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Vincent Paillé,1* Barbara Picconi,1* Vincenza Bagetta,1 Veronica Ghiglieri,1 Carmelo Sgobio,1

Massimiliano Di Filippo,1,4 Maria T. Viscomi,1 Carmela Giampà,1 Francesca R. Fusco,1 Fabrizio Gardoni,2
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A correct interplay between dopamine (DA) and glutamate is essential for corticostriatal synaptic plasticity and motor activity. In an
experimental model of Parkinson’s disease (PD) obtained in rats, the complete depletion of striatal DA, mimicking advanced stages of the
disease, results in the loss of both forms of striatal plasticity: long-term potentiation (LTP) and long-term depression (LTD). However,
early PD stages are characterized by an incomplete reduction in striatal DA levels. The mechanism by which this incomplete reduction in
DA level affects striatal synaptic plasticity and glutamatergic synapses is unknown. Here we present a model of early PD in which a partial
denervation, causing mild motor deficits, selectively affects NMDA-dependent LTP but not LTD and dramatically alters NMDA receptor
composition in the postsynaptic density. Our findings show that DA decrease influences corticostriatal synaptic plasticity depending on
the level of depletion. The use of the TAT2A cell-permeable peptide, as an innovative therapeutic strategy in early PD, rescues physiolog-
ical NMDA receptor composition, synaptic plasticity, and motor behavior.

Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder charac-
terized by a massive degeneration of the dopaminergic neurons of
the substantia nigra pars compacta (SNc). The progressive de-
generation of nigrostriatal terminals leads to a depletion of dopa-
mine (DA) in the striatum altering basal ganglia functioning, and
it is subsequently responsible for most of the PD motor symp-
toms, such as akinesia, rigidity, and tremor (Fearnley and Lees,
1991; Lang and Lozano, 1998). A complete DA denervation, as ob-
served in advanced PD, induces maladaptive plasticity (Calabresi et
al., 2007), alteration of striatal dendritic spines (Anglade et al.,
1996; Day et al., 2006), and changes of glutamatergic signaling
(Betarbet et al., 2004; Picconi et al., 2004). Modifications of the

NMDA receptor (NMDAR) complex within the postsynaptic
density (PSD) occur as a consequence of an altered coupling
between NMDA receptor subunits and their interacting ele-
ments, i.e., members of the membrane-associated guanylate ki-
nase (MAGUK) protein family (Gardoni et al., 2006). All these
processes have been identified as critical mechanisms underlying
the expression of motor symptoms after DA denervation. Ac-
cordingly, electrophysiological studies have shown a loss of both
long-term potentiation (LTP) and long-term depression (LTD)
at corticostriatal synapses after a complete dopaminergic dener-
vation, indicating that the integrity of the nigrostriatal dopami-
nergic pathway is of crucial importance for the induction of
striatal long-lasting synaptic changes (Calabresi et al., 1992,
2000a; Centonze et al., 1999; Tang et al., 2001; Picconi et al., 2003;
Kreitzer and Malenka, 2007).

Early clinical symptoms of PD are only detected when �70% of
DA neurons are lost (Fearnley and Lees, 1991). A reliable model of
early PD characterized by a DA lowering close to this threshold is of
key importance to understand the molecular and synaptic changes
underlying this early stage and find new therapeutic strategies to
treat early phases of the disease. At this stage, the clinical response to
DA replacement by L-3,4-dihydroxyphenylalanine (L-DOPA) treat-
ment is optimal. However, clinicians try to avoid this treat-
ment in the early phase of the disease because the long-term
use of this DA precursor in several patients leads to a loss of
efficacy in the later phases and anticipates L-DOPA-induced
dyskinesia (Lang and Lozano, 1998). Considering the close
interaction between NMDA receptors and DA transmission, it
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would be of great importance to test, in a model of early PD, an
alternative therapeutic strategy targeting NMDA receptor sig-
naling rather than DA replacement.

To this end, we have used an experimental approach able to
model DA denervation in both the advanced and the early stages
of PD. This approach should be valuable in identifying new tar-
gets for pharmacological intervention and thus helping in cover-
ing unmet needs of PD therapy.

Materials and Methods
6-Hydroxydopamine hydrochloride nigrostriatal injection
Ninety-eight male Wistar rats were deeply anesthetized with chloral hydrate
(400 mg � ml�1 � kg�1) and were injected into the medial forebrain bundle
(MFB) (at the following coordinates: anteroposterior, �4.4 mm; lateral,
�1.2 mm; ventrodorsal, �7.8 mm) with 12 �g of 6-hydroxydopamine hy-
drochloride (6-OHDA) (3 �g/4 �l in saline containing 0.1% ascorbic acid)
and with 3 �g of 6-OHDA (50 rats) at a rate of 0.38 �l/min (Paxinos et al.,
1985). Twenty-seven rats were injected only with vehicle at the same coor-
dinates. Fifteen days later, the rats were tested with 0.05 mg/kg subcutaneous
apomorphine, and contralateral turns to the lesion were counted for 40 min.
The operated rats were split in three groups according to the number of turns
(Schwarting and Huston, 1996). The rats that showed �200 contralateral
turns were put in the group of full-lesion (FL) animals, the rats showing �10
but �100 contralateral turns were put in the partial-lesion (PL) group, and
the rats showing 0–10 turns were considered not lesioned. After lesion, the
rats were used for biochemical, electrophysiological, and behavioral experi-
ments. The severity of the lesion was quantified afterward by striatal and
nigral tyrosine hydroxylase (TH) immunohistochemistry.

Motor deficit quantification
Each animal was systematically handled on a regular basis (i.e., taken by
hand from its cage, put on a table, gently touched, moved from one place
to another, and then, after several minutes of continuous contact with the
human hand, returned to its home cage) for several days before the first
assessment.

Forelimb akinesia was assessed using a modified version of the step-
ping test (Paillé et al., 2007). Briefly, the experimenter firmly suspended
the rat’s hindquarters while it supported its weight on its forelimbs. Then
the experimenter moved the rat backward along the table (0.9 m in 5 s)
three times consecutively per session. All the sessions were video re-
corded to allow the number of adjusting steps to be counted afterward by
an investigator blinded to the state of the rat (i.e., 6-OHDA-lesioned or
sham-operated). For each session, the total score calculated was the sum
of the number of adjusting steps observed in the three tests (for the
contralateral paw). The sessions took place between 2:30 P.M. and 4:30
P.M. 1 week before surgery and 2 weeks after surgery (just before the
apomorphine-induced rotation test).

The peptide TAT2A was injected intraperitoneally at 1 ml/kg once a
day at a dose of 3 nmol/g (Aarts et al., 2002) on sham-operated, PL, and
FL rats for 5 d. The stepping test was quantified the day before the first
injection and the last day. The D1 agonist SKF38393 (2,3,4,5-tetrahydro-
7,8-dihydroxy-1-phenyl-1 H-3-benazepine HCl) was injected intraperi-
toneally at a dose of 2 mg � ml �1 � kg �1 one time 5 min before the
stepping test on PL rats (Olsson et al., 1995). The treated rats were then
killed for electrophysiological and Western blot (WB) analysis.

