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enetic Inactivation of Dopamine D1 but Not D2
eceptors Inhibits L-DOPA–Induced Dyskinesia and
istone Activation

anja Darmopil, Ana B. Martín, Irene Ruiz De Diego, Sara Ares, and Rosario Moratalla

ackground: Pharmacologic studies have implicated dopamine D1-like receptors in the development of dopamine precursor molecule
,4-dihydroxyphenyl-L-alanine (L-DOPA)-induced dyskinesias and associated molecular changes in hemiparkinsonian mice. However,
harmacologic agents for D1 or D2 receptors also recognize other receptor family members. Genetic inactivation of the dopamine D1 or D2

eceptor was used to define the involvement of these receptor subtypes.

ethods: During a 3-week period of daily L-DOPA treatment (25 mg/kg), mice were examined for development of contralateral turning
ehavior and dyskinesias. L-DOPA-induced changes in expression of signaling molecules and other proteins in the lesioned striatum were
xamined immunohistochemically.

esults: Chronic L-DOPA treatment gradually induced rotational behavior and dyskinesia in wildtype hemiparkinsonian mice. Dyskinetic
ymptoms were associated with increased FosB and dynorphin expression, phosphorylation of extracellular signal-regulated kinase, and
hosphoacetylation of histone 3 (H3) in the lesioned striatum. These molecular changes were restricted to striatal areas with complete
opaminergic denervation and occurred only in dynorphin-containing neurons of the direct pathway. D1 receptor inactivation abolished
-DOPA-induced dyskinesias and associated molecular changes. Inactivation of the D2 receptor had no significant effect on the behavioral
r molecular response to chronic L-DOPA.

onclusions: Our results demonstrate that the dopamine D1 receptor is critical for the development of L-DOPA-induced dyskinesias in
ice and in the underlying molecular changes in the denervated striatum and that the D2 receptor has little or no involvement. In addition,
e demonstrate that H3 phosphoacetylation is blocked by D1 receptor inactivation, suggesting that inhibitors of H3 acetylation and/or

hosphorylation may be useful in preventing or reversing dyskinesia.
ey Words: Dopaminergic denervation, dynorphin, ERK1/2, FosB,
arkinson’s disease, phosphoacetylated histone 3

arkinson disease (PD) is caused by degeneration of mid-
brain dopaminergic neurons that project to the striatum.
Despite extensive investigation and new therapeutic ap-

roaches, the dopamine precursor molecule 3,4-dihydroxyphe-
yl-L-alanine (L-DOPA) remains the most effective and most
ommonly used noninvasive treatment for PD. However, chronic
reatment and disease progression lead to changes in the brain’s
esponse to L-DOPA, resulting in a lower therapeutic window
nd the appearance of abnormal involuntary movements. These
ovements, known as dyskinesias, interfere significantly with
ormal motor activity and are associated with changes in striatal
ene expression.

Our hypothesis is that these changes are the result of inter-
ittent stimulation of supersensitive dopamine receptors in
enervated striatal neurons (1). These receptors have increased
oupling to G�olf (2), resulting in greater stimulation of adenylyl
yclase, which activates the extracellular signal-regulated kinase
ERK) pathway (3) and triggers posttranslational modification of
istones (4), leading to gene transcription (5). All dopamine
eceptor (R) subtypes (D1-D5) are present in the striatum,
lthough D1R and D2R are the most abundant. These two
opamine receptors exhibit opposite functions, and their expres-
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sion is segregated: D1R and D2R are expressed in neurons of
direct and indirect striatal output pathways, respectively.
Some molecular changes correlated with dyskinesias such as
increased FosB and dynorphin expression are confined to
D1R-containing neurons, whereas p-ERK and Nurr1 expres-
sion have been described in both D1R- and D2R-containing
neurons (6,7). Although dopamine receptors are clearly in-
volved in dyskinesias, the contribution of each dopamine
receptor subtype has not been demonstrated definitively, and
the signaling pathways that trigger long-term changes that
maintain dyskinesias are not fully defined.

Pharmacologic studies implicate both the D1/D5 and
D2/D3 receptor families in the development of dyskinesias. In
patients, chronic treatment with a nonselective dopamine
agonist with a short plasma half-life is more likely to induce
dyskinesia than treatment with D2R agonists with long plasma
half-lives (8). In rodents, dyskinesias can be induced by
D1-type (D1/D5) or D2-type (D2/D3) agonists (9 –12) with
D1/D5 agonists having the most powerful dyskinetogenic
effect (7,12,13). Consistent with this, D1/D5 antagonists are
more effective inhibitors of L-DOPA-induced dyskinesia than
D2 antagonists (7,12–14).

Because D1 receptors greatly outnumber D5 receptors in the
striatum, it is tempting to assume that the striatal actions of mixed
D1/D5 ligands are due to the D1 receptor. However, there are
several examples in which the less abundant dopamine receptor
is the major player for specific functions. In the hippocampus,
D5R are much more abundant than D1R, but the D5 receptors do
not play a role in spatial learning or hippocampal long-term
potentiation, whereas D1 receptors are critical in these processes
(15). In addition, within the striatum itself, where D1 is predom-

inant, D1 and D5 receptors are equally required for striatal
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ynaptic plasticity and play different roles in corticostriatal long-
erm synaptic transmission (16). Thus, it is essential to test the
ypothesis that D1 and not D5 receptors are responsible for the
evelopment of abnormal movements and molecular changes
ollowing L-DOPA. Currently, available pharmacologic tools do
ot distinguish between different subtypes within the same
amily (e.g., between D1 and D5 or between D2 and D3) (17,18).
sing our mouse model of dyskinesias (3) and knockout tech-
ology, we investigated the specific roles of the D1R and D2R in
he development of dyskinesia and associated molecular
hanges after chronic L-DOPA treatment.

ethods and Materials

nimals
This study was carried out in mice lacking D1R (15,16,19,20)

r D2R (21–23) generated by homologous recombination as
escribed previously. Wildtype (WT) and homozygote D1�/�

nd D2�/� (knockout [KO]) mice used in this study were derived
rom mating heterozygous mice. Genotype was determined by
olymerase chain reaction analysis. The maintenance of animals
ollowed guidelines from European Union Council Directive
86/609/European Economic Community) and experimental pro-
ocols were approved by the Consejo Superior de Investigacio-
es Científicas Ethics Committee.

