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ABSTRACT
BACKGROUND: Previous studies have implicated the cyclic adenosine monophosphate/protein kinase A pathway
as well as FosB and dynorphin-B expression mediated by dopamine D1 receptor stimulation in the development of
3,4-dihydroxyphenyl-L-alanine (L-DOPA)–induced dyskinesia. The magnitude of these molecular changes correlates
with the intensity of dyskinesias. The calcium-binding protein downstream regulatory element antagonistic modulator
(DREAM) binds to regulatory element sites called DRE in the DNA and represses transcription of target genes such as
c-fos, fos-related antigen-2 (fra-2), and prodynorphin. This repression is released by calcium and protein kinase
A activation. Dominant-active DREAM transgenic mice (daDREAM) and DREAM knockout mice (DREAM2/2) were
used to deﬁne the involvement of DREAM in dyskinesias.
METHODS: Dyskinesias were evaluated twice a week in mice with 6-hydroxydopamine lesions during long-term
L-DOPA (25 mg/kg) treatment. The impact of DREAM on L-DOPA efﬁcacy was evaluated using the rotarod and the
cylinder test after the establishment of dyskinesia and the molecular changes by immunohistochemistry and
Western blot.
RESULTS: In daDREAM mice, L-DOPA-induced dyskinesia was decreased throughout the entire treatment. In
correlation with these behavioral results, daDREAM mice showed a decrease in FosB, phosphoacetylated histone
H3, dynorphin-B, and phosphorylated glutamate receptor subunit, type 1 expression. Conversely, genetic
inactivation of DREAM potentiated the intensity of dyskinesia, and DREAM2/2 mice exhibited an increase in
expression of molecular markers associated with dyskinesias. The DREAM modiﬁcations did not affect the kinetic
proﬁle or antiparkinsonian efﬁcacy of L-DOPA therapy.
CONCLUSIONS: The protein DREAM decreases development of L-DOPA-induced dyskinesia in mice and reduces
L-DOPA-induced expression of FosB, phosphoacetylated histone H3, and dynorphin-B in the striatum. These data
suggest that therapeutic approaches that activate DREAM may be useful to alleviate L-DOPA-induced dyskinesia
without interfering with the therapeutic motor effects of L-DOPA.
Keywords: Abnormal involuntary movements, Dopaminergic denervation, Dynorphin-B, FosB, Parkinson’s disease,
Phospho-GluR1
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Despite extensive research focused on discovering therapeutic alternatives, the dopamine precursor molecule 3,4-dihydroxyphenyl-L-alanine (L-DOPA), remains the most effective
and widely used noninvasive therapy for Parkinson’s disease.
Chronic administration of L-DOPA and disease progression
cause the appearance of abnormal involuntary movements
known as dyskinesias in most patients. L-DOPA-induced
dyskinesia (LID) is causally linked with hyperstimulation of
dopamine D1 receptors (D1Rs) located on direct pathway
medium spiny neurons of the severely denervated striatum
(1–3). In the dopamine-depleted striatum, L-DOPA activates a
cyclic adenosine monophosphate (cAMP)–dependent signaling
cascade via protein kinase A (PKA) activation (4,5), resulting in
abnormally increased phosphorylation of cAMP-regulated