Electrophysiology
Sharp electrode recordings. Corticostriatal coronal slices (270 –300 �m
thickness) were prepared from sham-operated animals and from PL and
FL parkinsonian rats. A single slice was transferred to a recording cham-
ber and submerged in a continuously flowing artificial CSF (ACSF) so-
lution (32°C, 2 � 3 ml/min) gassed with 95% O2/5% CO2. The
composition of the ACSF solution was as follows (in mM): 126 NaCl, 2.5
KCl, 1.2 MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 11 glucose, and 25 NaHCO3.
Intracellular current-clamp recordings were performed to study the syn-
aptic plasticity of striatal spiny neurons (Calabresi et al., 1992; Centonze
et al., 1999; Picconi et al., 2003). For synaptic stimulation, bipolar elec-
trodes were used and were located in the white matter between the cortex
and the striatum. The intracellular recording electrodes were filled with 2

M KCl (30 – 60 M�). An AxoClamp 2B amplifier (Molecular Devices)
was used for recordings in current-clamp mode. The head-stage signal
was continuously monitored on a separate oscilloscope. Traces were dis-
played on an oscilloscope and stored on a digital system (pClamp9; Mo-
lecular Devices). Mg 2� ions were omitted from the medium to better
disclose the NMDA-mediated component of the evoked EPSP. Under
this experimental condition, high-frequency stimulation (HFS) (three
trains, 3 s duration, 100 Hz frequency, 20 s intertrain interval) of corti-
costriatal fibers was used as an LTP-inducing protocol. The same HFS
protocol in the presence of 1.2 mM Mg 2� was used to induce LTD in
striatal spiny neurons. The observed changes in synaptic plasticity were
not associated with major alterations of the measured intrinsic mem-
brane properties of the recorded spiny neurons. In fact, both resting
membrane potential (sham, n � 14, 87 � 7 mV; PL, n � 18, 89 � 3 mV;
FL, n � 16, 90 � 6 mV) and input resistance (sham, n � 16, 34 � 3 M�;
PL, n � 19, 33 � 6 M�; FL, n � 20, 30 � 4 M�) were similar in the three
experimental groups.

Quantitative data on EPSP modifications induced by tetanic stimula-
tion are expressed as a percentage of the controls, the latter representing
the mean of responses recorded during a stable period (15–20 min)
before the tetanus. Values given in the text and in the figures are mean �
SE of changes in the respective cell populations.

Whole-cell recordings. Coronal brain slices (240 –270 �m thickness)
were transferred to a submerged recording chamber, perfused (2–3 ml/
min) with oxygenated ACSF, and visualized with 10� and 40� water-
immersion objectives (Nikon) using standard infrared and differential
interference contrast microscopy. Whole-cell recordings were per-
formed using 1.5 mm external diameter borosilicate pipettes. For both
current- and voltage-clamp recordings, electrodes (2.8 –5 M�) were
filled with a solution containing the following (in mM): 125 potassium
gluconate, 15 KCl, 0.04 EGTA, 12 HEPES, 2 MgCl2, 4 MgATP, and 0.4
Na2GTP, adjusted to pH 7.3 with KOH. Glutamatergic responses were
evoked in striatal neurons with a tungsten bipolar stimulating electrode
placed in the white matter between cortex and striatum or in the cortex
close to the corpus callosum. Single stimuli were delivered at 0.1 Hz.
These responses were observed in medium spiny neurons as EPSPs in
current-clamp experiments or as EPSCs in voltage-clamp experiments.
In voltage-clamp experiments, neurons were held at �70 or �80 mV.
For LTP experiments, Mg 2� ions were omitted from the bath solution to
release the NMDA receptor-mediated component of the corticostriatal
glutamatergic transmission. Under these conditions, HFS (three trains of
300 stimuli at 100 Hz, delivered at 20 s interval) of corticostriatal fibers
was used to induce LTP, while the medium spiny neuron was recorded in
current-clamp mode; during such HFS, the stimulation intensity was
transiently increased to suprathreshold levels. For LTD induction, we
used similar HFS trains, but the slice was bathed in control ACSF; in
voltage-clamp experiments, the neurons were always maintained at the
holding potential, and the intensity of stimulation was not increased
during HFS. All the experiments were conducted in the continuous pres-
ence of the GABAA antagonist bicuculline (30 �M). In some experiments,
performed in voltage-clamp mode (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), glass electrodes (2.8 –5
M�) were filled with a solution containing the following (in mM): 120
CsMeSO3, 15 CsCl, 8 NaCl, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3
Na-GTP, 10 tetraethylammonium, and 5 QX-314 [N-(2,6-dime-
thylphenylcarbamoylmethyl)triethylammonium bromide], adjusted to
pH 7.2 with CsOH. Excitatory synaptic currents were evoked with a
saline-filled glass pipette placed in the corpus callosum or in the cortex
close to the white matter. After a stable evoked EPSC recording had been
maintained at least for 10 min, LTD was induced by HFS. During the HFS
protocol, the neurons were depolarized from holding potential to 0 mV
(Choi and Lovinger, 1997; Wang et al., 2006; Kreitzer and Malenka,
2007). These experiments were conducted in the continuous presence
of bicuculline at 30 �M and the NMDA receptor antagonist 2-amino-
5-phosphonopentanoic acid (AP-5) at 30 �M.

Analysis of NMDA–NR2A EPSC and of NMDAR/AMPAR ratio.
Whole-cell recordings were performed using electrodes (3– 6.0 M�)
filled with internal solution containing the following (in mM): 120 Cs-
MeSO3, 15 CsCl, 8 Nacl, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP,
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10 tetraethylammonium, and 5 QX-314, adjusted to pH 7.2 with CsOH.
The input resistance was monitored online with a 5 mV depolarizing step
(50 ms) given just after every afferent stimulus. A bipolar stimulating
electrode has been placed 100 –300 �m rostral to the recording electrode
and has been used to stimulate excitatory afferents at 0.1 Hz. Neurons
were voltage clamped at �70 and �40 mV to record, respectively,
AMPAR- and NMDAR-mediated EPSCs. All experiments were performed
in the presence of picrotoxin (50 �M). NMDA EPSCs were pharmacolog-
ically isolated at �40 mV by the application of the AMPA antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 �M), whereas the
NMDAR–NR2A component was obtained by applying ifenprodil at 10
�M after a stable recording of the NMDA component. For the experi-
ments with TAT2A, the peptide was applied for 10 min after a stable
recording of the NMDA–NR2A isolated component, and the amplitude
of reduction was then measured as percentage compared with the control
levels preceding TAT2A application. The NMDAR/AMPAR ratio was
calculated by dividing the peak NMDAR-mediated EPSCs by the
AMPAR-mediated EPSCs. Similarly, the NMDA–NR2A/AMPAR ratio
was calculated by dividing NMDA–NR2A-mediated EPSCs by the
AMPAR-mediated EPSCs. The following parameters were determined
for averaged EPSCs in NMDAR/AMPAR experiments: peak amplitudes,
decay time constants, and weighted � (�W). All data are presented as
mean � SE. The decay time constants were fit with a double-exponential
equation: I(t) � If � exp(�t/�f) � Is � exp(�t/�s), where If is the am-
plitude of the fast component, Is is the amplitude of the slow component,
and �f and �s are the fast and slow time constants, respectively. Weighted
time constants were calculated using the following equation: �w � [If/(If

� Is)] � �f � [(Is/ (If � Is)] � �s (Stocca and Vicini, 1998).
Recordings in whole-cell patch clamp were made using Multiclamp

700 B (Molecular Devices) and were acquired at 10 kHz using pClamp10
software and a data acquisition unit (Digidata 1440A; Molecular De-
vices). Input resistances and injected currents were monitored through-
out the experiments. Variations of these parameters �20% lead to the
rejection of the experiment.

Drugs. For in vitro electrophysiological recordings, drugs were applied
by diluting them in Krebs’ solution to the final concentration and by
switching the perfusion from control to drug-containing solution. AP-5,
CNQX, ifenprodil hemitartrate, picrotoxin, and L-sulpiride were from
Tocris Cookson. Apomorphine hydrochloride, (�)-bicuculline methio-
dide, chloral hydrate, 6-OHDA, and SKF38393 hydrochloride were from
Sigma-Aldrich. TAT2A and TAT2A–SDV peptides were kindly provided
by Xigen.