Procedure for intrastriatal 6-hydroxydopamine (6-OHDA) ad-
inistration was described previously (3,24). Mice recovered for 4
eeks after the lesion and then began L-DOPA methyl ester

Sigma-Aldrich, Madrid, Spain) treatment. During the 3 week treat-
ent, 6-OHDA or sham-operated animals received a daily injection
f 10 mg/kg benserazide hydrochloride (Sigma-Aldrich), a periph-
ral blocker of L-DOPA decarboxylase, followed 20 min later by an
ntraperitoneal injection of 25 mg/kg of L-DOPA. Control animals
ere injected with an equivalent amount of saline. Rotational
ehavior and dyskinesias were studied in the same group of
nimals, on alternate days, twice a week for each behavior as
escribed previously (3).

mmunohistochemistry
Following behavioral analysis, animals were anesthetized and

erfused with 4% paraformaldehyde in phosphate buffer (pH 7.4) 1
our or 20 min (animals used for p-ERK immunohistochemistry)
fter the last L-DOPA/saline injection. Immunostaining was carried
ut in free-floating coronal brain sections (40 �m thick) using a
tandard avidin-biotin immunocytochemical protocol (25,26) with
he following rabbit antisera: tyrosine hydroxylase (TH; 1:1000;
hemicon, Temecula, California), FosB (1:10,000, Santa Cruz Bio-

echnology, Santa Cruz, California), dynorphin-B (dyn-B; 1:10,000,
erotec, Oxford, United Kingdom), met-enkephalin (met-Enk;
:1000, Incstar, Stillwater, Minnesota), phosphop44/42 mitogen-
ctivated protein (MAP) kinase (Thr202/Tyr204; p-ERK1/2; 1:250;
ell Signaling Technology, Beverly, Massachusetts), and antiphos-
ho (Ser10)-acetyl (Lys14)-Hystone 3 (p-AcH3; 1:500; Upstate, Cell
ignaling Solutions, Lake Placid, New York) and mouse monoclonal
et-Enk antisera (1:10; 27). Double-labeling immunohistochemistry
rotocols are described in Supplement 1.

Quantification of TH, FosB, dyn B, p-ERK, and p-AcH3
mmunoreactivity was carried out using an image analysis system
AIS, Imaging Research, Linton, United Kingdom) as in Granado
t al. (28). For both lesioned and unlesioned striatal sides,
mmunostaining intensity and number of immunolabeled nuclei/
ells were determined in 4–6 animals per group using five serial

ostrocaudal sections per animal and three counting frames

ww.sobp.org/journal
(dorsal, dorsolateral, and lateral) per section (.091 mm2 each
frame). Images were digitized with Leica microscope under 40�
lens. Before counting, images were thresholded at a standardized
gray-scale level, empirically determined by two observers to
allow detection of stained nuclei/cells from low to high intensity,
with suppression of lightly stained nuclei (15). The data are
presented as number of stained nuclei per mm2 (mean �
standard error) in the lesioned and unlesioned striatum. Immu-
nostaining intensities in the lesioned side are presented as fold
increase over the value from the unlesioned striatum.

Statistical Analysis
Behavior was analyzed using repeated measures three-way

analysis of variance (ANOVA; contralateral turns) or two-way
ANOVA (dyskinesia scores) using time, lesion/treatment (sham/
L-DOPA, lesion/saline, lesion/L-DOPA) and genotype (WT, KO)
or time and genotype as the within and between-subject vari-
ables, respectively, followed by planned comparisons (a priori
analysis). Quantifications of immunolabeling were analyzed by
two-way ANOVA with genotype and lesion as between-subject
variables followed by Scheffe post hoc test. Immunostaining
intensities were compared by Student’s t test. Data are expressed
as mean � standard error of mean. Statistical significance level
was set at p � .05.

Results

Dopamine D1, but Not D2, Receptors Are Required for
Rotational Sensitization Induced by L-DOPA in
Hemiparkinsonian Mice

To establish the role of the D1 and D2 dopamine receptor
subtypes in the development of behavioral sensitization and
dyskinesias, we used genetically engineered mice lacking either
the dopamine D1 or D2 receptor. Contralateral rotations were
evaluated as a measure of behavioral sensitization to L-DOPA (25
mg/kg/day) for 3 weeks (3). Twice a week, we measured the
total number of contralateral turns for 120 min. We also counted
the contralateral turns during the first 20 min after L-DOPA
administration to assess changes in time to onset of the response
(Figure 1). As observed previously (3), in hemiparkinsonian WT
littermates of both knockouts (D1RWT and D2RWT), L-DOPA
induced a gradual increase in contralateral turns in both the 20-
and 120 min windows (Figure 1). However, in D1R�/� animals,
contralateral rotations were completely abolished, for both time
intervals (Figure 1A and 1B). In contrast, there was no significant
difference between the rotational behavior of D2R�/� mice and
D2WT mice at any point during chronic L-DOPA treatment
(Figure 1C and 1D). Rotational behavior of the D2WT and D1WT

animals was similar (Figure 1A and 1C).

Dopamine D1, but Not D2, Receptors Are Required for the
Development of Dyskinesia Following L-DOPA
Treatment in Hemiparkinsonian Mice

To measure L-DOPA-induced dyskinesias in hemiparkinso-
nian mice, we assessed orofacial, limb, and locomotive dyskine-
sia and axial dystonia. Dyskinetic symptoms were monitored
twice a week over the 3-week course of the treatment as
previously described (3). In WT animals, the time course and
intensity of the L-DOPA response was similar to that found in an
earlier study (3). Dyskinesias are already apparent at 2 days of
treatment, with dyskinetic symptoms at maximal intensity 30 min

and 60 min after L-DOPA, decreasing gradually to baseline values
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y 2 hours (data not shown). Because the dyskinesia scores at 30
nd 60 min after L-DOPA administration were equivalent, we
resent only the 30 min scores (Figure 2; see also Figure 1 and 2A
n Supplement 1). In contrast, D1R�/� animals showed a near-
omplete absence of orofacial and limb dyskinesias and very
ow-grade axial dystonia and locomotive dyskinesias (Figure
). D1R�/� animals exhibit significantly less of all four
yskinetic symptoms at all time points, with the exception of
rofacial dyskinesia on day 19 (Figure 2). In contrast, the
-DOPA-induced dyskinetic behaviors in D2R�/� and D2RWT

nimals were not significantly different from each other
Figure 1 in Supplement 1). The absence of dyskinetic symp-
oms observed in D1R�/� was also clearly evident in the
osture of the animals, which was close to normal, compared
ith that of WT or D2R�/� animals (Figure 2 in Supplement
), which showed great lateral deviation, twisted posture, and
imb dyskinesia.

opamine D1, but Not D2, Receptors Are Required for the
-DOPA-Induced FosB and Dynorphin Expression

Increased FosB and dynorphin expression in the dorsolateral
esioned striatum correlates with the appearance of dyskinesia

igure 1. Genetic inactivation of dopamine D1 receptors blocked L-DOP
recursor molecule 3,4-dihydroxyphenyl-L-alanine (L-DOPA)-induced contr
ildtype (WT) littermates. Data points indicate the total number of contralat

A) Inactivation of D1R completely abolished turning behavior. Three-w
ifferences for genotype [F(1,33) � 9.5; p � 4 � 10�3], treatment [F(2,33) �

reatment � time [F(10,165) � 3; p � 1.8 � 10�3]. (C) Inactivation of D2R ha
or treatment [F(2,36) � 21.7; p � 6.6 � 10�7], time [F(5,180) � 3.8; p � 2.5 �
nd D2R�/�mice treated with L-DOPA exhibit significantly more contralatera
B and D) Histograms show the number of contralateral turns in the init
ehavioral sensitization. Two-way ANOVA with repeated measures showe

F(5,75) � 2.7; p � 2.8 � 10�2]. (D) Inactivation of D2R had no effect on be
F(5,80) � 7.8; p � 4.8 � 10�6]. *p � .01; **p � .0001 versus wildtype #p �
epeated measures and planned comparisons, n � 5–10 per group. In Histo
nd D2RWT animals.
3,4,29). We evaluated the effect of knocking out D1R or D2R on
striatal FosB and dynorphin expression after chronic L-DOPA
administration in hemiparkinsonian mice. In D1RWT and D2RWT

animals, L-DOPA induced marked expression of FosB and
dynorphin in the dorsolateral part of the lesioned striatum but
not the unlesioned side. The anatomic distribution of FosB
and dynorphin expression strictly overlaid striatal areas with
complete denervation. The neurons enduring these molecular
changes were completely denervated. An identical distribu-
tion of FosB and dynorphin expression was observed in
hemiparkinsonian D2R�/� mice (Figure 3). In sharp contrast,
there was no increase in FosB or dynorphin expression in
D1R�/� mice, despite complete striatal denervation (Figures 3
and 4A).

