution of each Ca2� channel type to total HVA current is n

recordings of HVA Ca2� current from PINK1�/� and PINK1�/� in the p
he groups.
D2 receptor on HVA Ca2� current (not shown). Only NIFE
as able to occlude the effect of quinpirole in control rats
vehicle-treated: NIFE 32.1�4.9%; NIFE plus quinpirole
2.1�5.0%; n�5; Fig. 5C; P�0.05 Mann–Whitney test;
ham-lesioned: NIFE 28.2�3.0%; NIFE plus quinpirole
8.6�4.2%; n�7; Fig. 5C; Mann–Whitney test) and in both
roups of DA-depleted animals (reserpine-treated: NIFE
1.2�5.1%; NIFE plus quinpirole 40.0�6.6%; n�7;
ig. 5C; Mann–Whitney test; 6-OHDA-lesioned: NIFE
8.4�4.1%; NIFE plus quinpirole 37.6�5.6%; n�9; Fig.
C, D; Mann–Whitney test). In PINK1�/� mice, as well as

in their wild-type littermates, the quinpirole-mediated inhib-
itory effect on HVA Ca2� current was fully occluded by the
selective N-type channel blocker Ctx-GVIA (PINK1�/�

mice: Ctx-GVIA 24.4�4.5%; Ctx-GVIA plus quinpirole
23.9�3.2%; n�6; PINK1�/� mice: Ctx-GVIA 25.2�3.7%;
Ctx-GVIA plus quinpirole 24.8�3.3%; n�6; data not

omponents of HVA Ca2� current. (A) Pie plots summarizing the mean
d P-type Ca2� channels, applied in sequence during recordings from
um is indicated in light grey. Both the NIFE- and Atx IVA-sensitive

DJ-1�/� mice as compared to DJ-1�/� MSNs. (B) Whisker Chart and
(A). The median value for each experimental group is shown. (C) The

cantly different in PINK1�/� and PINK1�/� MSNs. (D) Representative
of either NIFE or Ctx GVIA, showing no significant difference between
ensitive c
-, Q-, an
y cadmi
SNs from
shown in
ot signifi
shown; P�0.05 t-test), while the other Ca2� channel



q

L
r
C

b
1
c
r
s
o
o
r
b
o
s
O
r
c
i

e
o
p

o pe Ca
t uced HV

G. Martella et al. / Neuroscience 177 (2011) 240–251 247
blockers tested were ineffective in preventing the inhibitory
effect of quinpirole (not shown). Similarly, both in DJ-1�/�

and DJ-1�/� mice Ctx-GVIA fully occluded the effect of
uinpirole (DJ-1�/� mice: Ctx-GVIA 35.2�4.2; Ctx-GVIA

plus quinpirole 35.0�5.9%; n�5; Fig. 6B, C; P�0.05 Man-
n–Whitney test; DJ-1�/� mice: Ctx-GVIA 26.2�5.9; Ctx-
GVIA plus quinpirole 25.0�4.5%; n�6; Fig. 6B; P�0.05
t-test).

DISCUSSION

Acute dopamine depletion induces the upregulation
of the D2 receptor-modulated Ca2� currents in rats

The present data show that dopamine depletion following
reserpine treatment or 6-OHDA-induced lesion of dopami-
nergic fibers induces in rat MSNs a rearrangement in the
profile of HVA Ca2� channels, with an increase in the
-type component, as well as in their modulation by D2
eceptors. While the coupling of D2 receptor to L-type
a2� channels is not altered by dopamine depletion, the

inhibitory effect of its activation on this current component
is increased. Indeed, the D2 receptor agonist quinpirole
inhibits a larger fraction of total Ca2� current in these
animal models than in controls, but its inhibitory effect is