Immunohistochemistry. After recording, the striatal sections were kept
in 4% paraformaldehyde for 1 d and finally stored in 25% phosphate
buffer (PB) sucrose for 24 – 48 h before cutting. Forty-micrometer-thick
coronal sections were cut on a microtome (Microm) and collected in
sequence in 24-well plates containing 1 ml of PB. The SNc were cut in
sequence following the same protocol.

Striatum sections were incubated overnight in a rabbit anti-TH (1:500;
Santa Cruz Biotechnology), then immersed in a 1:500 dilution of biotin-
ylated anti-rabbit IgG raised in donkey (Jackson ImmunoResearch), and
transferred to a Vectastain ABC kit, Vector/PBS for 1 h (Vector Labora-
tories); 3,3	-diaminobenzidine served as chromogen in the subsequent
visualization reaction. SNc sections were processed free floating for TH
and neuron-specific nuclear antigen (NeuN) double immunofluores-
cence. Sections were incubated with a mixture of the following antibod-
ies: mouse anti-NeuN (1:200; IgM; Millipore Bioscience Research
Reagents) and rabbit anti-TH (1:500; Santa Cruz Biotechnology). After
incubation with primary antibodies and subsequent washing with PB,
sections were incubated in a mixture of secondary antibodies: cyanine 3
(Cy3)-conjugated donkey anti-mouse IgM and Cy2-conjugated donkey
anti-rabbit IgG (1:100; Jackson ImmunoResearch). Sections were
mounted in gelatin-coated slides, air-dried, and coverslipped with GEL/
MOUNT (Biomeda).

Striatal TH fiber density. The optical density values of the striatum
sections were measured (using NIH Image J software) for each section
analyzed and compared with those in homologous regions in intact side.
The intensity of TH-immunoreactive (IR) fibers above a fixed threshold
using entorhinal cortex for background subtraction was used to estimate

striatal TH fiber density. Density was expressed as a percentage relative to
the contralateral side.

Nigral DA neuron count. Stereology analyses software (Merkator; Ex-
plora Nova) was used to perform unbiased stereological counts of NeuN/
TH-IR cell bodies in the SNc using the optical fractionator method
(McCoy et al., 2006). The boundary of SNc was defined according to
previous anatomical demarcation in the rat (German and Manaye,
1993). For analysis, the treatment of the various brain sections was
blinded to the observer. Cells were counted with a 60� objective (0.85
numerical aperture) using a Nikon Eclipse E600 microscope with a mo-
torized stage (x, y, and z). Random and systematic counting frames (50 �
50 spaced by 200 �m) were used; only neurons within the frame and
focused in 50% of the thickness were counted on cryosections (40 �m
serial sections, one every six sections) obtained from �27 through the
extent of SNc. A dopaminergic neuron was defined as a NeuN/TH-
immunoreactive cell body with a clearly visible unstained nucleus. TH-
positive cell loss in SNc was expressed as a percentage relative to the
contralateral side of the brain.

Biocytin and Substance P confocal microscopy imaging. Medium spiny
neurons were simultaneously filled with biocytin during recordings.
Slices were then promptly placed in 4% paraformaldehyde in 0.1 M PBS,
pH 7.4. After overnight fixation at 4°C, slice were cryoprotected in 10%
sucrose and 20% glycerol in 0.1 M PB with 0.02% sodium azide for 48 h at
4°C. After cryoprotection, slices were rinsed in PBS (three times, 10 min
each) and placed in 0.3% Triton X-100 and 0.02% sodium azide for 3 h at
room temperature. Sections (from each group) were then incubated with
a primary antibody rabbit anti-Substance P (SP) (Immunological Sci-
ence) to label the medium spiny projection neurons that are part of the
“direct” basal ganglia circuit. The primary antiserum was used at a 1:400
concentration in 0.1 M PB containing 0.3% Triton X-100 and 0.02%
sodium azide for 24 h at room temperature and 48 h at 4°C. Sections were
then rinsed three times for 15 min at room temperature and subsequently
incubated with a mixture of goat anti-rabbit Cy2-conjugated secondary
antibody (Jackson ImmunoResearch) and streptavidin–Cy3-conjugated
secondary antibody (Sigma-Aldrich) for 2 h at room temperature. All the
secondary antibodies were used at 1:200 concentration. Tissues were
mounted on gelatin-coated slides, coverslipped with GEL/MOUNT, and
examined under an epi-illumination fluorescence microscope (Carl
Zeiss Axioskop 2), and a CLSM (Carl Zeiss LSM 510) was used to acquire
all the images.

Molecular study
Antibodies. The following antibodies were used: polyclonal D1 receptor
antibody was purchased from Abcam. Monoclonal �CaMKII antibody
was purchased from Millipore Bioscience Research Reagents. Polyclonal
SAP97 and SAP102 antibodies and monoclonal PSD-95 antibody were
purchased from Affinity BioReagents. Monoclonal NR1 antibody was
purchased from BD Biosciences Pharmingen. Polyclonal NR2A and
NR2B antibodies were purchased from Zymed.

Western blot analysis. Striata were homogenized in 0.32 M ice-cold
sucrose containing the following (in mM): 1 HEPES, 1 MgCl2, 1 EDTA, 1
NaHCO3, and 0.1 PMSF, pH 7.4, in the presence of a complete set of
proteases inhibitors (Complete; Roche Diagnostics) and phosphatases
inhibitors (Sigma). An aliquot of total homogenate fraction was stored
for immunoprecipitation experiments. The homogenized tissue was cen-
trifuged at 1000 � g for 10 min. The resulting supernatant (S1) was
centrifuged at 13,000 � g for 15 min to obtain a crude membrane fraction
(P2 fraction). The pellet was resuspended in 1 mM HEPES plus Complete
in a glass– glass Potter and centrifuged at 100,000 � g for 1 h. The pellet
(P3) was resuspended in buffer containing 75 mM KCl and 1% Triton
X-100 and centrifuged at 100,000 � g for 1 h. The supernatant was stored
and referred as Triton X-100-soluble fraction (S4). The final pellet (P4)
was homogenized in a glass– glass Potter in 20 mM HEPES. Then, an
equal volume of glycerol was added, and this fraction, referred to Triton-
insoluble postsynaptic fraction (TIF), was stored at �80°C until process-
ing. TIF was used instead of the classical PSD because the amount of the
starting material was very limited. The protein composition of this prep-
aration was, however, carefully tested for the absence of presynaptic
markers (i.e., synaptophysin) (Gardoni et al., 2001). Similar protein
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yields were obtained in TIF purified from striata of all experimental
groups, and the same amount of TIF protein was applied to SDS-PAGE
and electroblotted for all samples. Nitrocellulose papers were blocked
with 10% albumin in Tris-buffered saline (TBS) and then incubated for
2 h at room temperature with the primary antibodies: NR1 (diluted
1:1000), NR2A (diluted 1:1000), NR2B (diluted 1: 1000), GluR1 (diluted
1:1000), PSD-95 (diluted 1:2000), SAP97 (diluted 1:1000), SAP102 (di-
luted 1:1000), �CaMKII (diluted 1:3000), and D1 (diluted 1:1000) in 3%
albumin in TBS. After extensive rinsing in TBS/0.1% Tween 20, the
nitrocellulose papers were then incubated with horseradish peroxidase-
conjugated secondary antibodies [goat anti-rabbit, for polyclonal anti-
bodies, diluted 1:10,000 (Pierce); goat antimouse, for monoclonal
antibodies, diluted 1:20,000 (Pierce)], and then the antigen–antibody com-
plex was revealed by enhanced chemiluminescence (ECL; GE Healthcare).