We counted FosB- and dynorphin-positive neurons per mm2

in the dorsolateral striatum. In D1RWT, D2RWT, and D2R�/�

animals, L-DOPA induced approximately a 30-fold increase in
FosB and a 10-fold increase in dynorphin-positive neurons in
lesioned compared to the unlesioned striatum. Dynorphin stain-
ing intensity was also greater in the cytoplasm and neuropil of
striatal areas with complete denervation: optical density mea-
surements in L-DOPA-treated WT mice revealed a 160% increase

uced dyskinesias in hemiparkinsonian mice. Time course for dopamine
ral turning in hemiparkinsonian D1R�/� (A) and D2R�/� (C) mice and their

rns (mean � SEM) in 120 min following L-DOPA (25 mg/kg) administration.
alysis of variance (ANOVA) with repeated measures showed significant
� 1.5 � 10�5], genotype � treatment [F(2,33) � 11.8; p � 1.4 � 10�4] and

ffect on turning behavior. Statistical analysis showed significant differences
3], and treatment � time [F(10,180) � 4.1; p � 4.7 � 10�4]. All lesioned WT
s than control animals (sham/L-DOPA and 6-OHDA/saline) at all time points.
min following L-DOPA administration. (B) Inactivation of D1R abolished
ificant differences for genotype [F(1,15) � 14.1; p � 4 � 10�3] and time

ral sensitization. Statistical analysis showed significant differences for time
#p � .001 versus first day of treatment after two or three-way ANOVA with
B, differences versus first day of treatment are shown together for D2R�/�
A-ind
alate
eral tu
ay an
15.8; p
s no e

10�

l turn
ial 20
d sign
havio
.05; #

gram
in intensity compared to the comparable region on the unle-
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ioned side (Figure 4E). These L-DOPA-induced increases in
osB and dynorphin expression disappear in D1R�/� animals
Figure 4B, 4D, and 4E), although a few FosB-positive cells were
bserved in D1R�/� mice. We also quantified the area of
osB-immunoreactive (-ir) nuclei. L-DOPA treatment induced a
wofold increase in the area of FosB-ir nuclei in the lesioned
triatum of WT and D2R�/� mice, but no change in the area of
osB-ir nuclei in D1R�/� (Figure 4C).

opamine D1 but not D2 Receptors Blocked L-DOPA-Induced
hosphorylation of ERK and Phosphoacetylation of Histone
hree in the Lesioned Striatum

We have shown previously that chronic L-DOPA-treatment in
emiparkinsonian animals greatly increased phosphorylation of
RK1/2 on Thr202 and Tyr204 (p-ERK) in the lesioned striatum
3). More recently, others have shown that this increase is directly
orrelated with the severity of dyskinetic symptoms (4,7). We
xamined p-ERK in the knockout animals and found that L-
OPA did not induce p-ERK in D1R�/� animals (Figure 5A), but

n D2R�/� animals, p-ERK expression was similar to that in WT
ittermates (Figure 5A). These results are consistent with our
ehavior results implicating D1R, but not D2R, in the appearance
f dyskinetic symptoms. Phosphorylation of ERK1/2 results in
he sequential phosphorylation of MSK-1 and phospho acetyla-
ion of histone 3 (p-AcH3) (5,14,30). Chronic L-DOPA treat-
ent increased phosphorylation of H3 on Ser10 and acetyla-

ion on Lys14 in the lesioned striatum with an identical
xpression-pattern to that described for FosB and dynorphin.
s seen for induction of FosB and dynorphin, inactivation of
1R completely blocked L-DOPA-induced p-AcH3 in the
epleted striatum, whereas inactivation of D2R had no signif-
cant effect (Figure 5A).

We counted p-ERK1/2- and p-AcH3-positive cells in both

ides of the striatum in WT animals and found that L-DOPA

ww.sobp.org/journal
produces a 15-fold increase in the number of p-ERK-ir cells and
a 300-fold increase in p-AcH3-ir nuclei on the lesioned side
compared with the unlesioned side (Figure 5B and 5D). p-ERK
was also induced in the neuropil (Figure 5A and 5C), as reflected
by an increase in optical density similar to the increase in the
number of p-ERK-positive cells.

Phenotype of the Striatal Neurons Underlying the Molecular
Changes Associated with Dyskinesia

To determine whether these molecular changes all occur in
the same population of striatal neurons, we carried out double
immunostaining assays. FosB and p-AcH3 were both coex-
pressed with dynorphin but not with enkephalin (markers of
direct and indirect pathway neurons respectively). Similarly, the
few scattered FosB nuclei observed in D1R�/� mice were in
enkephalin-negative neurons (data not shown). These results
were obtained using both classical DAB/DAB-nickel (Figures 6A,
6A=, 6B, 6B= and 6C) and double immunofluorescence methods
(Figure 6C=). Furthermore, FosB expression and p-AcH3 ap-
peared only in those direct pathway neurons with increased
dynorphin expression consequent to L-DOPA treatment (Figure
6A and A=, 6B and 6B=), suggesting that these changes were
coordinated.

The Extent of the Dopaminergic Lesion Correlates with
Dyskinesia Score, Contralateral Rotational Behavior
and Induction of Molecular Changes

To confirm that the extent of the dopaminergic lesion did not
differ between the various groups of animals studied here, we
assessed the percentage of striatum with complete loss of TH-ir
fibers for each group of animals. We found no significant
differences between groups (44 � 3% for D1RWT; 52 � 7%
D1R�/�; 41 � 7% for D2RWT; 31 � 4% D2R�/�; Figure 7A). In