phosphoprotein of 32 kDa (DARPP-32) and activation of the
Ras/extracellular signal-regulated kinase signaling pathway in
the same neurons (1,6–9). These events induce transcriptional
changes resulting in increased expression of FosB, phospho(Ser10)-acetyl-(Lys14)-histone-3 (P-AcH3), and dynorphin-B
(10,11).
In addition, the increased activation of the cAMP/PKA/
DARPP-32 pathway observed in dyskinesia induces persistent
phosphorylation of the alpha-amino-3-hydroxy-5-methyl-4isoxazole propionic acid (AMPA) glutamate receptor subunit,
type 1 (GluR1) at Ser845 (6,7) via protein phosphatase-1
inhibition, enhancing excitatory glutamatergic transmission in
D1R-containing neurons and increasing N-methyl-D-aspartate
receptor (NMDAR) activation (12–15). Enhanced synaptic
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transmission in LID has been associated with altered redistribution and trafﬁcking of D1Rs (16) along with a massive accumulation of postsynaptic density protein 95 (PSD-95) in the synaptic
membrane (17). It has been shown that PSD-95 modulates LID in
rats and monkeys by its direct interaction with D1Rs (18). In
addition, D1R-mediated activation of adenylyl cyclase/PKA
triggers calcium entry through voltage-dependent calcium channels (19), and treatment with the L-type calcium channel
antagonist isradipine diminishes dyskinesias (20), further supporting the idea that calcium entry into direct pathway striatal
neurons after D1R stimulation contributes to LID.
Despite the progress made in recent years, the intracellular
signaling mechanism downstream of D1R-PKA–dependent
activation is not fully established. The downstream regulatory
element antagonist modulator (DREAM), also known as calsenilin and KChIP3, is a calcium-binding protein that mediates
calcium-dependent and cAMP-dependent transcriptional
responses (21,22). In striatal neurons, moderate levels of
DREAM are present in the neuropil and cell soma (23–25).
In basal conditions, DREAM binds to a regulatory element
called DRE, located downstream from the transcription initiation site, repressing the transcription of target genes, including
prodynorphin, c-fos, and Fos-related antigen-2 (fra-2) (26,27).
Repression mediated by DREAM is reversed by calcium and
by its PKA-dependent interaction with phospho-CREM, the
cAMP-response element modulator (26,28–30). Outside the
nucleus, DREAM directly interacts with several proteins (31),
including NR1 subunit (32) and PSD-95 (33), inhibiting NMDAR
function and its surface expression.
Based on these observations and on our previous data
demonstrating a close association between LID and overexpression of FosB and dynorphin-B (1,10), we propose that DREAM,
located downstream of D1R-dependent cAMP/PKA activation,
plays an important role in the cascade of molecular events
leading to LID. If this hypothesis is true, DREAM could provide a
site for intervention to improve the efﬁcacy of L-DOPA treatment,
while preventing the upregulation of target genes associated with
dyskinesia. To investigate this possible role of DREAM in LID, we
used DREAM knockout and dominant active DREAM transgenic
mice in a mouse model of dyskinesias.

METHODS AND MATERIALS
Animals
This study was carried out in transgenic mice 3–6 months old
expressing a dominant active mutant DREAM (daDREAM)
(34,35) or in DREAM-deﬁcient mice (22,36). Both genetically
modiﬁed animals and wild-type (WT) controls were maintained
in a C57BL/6 background. In the daDREAM mice, expression
of the transgene, a bi-cistronic construct including the
daDREAM mutant, an internal ribosome entry site sequence,
and the lacZ reporter, was driven by the calcium/calmodulindependent protein kinase type II alpha promoter (37). The
transgenic line (JN26) used in this study has a telencephalicspeciﬁc expression with high levels of transgene expression in
the striatum (Figure S1 in Supplement 1). Homozygous
daDREAM and DREAM knockout (DREAM2/2) mice were
derived from mating the corresponding heterozygous mice.
Genotyping was performed by polymerase chain reaction
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(PCR) as described previously (35,36). Bacterial artiﬁcial
chromosome–transgenic D1R-tomato mice (38) were used to
study DREAM striatal localization. All animal procedures
followed guidelines from the European Union Council Directive
(86/609/European Economic Community), and experimental
protocols were approved by the Consejo Superior de Investigaciones Cientíﬁcas Ethics Committee.

6-Hydroxydopamine Lesion and L-DOPA Treatment
Animals received unilateral stereotaxic injections (2 3 2 mL) of
6-hydroxydopamine (6-OHDA) hydrobromide (20 mmol/L,
containing .02% ascorbic acid; Sigma-Aldrich, St. Louis,
Missouri) as described previously (39). After 3 weeks of
recovery, mice received a daily intraperitoneal injection of 25
mg/kg of L-DOPA methyl ester (Sigma-Aldrich) 20 min after
benserazide hydrochloride (10 mg/kg; Sigma-Aldrich) for a
3-week period.