Immunoprecipitation experiments. Aliquots
of striatal homogenates and TIF were incu-
bated overnight at 4°C in buffer A, containing
the following: 200 mM NaCl, 10 mM EDTA, 10
mM Na2HPO4, 0.5% NP-40, and 0.1% SDS
with antibodies against PSD-95, NR2A, or
NR2B subunits of NMDA receptor. Protein
A-agarose beads (Santa Cruz Biotechnology),
washed in the same buffer, were added, and
incubation continued for 2 h. The beads were
collected by centrifugation and washed five
times with buffer A, sample buffer for SDS-
PAGE was added, and the mixture was boiled
for 5 min. Beads were pelleted by centrifuga-
tion, and supernatants were applied to 6%
SDS-PAGE.

Statistical analyses
Statistical analyses of the electrophysiological
experiments were done using a two-way
ANOVA. If the interactions were significant,
the tests were followed by Bonferroni’s test for
post hoc comparison. Statistical analyses of WB
quantifications were performed according to
one-way ANOVA, followed by Bonferroni’s
test for post hoc comparison. Motor behavior
and immunohistochemistry quantifications
were analyzed with an ANOVA test, followed
by a Newman–Keuls post hoc test. Paired t test
was used for the analysis of the stepping test
score before and after drug administration.

Results
“Full” versus “partial” DA denervation
as distinct models of “advanced” and
“early” PD
We obtained the unilateral nigral lesion
by the injection of 6-OHDA in the ascend-
ing nigrostriatal pathway (Picconi et al.,
2003; Höglinger et al., 2004). In particu-
lar, early versus advanced PD was mod-
eled by using different doses of 6-OHDA
(3 �g of 6-OHDA, n � 40 rats vs 12 �g of
6-OHDA, n � 40 rats) (Fig. 1A), inducing
either PL or FL of dopaminergic fibers in
MFB. Two weeks after the surgery, the
apomorphine-induced rotation test was
performed to distinguish between rats
with partial versus full lesion of the as-
cending nigrostriatal pathway (Fig. 1B).
In particular, rats with �200 turns in 40
min were considered to have up to 95%
depletion of DA within the striatum
(Schwarting and Huston, 1996) and in the

A9 cell groups (Perese et al., 1989; Deumens et al., 2002) and were
considered “fully lesioned”, whereas rats performing �100 turns,
but at least 20 turns, in 40 min were considered “partially le-
sioned” (Fig. 1A,B, *p � 0.05 sham-operated vs PL, ***p � 0.001
sham-operated vs FL and PL vs FL). According to motor behav-
ior, the injection of 3 �g of 6-OHDA produced no lesion in 19 of
40 animals (47.5%) and a partial lesion in 21 of 40 rats (52.5%)
(Fig. 1A). No full lesions were observed in the group treated with
the low dose of 6-OHDA. Conversely, the unilateral injection of
12 �g of 6-OHDA resulted in no lesion in 3 of 40 animals (7.5%),
a partial lesion in 11 of 40 animals (27.5%), and a full lesion in 26
of 40 rats (65%) (Fig. 1A). The homogeneity of the two dener-

Figure 1. Behavioral and morphological characterization of animals showing a PL, mimicking an early stage of PD, and rats
receiving an FL, representing the late phase of the disease. A, Use of different doses of 6-OHDA (3 and 12 �g of 6-OHDA, n �40 rats
for both doses) to obtain hemilateral partial or complete lesions of dopaminergic fibers in MFB. The injection of 3 �g of 6-OHDA
produced no lesion in 47.5% and a partial lesion in 52.5% of rats performing, respectively, 0 –10 and 20 –100 turns in the
apomorphine-induced test. Conversely, the unilateral injection of 12 �g of 6-OHDA produced no lesion in 7.5% of operated rats, a
partial lesion in 27.5%, and a full lesion in 65% of rats performing, respectively, 0 –10, 20 –100, and �200 turns/40 min. B, FL rats
(n � 26), selected using rotometer turning behavior test, showed �200 turns in 40 min. PL rats (n � 32) performed 20 –100
turns, in 40 min. Values were expressed as the group mean � SE with *p � 0.05, ***p � 0.001. C, The forelimb akinesia, detected
using a stepping test, of FL and PL animals, 2 weeks after lesion and before the apomorphine turning test, was significantly altered
compared with sham-operated rats. Forelimb akinesia of FL rats was significantly different from the PL group. Values were
expressed as the group mean � SE with ***p � 0.001. D, Representative sections of TH (green) and NeuN (red) double immu-
nostaining in rats with sham, PL, and FL of the left SNc. Scale bars, 100 �m. Ipsi, Ipsilateral; Contra, contralateral. E, Percentage of
TH/NeuN-positive cell loss compared with contralateral side. The count was made blindly using the optical fractionator stereologi-
cal method. The DA cell loss was still high in the SNc of PL animals but significantly different compared with FL. Values were
expressed as the group mean � SE with ***p � 0.001 (FL, n � 7; PL, n � 10; sham-operated, n � 10).
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vated groups, FL and PL rats, as well as the motor pattern of
sham-operated animals were analyzed using the stepping test as a
well-defined motor task for forelimb akinesia (Fig. 1C). The score
of the stepping test at week 2 was significantly lower in FL and PL
animals (3 � 0.5 and 8.5 � 2.3, respectively) compared with
sham-operated rats (29.4 � 2.3) (***p � 0.001 for both groups).
Moreover, a significant difference between FL and PL animals
was found (***p � 0.001), showing that PL rats had a less severe
motor impairment than FL rats (Fig. 1C). Animals with a low
number of turns (�10) and a normal stepping test were removed
from the study (n � 2).

According to studies showing a good correlation between mo-
tor performances and degree of DA denervation (Henderson et
al., 2003; Truong et al., 2006; Paillé et al., 2007), the two experi-
mental groups (FL and PL animals) displayed a homogeneous
motor behavior. The exact quantification of the DA denervation
was achieved using an immunohistochemical analysis of the TH
expression in SNc. The amount of neurons was expressed as a
percentage compared with the contralateral side (evaluated using
an unbiased optical fractionator technique) (Fig. 1D). In the SNc,
there were highly significant differences between FL (n � 7,
99.4 � 0.3%) and PL (n � 10, 74.3 � 6.6%) animals compared
with sham-operated rats (n � 10, 1.3 � 1.5%) and between FL vs
PL animals (Fig. 1E, ***p � 0.001 for both groups). DA dener-
vation was also analyzed in the striatum. In all FL and PL rats, TH
immunolabeling showed a dense innervation throughout the
striatal complex in the intact side (Fig. 2A). A highly significant

difference was found between FL (n � 13, 99.1 � 0.8%) and
sham-operated (n � 12, 3.5 � 3.6%, p � 0.001) animals, as well
as between PL (n � 12, 75.6 � 4.6%) and sham-operated (***p �
0.001) rats. Furthermore, a significant difference was observed
between FL and PL rats (Fig. 2B, **p � 0.01).

Effects of partial and full denervation on striatal LTP
Whole-cell recordings performed in slices obtained from sham-
operated animals showed that the LTP-inducing protocol caused
a long-lasting potentiation in all the recorded spiny neurons both
in current-clamp (Fig. 3A, left) and voltage-clamp (Fig. 3a, right,
n � 10 for each experimental condition) mode. As demonstrated
previously (Centonze et al., 1999), neurons obtained from FL
striata fail to express LTP. Here we confirm and extend these
results by performing whole-cell patch-clamp recordings in both
current-clamp (Fig. 3B, open circles) and voltage-clamp (Fig. 3C,
open circles) mode. Interestingly, the protocol used to induce
LTP in normal animals only induced short-term potentiation in
slices from PL animals (FL, open circles, n � 10 for both current-
and voltage-clamp experiments; PL, filled circles, n � 15 for both
current- and voltage-clamp experiments; *p � 0.05, ***p �
0.001).