Figure 2. Genetic inactivation of dopamine D1 recep-
tors blocked dopamine precursor molecule 3,4-dihy-
droxyphenyl-L-alanine (L-DOPA)-induced dyskinesias
in hemiparkinsonian mice. Time course of appearance
of dyskinetic symptoms: orofacial dyskinesias (ORF
dys) (A), limb dyskinesias (limb dys) (B), axial dystonia
(axial dys) (C), and locomotor dyskinesias (loc dys) (D).
Movements were evaluated 30 min after L-DOPA (25
mg/kg) administration in D1RWT and D1R�/� hemipar-
kinsonian mice. Two-way ANOVA with repeated mea-
sures showed significant differences for genotype in all
four types of dyskinetic symptoms: ORF dys [F(1,18) �
10.8, p � 4.1 � 10�3], loc dys [F(1,18) � 95.3, p � 1.3 �
10�8], limb dys [F(1,18) � 21.5, p � 4 � 10�4], axial dys
[F(1,18)�104, p �6.6�10�9] and a significant effect on
time for limb dys [F(5,90) � 2.5, p � 3.6 10�2] and axial
dys [F(5,90) � 2.4, p � 4.5 10�2]. Data points represent
the mean � SEM. *p � .05; **p � .0001 versus D1RWT; #p
� .05, ##p � .005 versus first day of treatment after two-
way ANOVA with repeated measures and planned com-
parisons, n � 10 per group.
addition, we found that the percentage of striatal area with
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omplete dopaminergic lesion strongly correlated with the total
yskinesia score (Figure 7B, r � .91, p � .001) and with the total
umber of contralateral turns in 120 min (Figure 7C, r � .71, p �
01) on the last day of evaluation. Interestingly, all the molecular
hanges we observed in dyskinetic animals-increased FosB,
ynorphin, p-ERK, p-AcH3-presented the same anatomic pattern
f expression (Figure 7D and 7E) and were exclusively restricted
o neurons and striatal areas with complete denervation (Figure
). To strengthen this evidence, double immunostaining for TH

igure 3. Genetic inactivation of dopamine D1 but not D2 receptors inhibit
olecule 3,4-dihydroxyphenyl-L-alanine (L-DOPA) treatment in the lesione

WT) (top), D1R�/� (middle) and D2R�/� (bottom) mice sacrificed 1 hour a
osB, and dyn. Chronic L-DOPA treatment induced marked FosB and dyn exp
2R�/� hemiparkinsonian mice. Note that in the striatum of D1R�/� hemi
ar � 500 �m.
nd FosB revealed that the distribution of remaining TH fibers in
the lesioned striatum is directly opposite to the distribution of
L-DOPA-induced FosB expression (Figure 7F). Together, these
findings indicate that complete denervation in these regions is
required to trigger the molecular changes underlying dyskine-
sias.

Discussion

The findings we describe here strongly support a compulsory

B and dynorphin (dyn) expression induced by chronic dopamine precursor
tum. Photomicrographs of adjacent coronal striatal sections from wildtype
e last L-DOPA injection and immunostained for tyrosine hydroxylase (TH),
n in the striatal areas that are devoid of TH-immunoreactive fibers in WT and

nsonian animals, L-DOPA does not induce FosB or dyn B expression. Scale
s Fos
d stria
fter th
ressio
role for the D1R subtype in the development of dyskinesia and

www.sobp.org/journal
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igure 4. Role of dopamine D1 and D2 receptors in FosB and dyn expression in the striatum of hemiparkinsonian wildtype (WT), D1R�/�, and D2R�/� mice
ollowing chronic dopamine precursor molecule 3,4-dihydroxyphenyl-L-alanine (L-DOPA) treatment. High power photomicrographs of coronal sections from
he lesioned (L) and unlesioned (U) striatum of L-DOPA-treated WT, D1R�/� and D2R�/� mice sacrificed 1 hour after the last L-DOPA injection and stained for
osB or dyn (A). Scale bar � 50 �m. Histograms represent quantification of (B) FosB- and (D) dynorphin-B (dyn-B)-positive cells (mean � SEM) and nuclear area
tained for FosB (C) in the lesioned and unlesioned striatum of hemiparkinsonian WT, D1R�/� and D2R�/� mice. Inactivation of D1R but not D2R abolished
osB and dyn expression induced by L-DOPA treatment. Two-way analysis of variance (ANOVA) showed significant differences between genotypes for
1R�/� mice for FosB- immunoreactive (ir) cell density [F(1,52) � 101], nuclear area [F(1,56) � 72.2], and dyn cell density [F(1,32) � 171] and between lesioned
nd unlesioned striatum for FosB-ir cell density: D1RWT [F(1,52) � 241], D2RWT [F(1,52) � 253], D2R�/� mice [F(1,52) � 164]; nuclear area: D1RWT [F(1,56) � 119],
2RWT [F(1,56) � 123], D2R�/� mice [F(1,56) � 70.3]; and dyn cell density: D1RWT [F(1,32) � 178], D2RWT [F(1,32) � 177], D2R�/� mice [F(1,32) � 160]. *p � 10�7

# �7 WT
ersus unlesioned side, p � 10 versus D1R after two-way ANOVA followed by Scheffe post hoc test. (E) Optical density of dyn-B immunoreactivity in
esioned striatum expressed as a percentage of dyn-B-ir on the unlesioned side. #p � .01 versus D1RWT, Student’s t test.

ww.sobp.org/journal
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otational response following L-DOPA administration as well as in
he molecular changes associated with these behaviors. In contrast, the
2R appears to have little effect on any of these. We demonstrate that

igure 5. Genetic inactivation of dopamine D1 but not D2 receptors inhib
nd (Ser10)-acetyl (Lys14)-Hystone 3 (AcH3) induced by chronic dopamin
triatum. High-power photomicrographs of coronal sections from the
1R�/�, and D2R�/� hemiparkinsonian mice, sacrificed 1 hour after the la

A). Scale bar � 50 �m. Histograms show the quantification of p-ERK1/2-
T, D1R�/�, and D2R�/� hemiparkinsonian mice treated chronically

ifferences between genotypes for D1R�/� mice for p-ERK1/2-immuno
1.4] and between lesioned and unlesioned striatum for p-ERK1/2-ir cell
61]; and p-AcH3-ir density: D1RWT [F(1,24) � 81.7], D2RWT [F(1,24) � 88.6
nlesioned side, #p � 10�5 versus D1RWT after two-way ANOVA and follo
ercent of staining in unlesioned striatum. #p � .01, versus D1RWT, Stud
hese L-DOPA-induced molecular changes, including the phos-
phoacetylation of H3, occur in the direct pathway neurons within the
fully denervated region of the striatum. Finally, we demonstrate a
strong correlation between the extent of fully dopamine-denervated

e phosphorylation of both extracellular signal-regulated kinase (ERK)1/2
cursor molecule 3,4-dihydroxyphenyl-L-alanine (L-DOPA) in the lesioned
ned (L) and unlesioned (U) striatum of L-DOPA-treated wildtype (WT),

OPA injection. Sections were immunostained for p-ERK1/2 or for p-AcH3
ive cells (B), phosphohistone AcH3-positive nuclei in the striatum (D) in

L-DOPA. Two-way analysis of variance (ANOVA) showed significant
ive (ir) cell density [F(1,32) � 174] and p-AcH3-ir cell density [F(1,24) �
ty: D1RWT [F(1,32) � 179], D2RWT [F(1,32) � 176], D2R�/� mice [F(1,32) �
R�/� mice [F(1,24) � 40.9]. Data represent mean � SEM, *p � .001 versus
by Scheffe posthoc test. (C) Optical density of p-ERK1/2-ir expressed as

t test.
its th
e pre
lesio
st L-D
posit
with

react
densi
], D2
areas in the striatum and severity of dyskinesias.
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1, but Not D2, Receptors Are Required for L-DOPA-Induced
otational Response and Dyskinesia in Hemiparkinsonian
nimals

Contralateral rotation response, a commonly used measure of
ehavioral sensitization to L-DOPA, is triggered by denervation-
nduced supersensitivity of dopamine receptors in the dopam-
ne-depleted striatum. This molecular mechanism is associated
ith the appearance of L-DOPA-induced dyskinesias as well

31). This striking reduction in contralateral turns and dyskinesias
n D1R�/� agrees with previous studies using D1/D5 agents.
harmacologic studies in hemiparkinsonian rats supported a
ajor role for the D1-type receptors in the development of

ontralateral turning (6,12); and dyskinesias (6,7,9,10,12,13) dur-
ng L-DOPA treatment. Studies in humans and other primates
oncur that D1-type receptors are important for dyskinesias
32–35). However, these pharmacologic agents do not distin-
uish between D1 and D5 effects (18,36), thus our results are the
irst to specifically establish the critical role of D1R in the
evelopment of rotational response and dyskinesia.