Behavioral Analysis
Locomotor Activity and Motor Coordination. Horizontal and vertical activity and total distance traveled were
recorded in mice as described previously (40). Motor coordination was measured in the Rota-Rod (Ugo Basile, Varese,
Italy) following an accelerating protocol, with increasing speed
from 4–40 rpm over a 5-min period as described (41). Mice
were tested in six consecutive trials 20 min apart. Measurements were done before injection of 6-OHDA (naïve); 3 weeks
after lesion (parkinsonian); and during L-DOPA treatment
(dyskinetic) on day 9, 24 hours after the last L-DOPA injection
to avoid exhaustion and the peak dyskinesia.
Dyskinetic Score. Dyskinesias induced by L-DOPA were
evaluated twice a week for 3 weeks, 40 minutes after L-DOPA
injection, using a 0–4 severity scale as described previously
(1,38). The time course of L-DOPA response for each genotype was evaluated on day 20, for 1 min every 20 min during
160 min after L-DOPA injection.
Cylinder Test. The cylinder test was performed according
to Espadas et al. (42) before the 6-OHDA lesion; 3 weeks after
lesion; and on day 17 the chronic L-DOPA treatment, 140 min
after L-DOPA injection to avoid dyskinetic symptoms. Spontaneous ipsilateral and contralateral forelimb touches to the
cylinder were counted for 3 min to assess forelimb asymmetry.
Immunohistochemistry and Image Analysis
Mice were killed 1 hour after the last L-DOPA injection, and
immunohistochemistry studies were performed as described
previously (43,44) using the following antibodies: tyrosine hydroxylase (TH) (1:1000; Millipore, Temecula, California), FosB
(1:7500; Santa Cruz Biotechnology, Santa Cruz, California),
dynorphin-B 1-29 (leumorphin) (1:10;000; Serotec, Oxford,
United Kingdom), P-AcH3 (1:1500; Upstate Cell Signaling
Solutions, Lake Placid, New York), DREAM (FL-214) (1:250;
Santa Cruz Biotechnology), and Hoechst (1 mg/mL; SigmaAldrich).
The extent of dopaminergic lesions was quantiﬁed using
Neurolucida software (MBF Bioscience, Williston, Vermont),
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depicting the border of striatal areas with complete loss of
TH-immunoreactive ﬁbers with a 4 3 lens using seven to nine
serial rostrocaudal sections per animal. Quantiﬁcation of FosB,
P-AcH3, and dynorphin-B immunoreactivity was carried out as
described previously (10,45).

Reverse Transcription Quantitative PCR (RT-qPCR)
Total RNA from isolated striata was extracted using the Illustra
RNAspin kit (GE Healthcare Europe, Barcelona, Spain). Quantitative PCR for DREAM and TH was performed with TaqMan
Assay on Demand primers and the TaqMan Universal PCR
Master Mix, No AmpErase UNG (Applied Biosystems, Madrid,
Spain). The PCR reactions were performed in triplicate in a
7900HT Fast Real-Time PCR System (Applied Biosystems).
Expression of target genes was normalized using the 18S
expression and calculated using the delta-delta Ct method (46).

Western Blot
Animals were sacriﬁced by decapitation 30 min after the last
L-DOPA injection, and striatal tissue was dissected and homogenized. Western blot analysis was performed with primary
antibodies against phospho-Ser845-GluR1 (1:7500; Millipore),
TH (1:4000; Millipore), and β-actin (1:50,000; Sigma-Aldrich) as
a loading control. Blots were developed by chemiluminescence

Figure 1. Genetic modiﬁcation of DREAM protein levels does not alter
basal locomotor activity. (A) Horizontal and (B) vertical locomotor activity
(beam breaks) and (C) total distance traveled (cm) during 60 min were
measured in a multicage activity meter system. (D) Latency (sec) to fall in
the rotarod test at constant acceleration. daDREAM transgenic and
DREAM2/2 mice behave similarly to WT mice and show similar improvement in motor coordination. The data expressed as mean 6 SEM were
analyzed by two-way analysis of variance with repeated measures followed
by Newman-Keuls test. Signiﬁcant differences for trial were found [F2,64 5
22.38, p , .001]. #p , .01 vs. trial 1. n 5 10–12. DREAM, downstream
regulatory element antagonist modulator; DREAM2/2, DREAM knockout;
daDREAM, dominant-active DREAM; WT, wild-type.

(ECL Plus; GE Healthcare, Little Chalfont, United Kingdom) and
quantiﬁed by densitometry.

Statistical Analysis
Behavioral data and quantiﬁcations of immunolabeling were
analyzed by two-way analysis of variance followed by
Newman-Keuls post hoc test. The extent of the dopaminergic
lesion and DREAM messenger RNA (mRNA) expression were
analyzed by one-way analysis of variance. Differences were
considered statistically signiﬁcant at p , .05.