To further address this issue with long recording times (up to
60 min after tetanus) not affected by the cellular dialysis associ-
ated with the whole-cell recording technique, we also performed
similar experiments using sharp electrode recordings (in current-
clamp mode). Under this experimental condition, HFS of corti-
costriatal fibers induced LTP in spiny neurons recorded from
sham-operated rats (Fig. 3D, open squares, n � 5) but not from
FL animals (open circles, n � 6; p � 0.001 between FL vs sham
2– 60 min after HFS). As observed with whole-cell recordings, in
neurons recorded from PL animals (filled circles, n � 7), only a
transient synaptic potentiation was induced by HFS, confirming
that in this model of early PD the maintenance of LTP is selec-
tively affected (**p � 0.01 between PL vs sham-operated, from 35
min after HFS). Accordingly, no differences between FL and PL
after 30 min after HFS were observed ( #p � 0.05 at 25 min; ##p �
0.01 at 10 and 20 min; ###p � 0.001 at 15 min).

Effects of partial and full denervation on striatal LTD
The effects of partial versus full DA denervation on striatal LTD
were also investigated. As demonstrated previously in untreated
animals (Calabresi et al., 1992; Gerdeman et al., 2002; Wang et al.,
2006), current- and voltage-clamp whole-cell recordings (Fig.
4A, n � 10 for both experimental group) as well as intracellular
recordings with sharp electrodes (Fig. 4B, n � 7) showed that
HFS induced LTD in all the recorded neurons in slices obtained
from sham-operated animals. Notably, LTD amplitude and time
course were comparable in neurons recorded with whole-cell and
intracellular recording techniques. In some experiments, per-
formed in voltage-clamp mode, electrodes were filled with a Cs�-
based internal solution to ensure limited shunting and that cells
were properly clamped. These additional experiments confirmed
the possibility to induce LTD in all the recorded cells (see supple-
mental Fig. 1, n � 10, available at www.jneurosci.org as supple-
mental material). Given these results and considering the
advantages of sharp electrode recordings, which make this tech-
nique more suitable for prolonged experiments involving intra-
cellular second-messenger pathways, we used this technique to
investigate whether partial lesions affected LTD. Although LTD
was completely absent in spiny neurons recorded from the FL
group (***p � 0.001 between FL vs sham-operated animals), the
PL group expressed LTD with amplitude and time course identi-

Figure 2. TH immunohistochemistry of the striatum from sham-operated, PL, and FL rats. A,
Representative section of TH immunostaining in the striatum of sham-operated, PL, and FL rats.
Scale bars, 1 mm. Ipsi, Ipsilateral; Contra, contralateral. B, Percentage of TH optical density loss
compared with contralateral side. The measure was made blindly using NIH Image J software.
The graph shows highly significant differences between FL (n � 13) and PL (n � 12) versus
sham-operated (n � 12) rats. Moreover, significant differences were seen between the PL and
FL groups. Values were expressed as the group mean � SE with **p � 0.01 and ***p � 0.001.
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cal to those seen in sham-operated ani-
mals (Fig. 4B, n � 7 in each group). This
latter observation suggests that, unlike
LTP, the induction and maintenance of
striatal LTD require a lower level of en-
dogenous DA and that, although abnor-
malities of this form of synaptic plasticity
characterize the late stage of PD, they may
be absent in the early phase of this disease.
In vitro administration of L-sulpiride (10
�M) confirmed that the pharmacological
blockade of D2 receptors was able to block
LTD in partially lesioned rats as well as in
sham-operated rats (data not shown).

Recent work using transgenic mice
show two heterogeneous striatal spiny
neuronal populations labeled in two ma-
jor classes that identify the direct and the
indirect striatonigral pathway. These two
neuronal subclasses are thought to differ
in their axonal targets (Gerfen et al., 1990)
and in their capability to undergo LTD
after HFS (Gerfen et al., 1990; Kreitzer
and Malenka, 2007).

To strengthen our electrophysiological
data, we performed experiments using
voltage-clamp recordings from biocytin-
injected striatal spiny neurons followed by
the staining for SP immunoreactivity as a
reliable cytochemical marker for striatal
spiny neurons of the direct pathway.
Staining with biocytin was used as marker
of the spiny neurons recorded from PL
and sham-operated rats, followed by the
SP immunostaining analyzed with confo-
cal microscopy. In all the neurons, re-
corded from either sham or PL rats, in
which we found that biocytin colocal-
ized with SP, a robust LTD was ex-
pressed (supplemental Fig. 2, available at
www.jneurosci.org as supplemental ma-
terial). These morphological data confirm
the possibility to induce LTD in the SP-
positive spiny neurons recorded from
corticostriatal slices obtained from both
sham-operated and PL rats.

Partial denervation selectively alters
NMDA receptor composition in
the PSD
LTP requires activation of the NMDA re-
ceptors in the striatum as well as in other
brain areas (Collingridge and Bliss, 1995;
Malenka and Bear, 2004; Calabresi et al.,
2007). Thus, the plastic abnormalities re-
vealed after partial denervation are likely to
reflect an alteration of NMDA receptor

Figure 3. Altered striatal synaptic LTP in PL rats. A, In whole-cell configuration, in both current-clamp (left) and voltage-clamp
(right) mode, all the neurons recorded displayed LTP after the application of the HFS protocol (arrow). The plots show the excitatory
postsynaptic responses of striatal spiny neurons (n � 10 for each experimental condition) recorded in both current- and voltage-
clamp mode and the superimposed average of all the experiments (filled symbols). In both current-clamp (B) and voltage-clamp
(C) mode, the spiny neurons recorded from FL rats (open circles; n � 10 for both current and voltage experimental group) did not
express LTP. Conversely, HFS of corticostriatal fibers induced a short-term potentiation in the neurons recorded from PL rats (filled
circles; n � 15 for both experimental group) in both current- and voltage-clamp mode recordings. Values were expressed as the
group mean � SE with *p � 0.05 and ***p � 0.001. D, Using intracellular sharp electrode recordings, HFS of corticostriatal fibers
induced LTP in spiny neurons from sham-operated rats (open squares; n � 5) but not from FL animals (open circles; n � 6). In PL
animals (filled circles; n � 7), only a transient LTP was observed compared with sham-operated rats (**p � 0.01 PL vs sham-
operated rats). Consistently, no differences between FL and PL after 30 min after HFS were observed ( #p � 0.05 at 25 min; ##p �

4

0.01 at 10 and 20 min; ###p � 0.001 at 15 min). Traces represent
the average of eight consecutive EPSPs or EPSCs recorded at differ-
ent times. Values are expressed as the group mean � SE.
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complex and signaling. Levels of NMDA re-
ceptor subunits and other PSD-associated
proteins were measured in purified TIFs en-
riched in PSD proteins (Gardoni et al., 2001,
2006; Picconi et al., 2004) from striatum of
sham-operated, FL, and PL rats by WB
analysis (n � 4 in each group). Levels of
the NMDA receptor subunit NR1 and
�CaMKII were not altered in striatal TIFs
in either FL or PL animals, suggesting
that the gross composition of TIFs is not
affected by different levels of DA
denervation.