In contrast, our data clearly indicate little role for the D2R in
ither rotational response or development of dyskinesia. This
esult contradicts previous data obtained using pharmacologic
lockade (12) or stimulation (9) of D2 receptors, which sug-
ested that dopamine D2R play a role in the development of
otational response. This discrepancy is likely because the D2
gents used in these previous studies are not specific: they act on
ther D2-like dopamine receptors (17,37–39). Although stimula-
ion of D2-like receptors, especially D3R, can induce rotational
ehavior (12), our data indicate that this contribution is minor or
ependent on D1R stimulation because no rotation develops in
he absence of the D1R observed in our study or with D1/D5R
lockage (40). Similarly, previous studies have reported that
gonists acting preferentially at D2R vary in their ability to induce

yskinesia in rats (9–12,41). In humans and primates, dyskinetic

ww.sobp.org/journal
responses were observed after prolonged treatment with D2 or
D2/D3 agonists (35,42), whereas D2R-preferred antagonists,
administered in combination with L-DOPA, reduced dyskinesia
scores by approximately 50% (12,13). Again, the discrepancy
between these previous findings and the results we report here is
likely due to the lack of specificity of the D2 agents used, which also
bind D3 and D4 receptors (17,37–39). Our data clearly show that
D2R are not required for dyskinesias in hemiparkinsonian mice.

Despite the increased motor behavior displayed by D1R�/� in
baseline conditions (15,16), in lesioned mice L-DOPA treatment
does not induce dyskinetic movements. Thus, their hypermobil-
ity does not overcome blockade of dyskinesia. Similarly, the
inability to move observed in D2R�/� mice (43) does not block
the appearance of L-DOPA-induced dyskinetic movements in
these mice. Therefore, differences in basal locomotor activity do
not interfere with the appearance of dyskinesia. These results
indicate that although normal locomotor activity and dyskinetic
movements may involve the basal ganglia motor circuit, after
denervation, different molecular mechanisms and anatomic sub-
strates may be important.

D1, but Not D2, Receptor Is Required for Induction of
Molecular Markers of Dyskinesia

Increased FosB expression after L-DOPA is causally linked
with dyskinesia in rats (44) and mice (3,29). L-DOPA also induces
expression of the opioid neuropeptide dynorphin in WT
hemiparkinsonian mice as happens in PD patients (45) and in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine–treated monkeys
(46). Dynorphin expression occurs downstream of L-DOPA-
induced Fos activation in neurons of striatonigral pathway in
rodents (3,7,44), altering the dynamic of this pathway, after
repetitive stimulation of D1 receptors and thus underlying be-
havioral sensitization (19,47). Phosphorylation of ERK1/2 occurs

Figure 6. Phenotype of the striatal neurons under-
lying molecular changes associated with dyskine-
sia. High-magnification photographs showing co-
localization of molecular changes in the same
striatal denervated area (A, B) and in the same
neurons (A=, B=) (arrows). Double immunostaining
for (B) dynorphin-B (dyn-B; gray) and FosB (brown)
(A, A=) and for dyn-B (gray) and p-AcH3 (brown) (B,
B=). (C and C=) p-AcH3 expression (gray) was not
present in enkephalin (Enk)-immunoreactive (ir)
neurons (brown, arrowheads) revealed by DAB/Ni
double immunostaining (C) or by fluorescent dou-
ble immunostaining with p-AcH3-ir (green) and
Enk-ir (arrowheads) shown in red (C=). Scale � 140
�m (A, B), 20 �m (A=, B=, C), and 34 �m (C=).
upstream of FosB and dynorphin expression and seems to be
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imited to the same direct pathway neurons that overexpress
osB and dynorphin. p-ERK can trigger histone-phosphoacety-
ation and thus can have a cumulative effect on chromatin
odification. In addition, FosB may interact with chromatin

emodeling factors, providing a molecular basis for long-term
lterations in gene expression (48,49). The increase in p-AcH3
e observed after L-DOPA treatment is consistent with one
revious study (14) but conflicts with another (30) that found no
hange in p-H3 and decrease in Ac-H3 in MPTP-lesioned and
-DOPA-treated mice. These discrepancies may be due to differ-
nces in the mouse model used or differences in dose and
uration of L-DOPA treatment, which would suggest that the
hreshold for histone modification by L-DOPA is more sensitive

igure 7. The extent of the striatal lesion correlates with development of dys
f striatal lesion in animals of each genotype as assessed by the percentage o
ach genotype). Any striatal area with optical density of tyrosine hydrox
enervated. (B and C) Simple linear regression analysis illustrating the correl

he total dyskinesia score (B) or the number of turns in 120 min (C). Be
ihydroxyphenyl-L-alanine (L-DOPA) administration on Day 19 in WT anima
-DOPA-induced molecular changes in the lesioned striatum of WT animals.
hour after the last L-DOPA administration were immunostained for TH, Fo

cale � 400 �m. (E) Consecutive coronal sections through the lesioned striat
or TH and p- extracellular signal-regulated kinase 1/2 (p-ERK). Scale � 400 �
gray) and FosB (brown) showing an inhibition of FosB expression by remai
han some other molecular markers.
We now provide evidence that selective inactivation of D1R
abolishes expression of all markers related to chronic L-DOPA
treatment (FosB, dynorphin, p-ERK) including p-AcH3 in the
lesioned striatum, whereas inactivation of D2R does not affect
expression of these markers, in strict correspondence with our
behavioral observations. Therefore, D1R activation is crucial for
the stimulation of the MAPK- and cyclic adenosine monophos-
phate/PKA-dependent gene-expression pathways. These results
are consistent with studies in rats in which administration of
D1/D5 antagonists abolished L-DOPA induced FosB and
p-ERK1/2 expression (7). The only alternative explanation of our
results is that inactivation of D1R induced a dynorphin cell loss in
the striatum of D1R�/� mice. Thus, our data add specificity to the

ia and contralateral rotational response in wildtype (WT) animals. (A) Extent
l striatal area on the lesioned side that is completely denervated (n � 10 for
(TH)-immunoreactive (ir) fibers less than 5% was considered completely
between the percentage of total striatum that is completely denervated and
rs were analyzed following the final dopamine precursor molecule 3,4-