RESULTS
Basal Locomotor Activity and Motor Coordination
Are Normal in DREAM Mutant Mice
Although no morphologic differences were evident between
genotypes, we carried out spontaneous locomotor activity and
rotarod tests before the 6-OHDA lesion to rule out any motor

Figure 2. DREAM overexpression in daDREAM mice decreases LDOPA–induced dyskinesia in hemiparkinsonian mice, whereas genetic
inactivation of DREAM (DREAM2/2) potentiates L-DOPA-induced dyskinesia. Time course of appearance of dyskinetic symptoms is shown: Limb,
ORF, Axial, and Loc. Movements were evaluated 40 min after L-DOPA (25
mg/kg) administration at the indicated days. daDREAM mice showed a
lower dyskinetic score for limb and orofacial dyskinesia and for axial
dystonia compared with WT mice, whereas inactivation of DREAM in
DREAM2/2 mice signiﬁcantly increased these dyskinetic symptoms. No
statistically signiﬁcant differences were found for locomotive dyskinesia.
Data are expressed as mean 6 SEM. Two-way analysis of variance with
repeated measures followed by Newman-Keuls test showed signiﬁcant
differences for genotype [F2,190 5 25.52, p , .001 for Limb; F2,190 5 34.47,
p , .001 for ORF; F2,190 5 28.43, p , .001 for Axial] and for time [F5,190 5
14.00, p , .001 for Limb; F5,190 5 14.23, p , .001 for ORF; F5,190 5 8.92, p
, .001 for Axial]. *p , .05, **p , .01, ***p , .001 vs. WT mice. n 5 8–15.
Axial, axial dystonia; DREAM, downstream regulatory element antagonist
modulator; DREAM2/2, DREAM knockout; daDREAM, dominant-active
DREAM; Limb, limb dyskinesia; Loc, locomotive dyskinesia; ORF, orofacial
dyskinesia; WT, wild-type.
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impairment in the mutant mice that could interfere with
L-DOPA behavioral studies. In the absence of any external
challenge, daDREAM, DREAM2/2, and WT mice showed
similar horizontal and vertical activity, as indicated by the
number of beam breaks measured in a multicage activity
meter system (Figure 1A,B). Ambulatory activity measured as
total distance traveled was also similar among the three
genotypes (Figure 1C). Over time, as the mice habituated to
the environment, the number of beam breaks and the distance
traveled diminished, with a similar proﬁle in all three genotypes. No statistically signiﬁcant differences between genotypes were found in the rotarod test (Figure 1D). All animals
achieved a signiﬁcant increase (p , .001) in the latency to fall
from the rotating rod at the sixth and last trial compared with
the ﬁrst trial, showing a similar capacity of motor learning in
the rotarod. Taken together, these results indicated that
alterations in DREAM expression do not modify spontaneous
locomotor activity or motor coordination.

DREAM Modulates L-DOPA-Induced Dyskinesias
To examine the role of DREAM in dyskinesias in hemiparkinsonian/6-OHDA-lesioned mice, we assessed axial dystonia
and forelimb, orofacial, and locomotive dyskinesia in daDREAM,
DREAM2/2, and corresponding WT littermates 40 min after
L-DOPA administration. The L-DOPA injections were given
daily, and assessments were done twice a week, as described
previously (1,10).
In WT mice, LID symptoms were already apparent at the
beginning of the treatment and progressively increased to
reach a plateau in the second week of L-DOPA administration
(Figure 2). The daDREAM mice showed a signiﬁcant reduction
in dyskinetic movements, in particular for limb (p , .001) and
orofacial (p , .001) symptoms, as well as for axial dystonia
(p , 0.001) compared with WT littermates. Meanwhile, the
DREAM2/2 mice showed a signiﬁcant enhancement in limb
(p , .05) and orofacial (p , .01) dyskinesia as well as axial
dystonia (p , .05). These changes were apparent from the ﬁrst
day of L-DOPA administration and lasted over the entire

3-week treatment. No difference in locomotive dyskinesia
was observed among genotypes, indicating that DREAM
modiﬁcation does not compromise the motor stimulant effect
of L-DOPA.
We calculated the global dyskinetic score of daDREAM and
DREAM2/2 mice and evaluated the time course of L-DOPA
response in both genotypes. Although dyskinesia was
observed in both daDREAM and WT mice, the total score
achieved by daDREAM mice was signiﬁcantly lower (p , .001)
compared with WT mice for all time points evaluated
(Figure 3A). On the other hand, the total dyskinetic score
was higher in DREAM2/2 mice compared with WT littermates.
The difference was statistically signiﬁcant (p , .05), although it
was smaller than the difference observed between the
daDREAM and the WT mice.
To look for differences in the kinetic proﬁle of L-DOPA
responses among genotypes, we determined the duration of
the dyskinetic response and the peak severity of the symptoms by evaluating the time course of L-DOPA response in
daDREAM and DREAM2/2 mice on day 20 of L-DOPA
administration (Figure 3B). Dyskinetic symptoms were scored
for 1 min every 20 min during the 160 min following L-DOPA
administration. Dyskinesia was evident at 20 min, peaked
between 40 and 60 min, and declined signiﬁcantly at 100 min
after L-DOPA before disappearing at 140 min for both
genotypes. Although the time course of L-DOPA response
was similar in both groups of mice, daDREAM mice exhibited
signiﬁcantly lower dyskinesia compared with WT mice
throughout the entire duration of the L-DOPA response.
Finally, there were no statistically signiﬁcant differences
between DREAM2/2 and WT mice in the duration of the
L-DOPA response. As in daDREAM mice, the response was
evident 20 min after L-DOPA and disappeared after 140 min.
However, a difference was again observed in the intensity of
the dyskinetic symptoms, which were stronger in DREAM2/2
mice until 120 min, when the dyskinetic scores were similar for
the duration of the effect. These time course results show that
changes in DREAM do not alter the kinetic proﬁle of L-DOPA
as demonstrated by the duration of the L-DOPA response.