As reported previously (Picconi et al.,
2004; Gardoni et al., 2006), the levels of
NR2B subunits were specifically reduced
in TIF purified from FL animals when
compared with sham-operated rats with-
out a parallel alteration of NR1 and NR2A
in the same samples (Fig. 5A,B). In PL
animals, the level of NR2B subunit in TIF
was normal. However, PL animals were
characterized by a dramatic increase in the
NR2A immunostaining in the TIF ( p �
0.007 compared with FL and p � 0.002
compared with sham-operated), suggest-
ing the presence of a profound rearrange-
ment of the NMDA receptor composition
compared with sham-operated rats (Fig.
5A,B). These profound differences in
NMDA receptors in the postsynaptic
compartment of PL rats suggest that NR2-
type regulatory subunits are sensitive to
plastic changes induced by the differential
degree of DA denervation. NMDA recep-
tor subunits NR2A and NR2B interact
with MAGUK; this interaction governs their trafficking and clus-
tering at synaptic sites (Kim and Sheng, 2004). Thus, we tested
whether alterations in the synaptic abundance of NR2A and
NR2B found in parkinsonian animals entail abnormalities of
their interaction with MAGUK members (Fig. 5A,B). Analysis of
PSD-95, SAP97, and SAP102 in the postsynaptic compartment
revealed a significant reduction of the three proteins in FL rats
compared with sham-operated rats as reported previously
(Gardoni et al., 2006). In contrast, in PL rats, the level of these
proteins was the same as in the sham-operated animals, suggest-
ing that in this model of “early” PD no alteration of MAGUK
protein distribution at the synapse is present. Furthermore, co-
immunoprecipitation studies performed in the homogenate
fraction show a dramatic increase of NR2A binding to PSD-95 in
PL compared with sham-operated rats (see Fig. 7C, left panels,
�98.1 � 21.5%, p � 0.005). As reported previously (Gardoni et
al., 2006), no modification of NR2A–PSD-95 coprecipitation was
found in FL compared with sham-operated rats (data not
shown). These data suggest that the NR2A subunit level at the
synaptic site is a major player in early phases of PD and it is
sensitive to distinct degrees of DA denervation; thus, it may rep-
resent an adequate target for early therapeutic intervention.

Characterization of NMDAR/AMPAR ratio and NMDA
kinetics in PL rats
To examine possible qualitative and/or quantitative electrophys-
iological differences in synaptic NMDA receptors in PL rats, as

suggested by biochemical data, we measured the ratio of NMDA
(peak current, Vhold of �40 mV) to AMPA receptor-mediated
synaptic currents (peak current, Vhold of �70 mV). Surprisingly,
no significant differences were observed in either NMDA to
AMPA (supplemental Fig. 3A, sham 0.38 � 0.16 vs PL 0.34 � 0.2,
p � 0.05 n � 9 for each group; available at www.jneurosci.org as
supplemental material) or selectively in the NMDA–NR2A/
AMPA ratios (supplemental Fig. 3B, sham 0.162 � 0.08 vs PL
0.19 � 0.1, p � 0.05 respectively n � 9 and n � 7; available at
www.jneurosci.org as supplemental material). It is well known
that the kinetics of NMDAR currents are determined by receptor
subunit composition (for review, see Dingledine et al., 1999).
In particular, NR2B/C/D-subunit-containing receptors exhibit
slower decay rates than those containing NR2A subunits (Vicini
et al., 1998). Therefore, we analyzed the decay kinetics of NMDA
receptors, with a double-exponential fit placed from peak to 1000
ms. One-way ANOVA demonstrated no significant differences
( p � 0.05) in � weighted decay constant (sham �w � 262.66 �
17.32 ms vs PL �w � 229.24 � 33.33 ms; for each group, n � 7) or
in � fast (sham 77.06 � 8.57 ms vs PL 75.19 � 9.14 ms) and � slow
(sham 396.09 � 25.53 ms vs PL 383.70 � 53.77 ms) between
groups.

Altogether, these results may suggest that, at least in our ex-
perimental condition, we were not able to observe any modifica-
tions in the NMDA receptor currents. Although this finding is in
apparent contrast with the biochemical data, one should keep in
mind that whole-cell recordings allow primarily somatic mea-

Figure 4. Normal striatal LTD in PL rats. A, The whole-cell recordings in control animals (n � 10 for both current- and
voltage-clamp experimental group) showed a long-lasting depression of EPSP (left) or EPSC (right) amplitude in all the spiny
neurons recorded. B, Sharp electrode recordings confirmed that LTD was completely lost in FL rats (open circles; n � 7). PL group
showed LTD whose magnitude and time course were identical to those seen in sham-operated animals (n � 7 in each group).
Traces represent the average of eight consecutive EPSPs or EPSCs recorded at different times. Values are expressed as the group
mean � SE with ***p � 0.001.
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surements and it is possible that electrophysiological changes se-
lectively occurring in distal synaptic dendritic region are not
detected by somatic recordings.

Systemic administration of the D1 agonist SKF38393
normalizes both LTP and motor behavior in early PD via the
rebalance of NR2A/NR2B ratio
Our results suggest that intermediate levels of DA availability lead
to elevated NR2A expression and consequently to loss of physio-
logical LTP. Dopamine D1-like receptors are critically required
for the induction of LTP in the striatum (Centonze et al., 1999;
Calabresi et al., 2000b). Moreover, D1 receptors interact through
their carboxyl tail with NMDA receptor subunit NR2A (Lee et al.,
2002). For these reasons, we performed a set of experiments in
which we investigated the possibility to normalize NMDA recep-
tor subunit composition and striatal LTP, as well as to improve
motor performances, by directly targeting D1 DA receptors in PL
rats. First, we analyzed the synaptic levels of D1 receptors in sham,
PL, and FL animals. Interestingly, only FL but not PL animals
showed a significant reduction of D1 receptor in the TIF (*p �
0.005 FL vs sham) (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). Then, we performed a
set of experiments using in vivo administration of the dopami-
nergic D1-selective agonist SKF38393 in PL and sham-operated

animals. In particular, we analyzed the behavioral effect of sys-
temic injection of a low dose of SKF38393 (Olsson et al., 1995),
chosen to be subthreshold for induction of rotation, adminis-
tered intraperitoneally to PL animals. SKF38393 (2 mg/kg, i.p.)
administration significantly improved PL rat motor performance
(n � 4, **p � 0.01) (Fig. 6A). Figure 6B shows the electrophys-
iological restoration of a long-lasting potentiation recorded from
PL rats treated previously in vivo with the D1 agonist (filled dia-
monds; n � 5) compared with that one recorded in sham-
lesioned rats (open squares; n � 5). Conversely, the saline
treatment of PL rats failed to rescue LTP (open diamonds; n � 5)
(**p � 0.01, ***p � 0.001, PL plus SKF38393 vs PL plus saline).
Administration in vivo of SKF38393 did not alter the physiolog-
ical LTP recorded from control animals (n � 6; data not shown).
The molecular analysis of NMDA receptor composition in syn-
aptic compartment confirmed the role of NR2A level normaliza-
tion at synaptic sites underlying this motor restoration. In fact,
WB analysis performed in the TIF preparation showed a signifi-
cant decrease of NR2A subunits in the PL rats in vivo treated with
SKF38393 (**p � 0.01) (Fig. 6C,D) in the absence of any signif-
icant modification of NR2B, PSD-95, and �CaMKII staining.