) n � 16; r � .91, p � .001; (C) r � .71, p � .01. (D–F) Histological pattern of
nsecutive coronal sections through the lesioned striatum of mice sacrificed
norphin-B (dyn-B), antiphospho (Ser10)-acetyl (Lys14)-hystone 3 (p-AcH3).

f mice sacrificed 20 min after the last L-DOPA injection were immunostained
) High-magnification photograph showing double immunostaining for TH
H fibers. Scale � 120 �m.
kines
f tota

ylase
ation
havio
ls. (B

(D) Co
sB, dy
um o
m. (F
pharmacologic data, indicating that the D1R, is required for
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-DOPA induced increases in FosB and dynorphin expression
nd p-ERK1/2 and extends these results to p-AcH3 in the
esioned striatum, strengthening the association between these
olecular changes and the development of behavioral sensitiza-

ion and dyskinesias.

he Severity of L-DOPA-Induced Dyskinesia Is Correlated
ith the Extent of Dopaminergic Depletion in the

esioned Striatum
We found a strong correlation between the total dyskinesia score

nd the percentage of striatal area with complete dopamine deple-
ion. The rotational response was also correlated with the extent of
ompletely lesioned area but to a lesser extent. Although others (50)
ound that the magnitude of TH loss in the striatum is only a weak
redictor of dyskinesias we consider that this disagreement with our
ata arises from the different approaches to determine the magni-
ude of TH-loss in the striatum. Whereas the previous study
easured the average TH density in the whole striatum, our data are
ore specific and evaluate only the percentage of striatal area with

omplete denervation, verifying a high correlation between dener-
ation and the intensity of dyskinesia. Our data agree with results
howing that in denervated areas L-DOPA is converted to dopamine
nd released by striatal serotoninergic fibers (51), inducing dyski-
esias (52,53) and FosB expression (51).

Moreover, our current and previous data (3) show that
-DOPA-induced increases in FosB, dynorphin, p-ERK, and
-AcH3 are all restricted to striatal areas completely free of TH
ibers. A similar pattern of expression was observed for increased
eurotensin and D3R mRNA in L-DOPA-treated rats (6). These
esults suggest that denervated striatal neurons hyperrespond to
-DOPA with a set of molecular changes in signaling and gene
xpression (54,55).

henotype of the Striatal Neurons Underlying the Molecular
hanges Associated with Dyskinesia

Our data demonstrate that L-DOPA-induced p-AcH3 and FosB
re localized in direct pathway neurons expressing D1R and only
n those that are completely denervated and also overexpress
ynorphin. These results are in line with the opposing functional
oles of the two striatal output pathways. Whereas L-DOPA,
hich promotes movements, activates direct pathway neurons,
2R antagonists induce FosB in the indirect pathway neurons

hat mediate motor inhibition (56). In line with these results, the
ew FosB nuclei observed in D1R�/� were in enkephalin-
egative neurons, indicating that these cells are direct pathway
eurons or NOS interneurons (3).

Previous studies of L-DOPA-induced signaling in lesioned
triatum were contradictory: Westin et al. (7) found p-ERK in
oth direct and indirect pathway neurons, whereas a more recent
tudy found p-ERK expression only in direct pathway neurons
14). Our results confirm that p-ERK occurs exclusively in direct
nd significantly extend these findings by identifying that p-ERK and
-AcH3 occur only in those direct pathway neurons that are
ompletely denervated and overexpress dynorphin. These results
trongly suggest that any increase in p-ERK in indirect pathway
eurons is not sustained for long enough to produce downstream
hanges. In addition, we demonstrate that inactivation of D1R
ompletely blocks all the described molecular changes in these
eurons, despite the presence of D5R (26) in these neurons.

Postranslational histone modification, including phosphoryla-
ion and acetylation, appears to modulate both the accessibility
f chromatin for RNA transcription and how well chromatin

erves as a template for transcription (49). Thus, H3 phos-

ww.sobp.org/journal
phoacetylation in dopamine-denervated cells may be a critical
step in altering the response of these cells to L-DOPA and could
provide the molecular basis for sustained chromatin modification
and gene expression.

In conclusion, our data demonstrate that D1R are instrumental
in the development of L-DOPA-induced dyskinesia in mice,
without significant participation of D2R. Activation of D1R leads
to expression of immediate early genes and downstream proteins
in direct pathway neurons within the fully denervated region of
the lesioned striatum. The p-AcH3 and the presumed modifica-
tion of chromatin structure in these cells may be critical, opening
the way for new gene expression in response to L-DOPA. Our
data support this possibility and suggest that specific agents that
inhibit histone modifications could help prevent or reverse the
side effects of L-DOPA treatment in PD.

This research was supported by grants from the Spanish Minis-
terio de Sanidad y Consumo (Grant No. FIS PI07-1073), Plan
Nacional Sobre Drogas, and Centro de Investigación Biomédica en
Red para Enfermedades Neurodegenerativas. We thank Emilia
Rubio and Ana Hernandez for their excellent technical assistance
and Carmen Hernández for her help with video material.

The authors report no biomedical financial interests or po-
tential conflicts of interest.

Supplementary material cited in this article is available
online.

1. Chase TN, Oh JD, Blanchet PJ (1998): Neostriatal mechanisms in Parkin-
son’s disease. Neurology 51:S30 –S35.

2. Corvol JC, Muriel MP, Valjent E, Feger J, Hanoun N, Girault JA, et al.
(2004): Persistent increase in olfactory type G-protein alpha subunit
levels may underlie D1 receptor functional hypersensitivity in Parkin-
son’s disease. J Neurosci 24:7007–7014.

3. Pavon N, Martin AB, Mendialdua A, Moratalla R (2006): ERK phosphory-
lation and FosB expression are associated with L-DOPA-induced dyski-
nesia in hemiparkinsonian mice. Biol Psychiatry 59:64 –74.

4. Santini E, Valjent E, Usiello A, Carta M, Borgkvist A, Girault JA, et al. (2007):
Critical involvement of cAMP/DARPP-32 and extracellular signal-regu-
lated protein kinase signaling in L-DOPA-induced dyskinesia. J Neurosci
27:6995–7005.

5. Santini E, Valjent E, Fisone G (2008): Parkinson’s disease: Levodopa-
induced dyskinesia and signal transduction. FEBS J 275:1392–1399.

6. St-Hilaire M, Landry E, Levesque D, Rouillard C (2005): Denervation and
repeated L-DOPA induce complex regulatory changes in neurochemi-
cal phenotypes of striatal neurons: Implication of a dopamine D1-de-
pendent mechanism. Neurobiol Dis 20:450 – 460.

7. Westin JE, Vercammen L, Strome EM, Konradi C, Cenci MA (2007): Spa-
tiotemporal pattern of striatal ERK1/2 phosphorylation in a rat model of
L-DOPA-induced dyskinesia and the role of dopamine D1 receptors. Biol
Psychiatry 62:800 – 810.