Figure 3. DREAM content modulates the Global dysk score. (A) Time
course of Global dysk score in daDREAM transgenic and in DREAM2/2
mice compared with their WT littermates, evaluated 40 min after L-DOPA
(25 mg/kg) administration at the indicated days. Overexpression of DREAM
decreased L-DOPA-induced dyskinesia score for the entire treatment period, whereas inactivation of DREAM
increased L-DOPA-induced dyskinesia
score. Two-way ANOVA with repeated
measures followed by Newman-Keuls
test showed signiﬁcant differences for
genotype [F2,190 5 34.01, p , .001], time [F5,190 5 19.34, p , .001], and genotype 3 time [F10,190 5 2.12, p , .05]. (B) Kinetic proﬁle of dyskinetic symptoms
evaluated once every 20 min during 160 min on day 20 of L-DOPA treatment. Overexpression of DREAM reduced L-DOPA-induced dyskinesia score during
the entire half-life of L-DOPA, whereas genetic inactivation of DREAM increased dyskinesia. Two-way ANOVA with repeated measures followed by NewmanKeuls test showed signiﬁcant differences for genotype [F2,196 5 13.51, p , .001], time [F7,196 5 99.56, p , .001], and genotype 3 time [F14,196 5 5.44, p ,
.001]. (C) Scatter diagram of the extent of striatal lesions assessed by percentage of striatal volume completely denervated. No statistically signiﬁcant
differences were found among genotypes by one-way ANOVA. Global L-DOPA-induced dyskinesia scores expressed as mean 6 SEM. *p , .05, **p , .01,
***p , .001 vs. WT mice. n 5 8–15. ANOVA, analysis of variance; DREAM, downstream regulatory element antagonist modulator; DREAM2/2, DREAM
knockout; daDREAM, dominant-active DREAM; Global dysk, global dyskinetic; WT, wild-type.
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To exclude that the extent of the dopaminergic lesion in the
three genotypes was different, which could inﬂuence the
results, we assessed the percentage of striatal volume with
a complete loss of TH-immunoreactive ﬁbers for each group of
animals (Figure 3C). We found no statistically signiﬁcant
difference between groups (daDREAM, 44.2% 6 2%;
DREAM2/2, 48.7% 6 2%; and WT, 46.2% 6 2%).

Antiparkinsonian Effect of L-DOPA Is Maintained in
DREAM Mutant Mice
To rule out that the different dyskinetic score induced by
L-DOPA in DREAM mutant mice is not due to an altered motor
response to L-DOPA in these mice, we carried out the cylinder
and rotarod tests to measure the antiparkinsonian effect of
L-DOPA (42,47). In the cylinder test, naïve mice used both
forelimbs similarly, whereas lesioned mice showed a signiﬁcant
(p , .001) asymmetry in forelimb use (Figure 4A). As expected,
L-DOPA signiﬁcantly (p , .001) recovered the contralateral paw
use. Importantly, no signiﬁcant differences were observed
among the three genotypes, indicating that the genetic manipulation of DREAM does not affect the motor impairment induced
by the lesion or the therapeutic effect of L-DOPA. Similar results
were observed with the rotarod, which evaluates motor coordination (Figure 4B), strengthening the data from the cylinder test
and further conﬁrming that modiﬁcations in DREAM do not alter
the antiparkinsonian efﬁcacy of L-DOPA.