“Rebalance” of NMDA receptor subunits by systemic
administration of TAT2A peptide normalizes both LTP and
motor behavior in early PD
The single administration of a D1 receptor agonist was able, in
our experimental setting, to restore striatal LTP, normalize
NMDA receptor subunit composition, and improve motor per-
formances in PL animals. However, it is well known that an early
and long-term treatment with drugs acting at the D1 receptor
could be potentially harmful in clinical practice because these
drugs could be associated with the development of dyskinesia
through the stimulation of the D1/PKA/DARPP-32 pathway
(Picconi et al., 2003; Calabresi et al., 2008; Jenner, 2008). Because
the observed therapeutic effect of the D1 receptor agonist was
found to be associated with a normalization of NMDA NR2A
subunits in the striatum, we investigated the possibility to obtain
the same therapeutic effect by directly targeting these specific
subunits, to achieve a clinical benefit and, at the same time, to
avoid the risks associated with the long-term modulation of the
DA system. Previous reports have clearly addressed the capability
of cell-permeable TAT peptides fused to the C-terminal domain
of NMDA receptor subunits to reach and to disrupt NMDA/
MAGUK association both in in vitro and in vivo studies (Aarts
et al., 2002; Gardoni et al., 2006). Thus, we have investigated
whether the exposure to a TAT peptide (YGRKKRRQRRR) fused
to the last C-terminal nine amino acids of NR2A (KMPSIESDV)
(TAT2A) (Aarts et al., 2002), directly targeting the PSD-95–
NR2A subunit interaction, could reverse motor and synaptic
plasticity abnormalities in early parkinsonism.

We addressed the behavioral, electrophysiological, and mo-
lecular consequences of TAT2A administration in vivo (3 nmol/g,
1 ml/kg, i.p.) (Aarts et al., 2002) in PL animals. Animals were
tested before and after 5 d of intraperitoneal treatment with
TAT2A peptide for forelimb akinesia using the stepping test (Fig.
7A). Short-term treatment with TAT2A significantly improved
PL rat motor performance (n � 8; ***p � 0.01). Conversely,
motor performances of sham-operated rats (n � 8) were not
affected by the TAT2A treatment (data not shown). A function-
ally irrelevant peptide lacking the last C-terminal three amino
acids of NR2A (TAT2A-SDV) was used as control (n � 8) (Fig.
7A). To fully analyze the in vivo effect of TAT uncoupling peptide,
electrophysiological recordings were also performed on cortico-

Figure 5. Composition of the NMDA receptor complex in sham-operated rats versus PL and
FL animals. A, Striatal homogenates and TIF from sham-operated, PL, and FL rats were analyzed
by WB analysis with NR1, NR2A, NR2B, PSD-95, SAP97, SAP102, and CaMKII antibodies. The
same amount of protein was loaded per lane. B, Histograms show the quantification of Western
blotting for all proteins performed in the TIF material. NR2B, *p � 0.05 sham versus FL and
***p � 0.001 PL versus FL; NR2A, ***p � 0.001 sham versus PL and **p � 0.01 PL versus FL;
PSD-95, *p � 0.05 sham versus FL; SAP97, *p � 0.05 sham versus FL; SAP102, *p � 0.05 sham
versus FL and **p � 0.01 PL versus FL; n � 4 in each group.
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striatal slices obtained from the same
group of animals. As shown in Figure 7B,
the spiny neurons recorded from TAT2A-
treated PL rats (filled diamonds; n � 6)
showed a long-lasting LTP that did not
differ from the plasticity recorded from
control animals (open squares; n � 5).
Conversely, the TAT2A–SDV failed to
rescue LTP (open diamonds; n � 7; **p �
0.01 and ***p � 0.001 PL plus TAT2A vs
PL plus TAT2A–SDV).

Figure 7, C and D, shows that 5 d treat-
ment of PL rats with TAT2A was able to
significantly reduce NR2A coprecipita-
tion with PSD-95 in striatal homogenates
(Fig. 7C, left panels, �71.9 � 16.4%, p �
0.01 NR2A PL plus TAT2A vs PL). No
modification of NR2A interaction with
other PSD-interacting proteins such as
�CaMKII was induced by TAT2A (Fig.
7C, left panels, �5.7 � 12.9%, p � 0.05
NR2A PL plus TAT2A vs PL). Further-
more, TAT2A treatment reduced NR2A
abundance at the synaptic site in PL rats to
control level without modifying NR2B,
PSD-95, and �CaMKII staining (Fig.
7C,D). Finally, to confirm these molecular
changes on NMDA receptor subunits in-
duced by the application of TAT2A, we
have performed whole-cell patch-clamp
recordings in control rats in which we
measured the effect of TAT2A on the
NMDA–NR2A isolated evoked currents
(supplemental Fig. 5, available at www.
jneurosci.org as supplemental material).
The application for 10 min of 300 nM TAT2A significantly re-
duced the amplitude of the NR2A isolated EPSCs (control
102.3 � 2.43 vs in TAT2A 68.16 � 3, n � 4, ***p � 0.001).

Discussion
The natural history of PD is complex and involves differential
mechanisms during its various clinical phases. Most of the evi-
dence on pathogenic pathways in PD has been obtained using
experimental models of complete striatal DA depletion mimick-
ing advanced PD. Here we describe a model of partial dopami-
nergic denervation mimicking the early stage of PD. Our study
has profound physiological implications for the role of endoge-
nous DA on striatal synaptic plasticity. This study, in fact, repre-
sents the first demonstration that distinct degrees of DA
denervation differentially affect the induction and mainte-
nance of two distinct and opposite forms of corticostriatal syn-
aptic plasticity. An incomplete nigral denervation does not affect
corticostriatal LTD, which is, however, abolished by a complete
lesion, suggesting that a low, although critical, level of DA is
required for this form of synaptic plasticity. Conversely, an in-
complete DA denervation dramatically alters the maintenance of
LTP, demonstrating a critical role of this form of synaptic plas-
ticity in the early motor parkinsonian symptoms. Accordingly,
we can hypothesize that LTD is implicated in the motor abnor-
malities observed in the late phase of PD but not in the early stage
of the disease.

Striatal spiny neurons are known to represent a heterogeneous
population in terms of DA receptor expression. The prevailing

view is that D1 and D2 receptors are segregated into two subpopu-
lations of projecting GABAergic spiny neurons, forming two
large efferent streams that are thought to differ in their axonal
targets (Gerfen et al., 1990). It has been recently shown that LTD
might be segregated in only one of these two pathways (Kreitzer
and Malenka, 2007). This hypothesis is in apparent contrast with
the results of the present study and previous works from our and
other groups (Calabresi et al., 1992, 1997, 2000b; Lovinger et al.,
1993; Fino et al., 2005) suggesting that LTD is inducible in the
large majority of striatal spiny neurons rather than only in half of
them. In the present study, we confirm that, independently from
the experimental approach used (whole-cell vs sharp electrode
recordings), HFS-induced LTD and LTP are expressed by the
large majority of striatal spiny neurons. Our electrophysiological
data combined with the immunostaining of the recorded neu-
rons further confirm that LTD is expressed not only in the spiny
neurons of the indirect pathway but also in cells positive for
Substance P, a neurochemical marker of the neurons from which
the direct pathway originates. Accordingly, Wang et al. (2006)
have demonstrated that, in bacterial artificial chromosome trans-
genic mice in which spiny neurons expressing D1 and D2 recep-
tors are labeled with enhanced green fluorescent protein, a D2

receptor-dependent LTD is inducible in both D2 receptor-
expressing and D1 receptor-expressing striatal spiny neurons.
Moreover, a recent study investigating striatal spike-timing-
dependent plasticity has shown that DA does not act alone in
regulating the induction of long-term changes in excitatory glu-
tamatergic transmission, but it operates in concert with other

Figure 6. In vivo treatment with the D1 agonist SKF38393 improves the motor behavior and restores long-term plasticity in PL
rats. A, In vivo intraperitoneal injection of SKF38393 (2 mg/kg) improved the forelimb akinesia of PL rats after one injection (n �
4; **p � 0.01), whereas the PL rats treated with saline did not show motor recovery. B, The spiny neurons recorded from
SKF-treated PL rats showed a long-lasting LTP (filled diamonds; n � 5) that did not differ from the plasticity recorded in control
animals (open squares; n � 5). Conversely, the saline treatment of PL rats failed to rescue LTP (open diamonds; n � 5). Values
were expressed as the group mean � SE with **p � 0.01, ***p � 0.001 PL plus SKF versus PL plus saline. C, TIF from PL and PL
rats treated with SKF38393 (2 mg/kg) were analyzed by WB analysis with NR2A, NR2B, PSD-95, and �CaMKII antibodies. The same
amount of protein was loaded per lane. D, Histograms show the quantification of Western blotting performed for NR2A and NR2B
in the TIF expressed as percentage of PL rats. **p � 0.01 NR2A, PL plus SKF38393 versus PL.
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neurotransmitters, such as adenosine (Shen et al., 2008). This
evidence might in part explain the apparent discrepancies ob-
served in different laboratories concerning the obligatory roles of
D1 and D2 receptors in the induction of striatal synaptic plasticity.