8. Nutt JG (2000): Clinical pharmacology of levodopa-induced dyskinesia.
Ann Neurol 47:S160 –S164.

9. Carta AR, Lucia F, Annalisa P, Silvia P, Nicola S, Nicoletta S, et al. (2008):
Behavioral and biochemical correlates of the dyskinetic potential of dopa-
minergic agonists in the 6-OHDA lesioned rat. Synapse 62:524–533.

10. DelfinoMA,StefanoAV,FerrarioJE,Taravini IR,MurerMG,GershanikOS(2004):
Behavioral sensitization to different dopamine agonists in a parkinsonian ro-
dent model of drug-induced dyskinesias. Behav Brain Res 152:297–306.

11. Ding Y, Restrepo J, Won L, Hwang DY, Kim KS, Kang UJ (2007): Chronic
3,4-dihydroxyphenylalanine treatment induces dyskinesia in aphakia mice,
a novel genetic model of Parkinson’s disease. Neurobiol Dis 27:11–23.

12. Monville C, Torres EM, Dunnett SB (2005): Validation of the L-DOPA-induced
dyskinesia in the 6-OHDA model and evaluation of the effects of selective
dopamine receptor agonists and antagonists. Brain Res Bull 68:16–23.

13. Taylor JL, Bishop C, Walker PD (2005): Dopamine D1 and D2 receptor
contributions to L-DOPA-induced dyskinesia in the dopamine-depleted

rat. Pharmacol Biochem Behav 81:887– 893.



1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

S. Darmopil et al. BIOL PSYCHIATRY 2009;66:603–613 613
4. Santini E, Alcacer C, Cacciatore S, Heiman M, Herve D, Greengard P, et al.
(2009): L-DOPA activates ERK signaling and phosphorylates histone H3
in the striatonigral medium spiny neurons of hemiparkinsonian mice.
J Neurochem 108:621– 633.

5. Granado N, Ortiz O, Suarez LM, Martin ED, Cena V, Solis JM, et al. (2008):
D1 but not D5 dopamine receptors are critical for LTP, spatial learning,
and LTP-induced arc and zif268 expression in the hippocampus. Cereb
Cortex 18:1–12.

6. Centonze D, Grande C, Saulle E, Martin AB, Gubellini P, Pavon N, et al.
(2003): Distinct roles of D1 and D5 dopamine receptors in motor activity
and striatal synaptic plasticity. J Neurosci 23:8506 – 8512.

7. Kvernmo T, Hartter S, Burger E (2006): A review of the receptor-binding
and pharmacokinetic properties of dopamine agonists. Clin Ther 28:
1065–1078.

8. Tiberi M, Caron MG (1994): High agonist-independent activity is a dis-
tinguishing feature of the dopamine D1B receptor subtype. J Biol Chem
269:27925–27931.

9. Moratalla R, Xu M, Tonegawa S, Graybiel AM (1996): Cellular responses to
psychomotor stimulant and neuroleptic drugs are abnormal in mice lack-
ing the D1 dopamine receptor. Proc Natl Acad Sci U S A 93:14928–14933.

0. Xu M, Moratalla R, Gold LH, Hiroi N, Koob GF, Graybiel AM, et al. (1994):
Dopamine D1 receptor mutant mice are deficient in striatal expression of
dynorphin and in dopamine-mediated behavioral responses. Cell 79:729–
742.

1. Kelly MA, Rubinstein M, ASA, SL, Zhang G, Saez C, et al. (1997): Pituitary
lactotroph hyperplasia and chronic hyperprolactinemia in dopamine
D2 receptor-deficient mice. Neuron 19:103–113.

2. Kelly MA, Low MJ, Rubinstein M, Phillips TJ (2008): Role of dopamine
D1-like receptors in methamphetamine locomotor responses of D2
receptor knockout mice. Genes Brain Behav 7:568 –577.

3. Murer MG, Dziewczapolski G, Salin P, Vila M, Tseng KY, Ruberg M, et al.
(2000): The indirect basal ganglia pathway in dopamine D(2) receptor-
deficient mice. Neuroscience 99:643– 650.

4. Darmopil S, Muneton-Gomez VC, de Ceballos ML, Bernson M, Moratalla
R (2008): Tyrosine hydroxylase cells appearing in the mouse striatum
after dopamine denervation are likely to be projection neurones regu-
lated by L-DOPA. Eur J Neurosci 27:580 –592.

5. Grande C, Zhu H, Martin AB, Lee M, Ortiz O, Hiroi N, et al. (2004): Chronic
treatment with atypical neuroleptics induces striosomal FosB/DeltaFosB
expression in rats. Biol Psychiatry 55:457–463.

6. Rivera A, Alberti I, Martin AB, Narvaez JA, de la CA, Moratalla R (2002):
Molecular phenotype of rat striatal neurons expressing the dopamine
D5 receptor subtype. Eur J Neurosci 16:2049 –2058.

7. Martinez-MurilloR,BlascoI,AlvarezFJ,VillalbaR,SolanoML,Montero-Caballero
MI, et al. (1988): Distribution of enkephalin-immunoreactive nerve fibres and
terminals in the region of the nucleus basalis magnocellularis of the rat: A light
and electron microscopic study. J Neurocytol 17:361–376.

8. Granado N, Escobedo I, O’Shea E, Colado I, Moratalla R (2008): Early loss
of dopaminergic terminals in striosomes after MDMA administration to
mice. Synapse 62:80 – 84.

9. Lundblad M, Picconi B, Lindgren H, Cenci MA (2004): A model of L-
DOPA-induced dyskinesia in 6-hydroxydopamine lesioned mice: Rela-
tion to motor and cellular parameters of nigrostriatal function. Neuro-
biol Dis 16:110 –123.

0. Nicholas AP, Lubin FD, Hallett PJ, Vattem P, Ravenscroft P, Bezard E, et al.
(2008): Striatal histone modifications in models of levodopa-induced
dyskinesia. J Neurochem 106:486 – 494.

1. van Kampen JM, Stoessl AJ (2003): Effects of oligonucleotide antisense
to dopamine D3 receptor mRNA in a rodent model of behavioural
sensitization to levodopa. Neuroscience 116:307–314.

2. Blanchet PJ, Gomez-Mancilla B, Bedard PJ (1995): DOPA-induced “peak
dose” dyskinesia: Clues implicating D2 receptor-mediated mechanisms
using dopaminergic agonists in MPTP monkeys. J Neural Transm Supple-
mentum 45:103–112.

3. Calon F, Morissette M, Goulet M, Grondin R, Blanchet PJ, Bedard PJ, et al.
(1999): Chronic D1 and D2 dopaminomimetic treatment of MPTP-de-
nervated monkeys: Effects on basal ganglia GABA(A)/benzodiazepine
receptor complex and GABA content. Neurochem Int 35:81–91.

4. Goulet M, Grondin R, Blanchet PJ, Bedard PJ, Di PT (1996): Dyskinesias
and tolerance induced by chronic treatment with a D1 agonist admin-
istered in pulsatile or continuous mode do not correlate with changes of

putaminal D1 receptors in drug-naive MPTP monkeys. Brain Res 719:
129 –137.
35. Rascol O, Nutt JG, Blin O, Goetz CG, Trugman JM, Soubrouillard C, et al.
(2001): Induction by dopamine D1 receptor agonist ABT-431 of dyski-
nesia similar to levodopa in patients with Parkinson’s disease. Arch
Neurol 58:249 –254.