Fig. 5. Increased modulation of L-type channels by D2 receptor in rese
ffect of the D2 receptor agonist quinpirole on reserpine-treated and 6-
f quinpirole on both reserpine and 6-OHDA MSNs as compared to th
lotted. The median value for each experimental group is shown. (B)

total HVA Ca2� current from a reserpine-treated rat, showing the inhibit
f D2 receptor activation is mimicked and occluded by blockade of L-ty

he occlusion by NIFE of the inhibitory effect of quinpirole on step-ind
occluded by NIFE in both dopamine-depleted rats and
controls. This observation is in line with reports suggesting
the development of supersensitivity of postsynaptic recep-
tors to dopamine in PD (LaHoste and Marshall, 1993;
Bezard and Gross, 1998; Blandini et al., 2000; Zhen et al.,
2002; Gubellini et al., 2010). At present it is controversial
whether this might be due to an increase in the number of
D2 receptors or to an altered D2 receptor-mediated intra-
cellular signaling. Experimental evidence has demon-
strated an increased D2 receptor-Gi protein coupling (Ru-
instein et al., 1990; Radja et al., 1993; Butkerait et al.,
994; Zhen et al., 2002). The observation that the L-type
omponent of total Ca2� current is increased in MSNs from
eserpine and 6-OHDA rats without any change in cell
urface area, is in favour of a direct effect of DA depletion
n the number/permeability of L-type channels. In fact,
verall the present results are consistent with a previous
eport suggesting the existence of a positive feedback
etween L-type Ca2� channel activity and the expression
f Cacna1d gene, coding for the Cav1.3�1 subunit that is
electively targeted by the D2 receptor (Fass et al., 1999;
lson et al., 2005). Acute dopamine depletion following

eserpine or 6-OHDA treatment might disinhibit L-type
hannels and their positive feedback to mRNA expression

n MSNs and, in turn, cause the increase in L-type Ca2�

d 6-OHDA-treated rats. (A) Scatter dot plot summarizing the inhibitory
sioned rats. The graph shows a significantly increased inhibitory effect
ive controls. To avoid confusion, only 10 values per group have been
tative ramp recording (from �70 to 40 mV, 0.3–0.6 mV/ms) of MSN
of the D2 receptor agonist quinpirole (10 �M). (C) The inhibitory effect

channels in each animal group. (D) Representative recording showing
A Ca2� current in an MSN from a 6-OHDA-lesioned rat.
rpine- an
OHDA-le
e respect
Represen
ory effect

2�
current fraction that we observe in our experiments. Most
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recently, Prieto and coworkers (Prieto et al., 2009) per-
formed an analysis of HVA Ca2� current in 6-OHDA le-
sioned rats. These authors observed a small, non-signifi-
cant increase in the L-type component recorded from
MSNs after 6-OHDA lesion. Though this discrepancy might
be due to some methodological differences (6-OHDA dose
and age of animals; Salgado et al., 2005; Martella et al.,
2008) it is worth noting that we confirmed our findings in a

Fig. 6. Increased inhibitory effect of D2 dopamine receptor activation
on N-type channels in DJ-1�/� mice. (A) Scatter dot plot of the inhib-
itory effect of D2 receptor agonist quinpirole on DJ-1�/� and PINK1�/�

mice and the respective controls. An increased inhibitory effect of
quinpirole on HVA Ca2� current can be observed in MSNs from

J-1�/� mice, but not in PINK1�/� mice, as compared to the respec-
tive wild-type littermates. The median value for each experimental
group is shown. (B) Histogram showing that the inhibitory effect of D2
receptor activation is mimicked and occluded by blockade of N-type
Ca2� channels in DJ-1�/� mice. (C) Time-course of a representative
cclusion experiment in an MSN from DJ-1�/� mice.
further acute model, reserpine-depleted rats, that is free
from adaptive phenomena that might take place after
6-OHDA lesion (Fuentes et al., 2009; Galati et al., 2009).