The pathophysiological picture emerging from our data shows
that the strength of glutamatergic signals from the cortex to the
striatum might be dynamically regulated during the progression
of the disease. In fact, bidirectional changes in corticostriatal syn-
aptic plasticity are critically controlled by the degree of nigral
denervation that influences the endogenous DA levels and the
assembly of striatal NMDA receptor subunits.

From the therapeutic point of view, one of the most critical
phases of the disease is represented by the early stage. In fact, the
use of L-DOPA at the onset of the clinical symptoms provides
beneficial effects in most of the patients. However, the early
and long-term treatment with L-DOPA results in a progressively
diminished pharmacological efficacy and an anticipated onset of
motor complications in PD patients. In experimental models,
long-term L-DOPA treatment completely disrupts bidirectional
synaptic plasticity, resulting in the induction of dyskinesia
(Picconi et al., 2003) associated with profound NMDA recep-
tor subunit modification (Gardoni et al., 2006). Thus, consid-
ering the strength but also the weakness of L-DOPA treatment,

particularly in the early stage of PD, a crit-
ical question arises from our results. Is it
possible to rescue both plasticity and mo-
tor activity in early PD by directly target-
ing the NMDA receptor complex rather
than using L-DOPA?

The present study provides a possible
answer to this critical question by using a
model of early PD that was instrumental
for the characterization of molecular, syn-
aptic, and motor effects of a partial DA
denervation. In this model of early PD, we
observed mild motor symptoms: normal
LTD but altered LTP associated with an
increased expression of synaptic NR2A
subunits. Accordingly, an uncorrected
composition of NMDA receptors is a key
element in both motor behavior and syn-
aptic plasticity in the early stages of PD.

As suggested by the molecular data,
obtained in PL and control rats, we ana-
lyzed qualitative and/or quantitative elec-
trophysiological differences in the ratio of
NMDAR/AMPAR-mediated synaptic cur-
rents. Surprisingly, no significant differ-
ences were observed either in NMDA to
AMPA or selectively in the NMDA–NR2A
to AMPA ratios. Moreover, we found no
significant differences in the kinetics of
NMDAR currents in PL rats compared
with sham-operated rats. We therefore
hypothesize that the lack of effect of the
partial denervation on these electrophysi-
ological parameters is attributable to the
limitations of the use of voltage-clamp so-
matic recordings for the analysis of
changes mainly occurring in the synaptic
dendritic region. In fact, it has been sug-
gested that this technique does not uni-
formly control voltage throughout the

soma and dendritic tree of modeled neurons (Spruston et al., 1993;
Williams and Mitchell, 2008), and thus it may be expected that one
cannot appreciate fine modifications of NMDAR subunits occur-
ring only in the postsynaptic compartment.

Moreover, here, we demonstrate that targeting D1/D5 recep-
tors by systemic administration of SKF38393 normalizes striatal
LTP, NMDA receptor subunit composition, and improves motor
behavior in a model of early PD establishing a critical link among
a specific subgroup of dopamine receptors, synaptic plasticity,
and motor performances.

However, the long-term pulsatile stimulation of the D1/PKA/
DARPP-32 pathway might lead to motor complications (Picconi
et al., 2003; Calabresi et al., 2008; Jenner, 2008). For this reason,
we investigated the possibility to obtain the same electrophysio-
logical, biochemical, and behavioral effect by directly targeting
NMDA receptor composition, to bypass the DA system. We have
been able to demonstrate that rebalancing the composition of
NMDA receptors at the synaptic site, by the systemic administra-
tion of a cell-permeable peptide, rescues PD symptoms to control
levels and restore altered striatal plasticity providing a promising
approach for innovative and early treatment of the disease. The
possibility to target intracellular pathways and protein complexes
by means of cell-permeable peptide conjugates represents a

Figure 7. In vivo treatment with TAT2A improves the motor behavior and restores long-term plasticity in PL rats. A, In vivo
intraperitoneal injection of TAT2A (3 nmol/g, 1 ml/kg) improved the forelimb akinesia of PL rats after 5 d of treatment (n � 8;
***p � 0.01). Conversely, treatment with the functionally irrelevant peptide TAT2A–SDV failed to ameliorate akinesia. B, The
spiny neurons recorded from TAT2A-treated PL rats showed a long-lasting LTP (filled diamonds; n � 6) that did not differ from the
plasticity recorded from control animals (open squares; n � 5). Conversely, TAT2A–SDV failed to rescue LTP (open diamonds; n �
7). Values were expressed as the group mean � SE with **p � 0.01 and ***p � 0.001 PL plus TAT2A versus PL plus TAT2A–SDV.
C, Left, Coimmunoprecipitation of NR2A subunits of NMDA receptor with PSD-95 and CaMKII in homogenate from sham-operated
and PL animals in the absence or presence of 5 d treatment with TAT2A. Five days of treatment with TAT2A leads to a significant
decrease in NR2A coprecipitation with PSD-95 in partial rats (�71.9 � 16.4%, p � 0.01 NR2A PL plus TAT2A vs PL; n � 4 in each
group); no modification of NR2A interaction with other PSD-interacting proteins such as �CaMKII was induced by TAT2A. Right, TIF
from sham-operated, PL, and PL plus TAT2A animals were analyzed by Western blot analysis with NR2B, NR2A, PSD-95, and
�CaMKII antibodies. D, The histogram shows quantification of NR2B, NR2A, PSD-95, and �CaMKII in the striatal TIF in the three
experimental groups. TAT2A reduced NR2A abundance at synaptic sites in partial rats to the levels found in sham-operated
animals. No modification of NR2B, PSD-95, and �CaMKII staining in the TIF was induced by TAT2A treatment. NR2A, ***p � 0.001
sham versus PL and ***p � 0.001 PL versus PL plus TAT2A.
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novel, versatile, and extremely powerful way of blocking intracel-
lular mechanisms leading to neurodegeneration, with an unprec-
edented specificity and allowing for reduction of side effects.
Recent data showed the possibility to use cell-permeable pep-
tides (NR2B–C-tail) (Aarts et al., 2002) and D-JNKI1 peptide
(Borsello et al., 2003) to obtain a total prevention of excitotoxic-
ity in vitro and a powerful neuroprotection against ischemia in
vivo. Here we used TAT2A peptide to compete with NR2A bind-
ing with MAGUKs. Previous findings clearly indicated that inter-
action with the PSD-95 member of MAGUKs enhances insertion
and suppresses internalization of NR1/NR2A receptors (Lin et
al., 2004), confirming the role of NR2A–C-tail-mediated interac-
tions as important steps for the precise synaptic arrangement of
NR2A-containing NMDA receptors (Steigerwald et al., 2000). In
agreement with these data, here we show that a decreased NR2A
interaction with PSD-95 leads to reduced NR2A abundance at
synaptic sites.

Our data show that the systemic administration of TAT2A
peptide holds promise as a possible treatment for the early phases
of PD, although additional experimental studies using long-
lasting treatments in different animal species are required to val-
idate this approach.
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