36. Sunahara RK, Guan HC, O’Dowd BF, Seeman P, Laurier LG, et al. (1991):
Cloning of the gene for a human dopamine D5 receptor with higher
affinity for dopamine than D1. Nature 350:614 – 619.

37. Martelle JL, Nader MA (2008): A review of the discovery, pharmacologi-
cal characterization, and behavioral effects of the dopamine D2-like
receptor antagonist eticlopride. CNS Neurosci Ther 14:248 –262.

38. Millan MJ, Seguin L, Gobert A, Cussac D, Brocco M (2004): The role of
dopamine D3 compared with D2 receptors in the control of locomotor
activity: A combined behavioural and neurochemical analysis with
novel, selective antagonists in rats. Psychopharmacology 174:341–357.

39. Newman-Tancredi A, Cussac D, Audinot V, Nicolas JP, De CF, Boutin JA,
et al. (2002): Differential actions of antiparkinson agents at multiple
classes of monoaminergic receptor. II. Agonist and antagonist proper-
ties at subtypes of dopamine D(2)-like receptor and alpha(1)/alpha(2)-
adrenoceptor. J Pharmacol Exp Ther 303:805– 814.

40. Bordet R, Ridray S, Carboni S, Diaz J, Sokoloff P, Schwartz JC (1997): Induc-
tion of dopamine D3 receptor expression as a mechanism of behavioral
sensitization to levodopa. Proc Natl Acad Sci U S A 94:3363–3367.

41. Lundblad M, Usiello A, Carta M, Hakansson K, Fisone G, Cenci MA (2005):
Pharmacological validation of a mouse model of L-DOPA-induced dys-
kinesia. Exp Neurol 194:66 –75.

42. Pearce RK, Banerji T, Jenner P, Marsden CD (1998): De novo administra-
tion of ropinirole and bromocriptine induces less dyskinesia than L-
DOPA in the MPTP-treated marmoset. Mov Disord 13:234 –241.

43. Kelly MA, Rubinstein M, Phillips TJ, Lessov CN, Burkhart-Kasch S, Zhang
G, et al. (1998): Locomotor activity in D2 dopamine receptor-deficient
mice is determined by gene dosage, genetic background, and develop-
mental adaptations. J Neurosci 18:3470 –3479.

44. Andersson M, Hilbertson A, Cenci MA (1999): Striatal fosB expression is
causally linked with L-DOPA-induced abnormal involuntary move-
ments and the associated upregulation of striatal prodynorphin mRNA
in a rat model of Parkinson’s disease. Neurobiol Dis 6:461– 474.

45. Piccini P, Weeks RA, Brooks DJ (1997): Alterations in opioid receptor
binding in Parkinson’s disease patients with levodopa-induced dyskine-
sias. Ann Neurol 42:720 –726.

46. Brotchie JM, Henry B, Hille CJ, Crossman AR (1998): Opioid peptide precur-
sor expression in animal models of dystonia secondary to dopamine-re-
placement therapy in Parkinson’s disease. Adv Neurol 78:41–52.

47. Steiner H, Gerfen CR (1998): Role of dynorphin and enkephalin in the regu-
lation of striatal output pathways and behavior. Exp Brain Res 123:60–76.

48. Shen HY, Kalda A, Yu L, Ferrara J, Zhu J, Chen JF (2008): Additive effects
of histone deacetylase inhibitors and amphetamine on histone H4 acet-
ylation, cAMP responsive element binding protein phosphorylation
and DeltaFosB expression in the striatum and locomotor sensitization in
mice. Neuroscience 157:644 – 655.

49. Tsankova N, Renthal W, Kumar A, Nestler EJ (2007): Epigenetic regula-
tion in psychiatric disorders. Nat Rev Neurosci 8:355–367.

50. Putterman DB, Munhall AC, Kozell LB, Belknap JK, Johnson SW (2007):
Evaluation of levodopa dose and magnitude of dopamine depletion as
risk factors for levodopa-induced dyskinesia in a rat model of Parkin-
son’s disease. J Pharmacol Exp Ther 323:277–284.

51. Carlsson T, Carta M, Munoz A, Mattsson B, Winkler C, Kirik D, et al. (2008):
Impact of grafted serotonin and dopamine neurons on development of
L-DOPA-induced dyskinesias in parkinsonian rats is determined by the
extent of dopamine neuron degeneration. Brain 132:319 –335.

52. Carta M, Carlsson T, Kirik D, Bjorklund A (2007): Dopamine released from
5-HT terminals is the cause of L-DOPA-induced dyskinesia in parkinso-
nian rats. Brain 130:1819 –1833.

53. Carta M, Carlsson T, Munoz A, Kirik D, Bjorklund A (2008): Serotonin-
dopamine interaction in the induction and maintenance of L-DOPA-
induced dyskinesias. Prog Brain Res 172:465– 478.

54. Jenner P (2008): Molecular mechanisms of L-DOPA-induced dyskinesia.
Nat Rev Neurosci 9:665– 677.

55. Nadjar A, Gerfen CR, Bezard E (2009): Priming for L-DOPA-induced dys-
kinesia in Parkinson’s disease: A feature inherent to the treatment or the
disease? Prog Neurobiol 87:1–9.

56. Hiroi N, Graybiel AM (1996): Atypical and typical neuroleptic treatments

induce distinct programs of transcription factor expression in the stria-
tum. J Comp Neurol 374:70 – 83.

www.sobp.org/journal


	Genetic Inactivation of Dopamine D1 but Not D2 Receptors Inhibits L-DOPA–Induced Dyskinesia and Histone Activation
	Methods and Materials
	Animals
	Immunohistochemistry
	Statistical Analysis

	Results
	Dopamine D1, but Not D2, Receptors Are Required for Rotational Sensitization Induced by L-DOPA in Hemiparkinsonian Mice
	Dopamine D1, but Not D2, Receptors Are Required for the Development of Dyskinesia Following L-DOPA Treatment in Hemiparkinsonian Mice
	Dopamine D1, but Not D2, Receptors Are Required for the L-DOPA-Induced FosB and Dynorphin Expression
	Dopamine D1 but not D2 Receptors Blocked L-DOPA-Induced Phosphorylation of ERK and Phosphoacetylation of Histone Three in the Lesioned Striatum
	Phenotype of the Striatal Neurons Underlying the Molecular Changes Associated with Dyskinesia
	The Extent of the Dopaminergic Lesion Correlates with Dyskinesia Score, Contralateral Rotational Behavior and Induction of Molecular Changes

	Discussion
	D1, but Not D2, Receptors Are Required for L-DOPA-Induced Rotational Response and Dyskinesia in Hemiparkinsonian Animals
	D1, but Not D2, Receptor Is Required for Induction of Molecular Markers of Dyskinesia
	The Severity of L-DOPA-Induced Dyskinesia Is Correlated with the Extent of Dopaminergic Depletion in the Lesioned Striatum
	Phenotype of the Striatal Neurons Underlying the Molecular Changes Associated with Dyskinesia

	Acknowledgment
	References