Striatal MSNs strongly express L-type Ca2� channels
ontaining the Cav1.3�1 subunit at the glutamatergic post-

synaptic density in the head of dendritic spines, where they
act as negative regulators of spine stability, since deletion
of Cav1.3a1 subunits induces spine proliferation and dis-
inhibition induces spine loss (Day et al., 2006). Interest-
ingly, chronic administration of an L-type channel antago-
nist completely prevented the spine loss induced in MSNs
by acute dopamine depletion, suggesting that a reduced
dopamine tone might cause the disinhibition of L-type
channels, a sustained elevation in intraspine Ca2�, and, in
turn, the disassembly of cytoskeleton in spines (Day et al.,
2006). Of interest, our data indeed provide direct evidence
of an increased L-type component of HVA Ca2� currents,
at least at the soma of MSNs from dopamine depleted rats,
and further suggest an increased expression of these
channels in these models of PD (Fass et al., 1999; Olson
et al., 2005).

DJ-1 deletion causes the upregulation of the Ca2�

channels modulated by D2 receptor in mice

In MSNs from two genetic mouse models of monogenic PD
we observed different profiles of HVA Ca2� currents. De-
letion of PINK1 gene did not cause significant rearrange-
ments in Ca2� channels. Conversely, in DJ-1�/� mice we
observed an increase in both N- and P-type current frac-
tions. Moreover, in DJ-1�/� mice, similarly to what ob-
served after acute dopamine depletion in rats, D2 receptor
activation by quinpirole caused an increased inhibitory
effect on Ca2� current.

P/Q-type channels exert a major role in the initiation of
ction-potential-evoked neurotransmitter release at central
ervous system synapses (Pietrobon, 2010), such as stri-
tal GABA release (Arias-Montaño et al., 2007). It is there-
ore likely, given that the increase in P-type current we
ecorded at the somatic level was found also at MSNs
erminals, that the striatal GABAergic output might be af-
ected in DJ-1�/� mice.

Our data show that the D2 receptor-mediated inhibition
f Ca2� current is occluded by Ctx-GVIA in all mice strains,

suggesting a preferential action of this receptor on N-type
channels in mouse MSNs. A modulatory effect of D2 re-
ceptor agonists on N-type channels has been previously
described in striatal cholinergic interneurons from both rat
and mouse (Yan et al., 1997; Cabrera-Vera et al., 2004;
Pisani et al., 2006). Moreover, presynaptic D2 receptors on
the terminals of GABAergic afferents to cholinergic in-
terneurons, reported to derive predominantly from striatal
MSNs (Bolam et al., 1986; Bennett and Wilson, 1998,
1999), down-regulate GABA release and inhibit GABAA

receptor-mediated postsynaptic potentials by selectively
blocking N-type Ca2� channels (Pisani et al., 2000; Mo-
miyama and Koga, 2001). Interestingly, in a heterologous
expression system, D2 receptors have been shown to
physically interact with N-type channels and regulate their
trafficking to the plasma membrane (Kisilevsky and Zam-

poni, 2008). Indeed, co-expression of the N-type channel
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with the D2 receptor produced, in the absence of agonist,
a significant increase in channel surface expression. This
observation is in line with our data suggesting an increased
N-type channel expression in MSNs from DJ-1�/� mice,
where a reduced dopamine overflow in the striatum has
been reported (Goldberg et al., 2005), and strikingly recalls
the modulatory role of D2 receptors on L-type channel
expression in MSNs from rats described above, suggest-
ing that this might be a common physiological activity of
the D2 receptor displaying specie- and possibly cell-spe-
cific features. The apparent discrepancy with other reports
showing a modulatory effect of D2 receptors on L-type
Ca2� channels in mice (Olson et al., 2005; Day et al.,
006) might be due to a different type of preparation pre-
erving the neuronal processes and/or the age of the
nimals utilized, as Ca2� currents undergo a profound
earrangement during postnatal development in MSNs
Martella et al., 2008). The observation that the inhibitory
ffect of D2 receptor activation is occluded by Ctx-GVIA in
oth DJ-1�/� and wild-type mice demonstrates that the

coupling of D2 receptor to N-type Ca2� channels in MSNs
from mice is not altered by adaptive mechanisms following
DJ-1 deletion, whereas the effect of its activation is in-
creased, thus suggesting the development of supersensi-
tivity of postsynaptic D2 receptors also in this model of
monogenic PD, similarly to what is believed to occur in
dopamine-depleted animals. Although DJ-1�/� mice have
ormal numbers of dopaminergic neurons in the SNpc,
voked dopamine overflow in the striatum is markedly
educed, primarily as a result of increased reuptake (Gold-
erg et al., 2005). It might be speculated that the deletion
f PINK1 gene triggers different adaptive mechanisms in
SNs, as in PINK1�/� mice neither the profile of HVA
a2� channels nor the D2 receptor-mediated modulatory
ffect are significantly altered. Indeed, though the numbers
f dopaminergic neurons and dopamine receptors are un-
hanged, and evoked dopamine release is reduced simi-
arly to DJ-1�/� mice, however, contrary to DJ-1�/� mice
(Goldberg et al., 2005), D2 receptor activation is not suffi-
cient to rescue corticostriatal synaptic plasticity deficits
(Kitada et al., 2007). On the other hand, recent experimen-
tal evidence has suggested that PINK-1 and DJ-1 might
define parallel pathways, partially overlapping down-
stream, as DJ-1 can partially rescue PINK1 loss in Dro-
sophila (Hao et al., 2010).

CONCLUSION

KO mice are regarded as models of the preclinical
changes that might occur due to DJ-1 or PINK1 deficiency
in early-onset PD forms (Dawson et al., 2010), while acute
dopamine depletion in rats models the more common id-
iopathic PD. The evidence we reported here of an in-
creased activity of the HVA Ca2� channels selectively
modulated by D2 dopamine receptor in MSNs from both
dopamine depleted rats and DJ-1�/� mice strongly sug-
gests the convergence of different pathophysiological
mechanisms characterized by either acute or inborn stria-

tal dopamine transmission deficits on a common pathway.
These data are in accordance with the hypothesis that
striatal dopamine depletion could lead to disinhibition of
specific high-voltage-activated calcium channels and, in
turn, to striatal spine loss in the parkinsonian condition
(Day et al., 2006). Moreover, they might provide a molec-
ular mechanism for the supersensitivity of dopamine D2
receptor reported in animal models and PD patients (La-
Hoste and Marshall, 1993; Bezard and Gross, 1998; Blan-
dini et al., 2000; Zhen et al., 2002; Gubellini et al., 2010).

Significant alterations in corticostriatal synaptic plastic-
ity have been described in animal models of acute dopa-
mine depletion (Calabresi et al., 1992, 2007; Pisani et al.,
2005; Kreitzer and Malenka, 2007). Also, in DJ-1�/� mice
long-term depression (LTD) of corticostriatal synapses is
selectively impaired (Goldberg et al., 2005). The expres-
sion of LTD requires spine integrity, D1 and D2 receptor
activation and a highly regulated Ca2� entry from HVA
hannels (Calabresi et al., 1992; Bonsi et al., 2003). There-
ore, the alteration of the D2-dependent modulation of
a2� channels observed in both dopamine-depleted and
J-1 null mice might underlie the absence of LTD.

Accordingly, the hypothesis that Ca2� channel block-
ers could be effective in the treatment of PD and L-3,4-
ihydroxyphenylalanine (L-DOPA)-induced dyskinesias
Rodnitzky, 1999; Chan et al., 2009; Surmeier et al., 2010)
s supported by experimental evidence obtained from PD
nimal models (Day et al., 2006; Meredith et al., 2008;
chuster et al., 2009). Indeed, L-type channel antagonism

n 6-OHDA-lesioned rats prevents striatal spine loss and
he development of abnormal involuntary movements upon

L-DOPA treatment, and attenuates nigrostriatal degenera-
ion in chronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
ine (MPTP) treated mice.
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