DREAM Is Expressed in Direct and Indirect Striatal
Projection Neurons
Previous studies demonstrated that DREAM is expressed in
the striatum and substantia nigra (23–25). Using naïve bacterial artiﬁcial chromosome–transgenic D1R-tomato mice to
differentiate direct from indirect pathway neurons, we
observed moderate DREAM signal in both D1R-positive (red
ﬂuorescence) and D1R-negative (no ﬂuorescence) medium
spiny neurons (Figure 5A). This immunolabeling was preferentially nuclear but was also evident in the cytoplasm and in the
neuropil. Quantiﬁcation experiments of DREAM carried out by
RT-qPCR demonstrated that L-DOPA treatment to sham or
lesioned animals did not modify DREAM mRNA expression in
the striatum or in the substantia nigra (Figure 5B). RT-qPCR
was also used to measure TH mRNA in the substantia nigra in
the same animals to conﬁrm the efﬁcacy of 6-OHDA lesion
(Figure 5C).

DREAM Regulates Key Molecular Determinants of
LID
Several studies have correlated the increased levels of FosB,
P-AcH3, and dynorphin-B in the dorsolateral lesioned striatum
with the appearance of LID (1,11,48). We evaluated the effect
of the genetic modiﬁcation of DREAM on the striatal levels of
these markers after chronic L-DOPA administration in hemiparkinsonian mice. The number of FosB-positive neurons was
threefold lower in the lesioned striatum of daDREAM transgenic mice (p , .001) and just slightly increased in DREAM2/2
mice (p , .01) compared with WT mice (Figure 6A,B). The
presence of histone H3 phosphorylated on Ser10 and acetylated on Lys14 was signiﬁcantly modiﬁed in the striatum

Figure 4. Genetic manipulation of DREAM does not modify the therapeutic effect of L-DOPA. (A) Forelimb use asymmetry was assessed with
the cylinder test and (B) motor coordination was assessed with the rotarod
before lesion (naïve), 3 weeks after 6-hydroxydopamine lesion and during
chronic L-DOPA treatment on day 17, 140 min after administration of LDOPA (A), or on day 9, 24 hours after administration of L-DOPA (B). Data
from the cylinder test are expressed as percentage of wall contacts
performed with the contralateral limb and in sec for the rotarod. Mean 6
SEM values were analyzed by two-way analysis of variance followed by
Newman-Keuls test showing signiﬁcant differences for treatment: (A) [F2,61
5 48.23, p , .001] and (B) [F2,83 5 27.70, p , .001]. #p , .001 versus naïve;
*p , .05, **p , .01, ***p , .001 versus Park group. No statistically
signiﬁcant differences among genotypes were found in any of the three
conditions tested—naïve, Park, or Dysk. n 5 6–9. daDREAM, dominantactive DREAM transgenic; DREAM2/2, DREAM knockout; Dysk, dyskinetic;
Park, parkinsonian; WT, wild-type.

ipsilateral to the lesion with a 2.5-fold decrease in the number
of P-AcH3-positive nuclei in daDREAM mice (p , .001) and a
1.5-fold increase in DREAM2/2 mice compared with WT mice
(p , .001) (Figure 6C,D). Finally, scanning of the dynorphin-Bpositive area, including cytoplasm and neuropil, revealed a
39% reduction (p , .01) and a 65% increase (p , .001) relative
to the total area scanned in daDREAM and DREAM2/2 mice,
respectively (Figure 6E,F). No statistically signiﬁcant differences were found in any of these molecular markers in the
unlesioned striatum of daDREAM, DREAM2/2, and WT mice,
which served as a negative control for these experiments. As
an additional control for the speciﬁcity of these changes, we
veriﬁed that L-DOPA-induced changes were strictly restricted
to the completely denervated striatal area (Figure S2 in
Supplement 1), as we have shown before (2,10,38). These
results indicate that genetic manipulation of DREAM does not
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Figure 5. DREAM expression in
striatum and SN. (A) Representative
high-resolution striatal confocal images
of naïve bacterial artiﬁcial chromosome–transgenic dopamine D1R–
tomato mice illustrating DREAM
(green) expression in D1R-positive
(red) and in D1R-negative medium
spiny neurons. Hoechst (blue) stain
identiﬁes the nuclei. Arrows indicate
examples of dual DREAM-positive
and D1R-positive neurons; arrowheads point to DREAM-positive and
D1R-negative neurons. Scale bar 5
25 mm. Histograms show (B) DREAM
and (C) TH mRNA levels analyzed by
reverse transcription quantitative
polymerase chain reaction and normalized to 18S mRNA in wild-type
mice. Treatment with 6-OHDA and LDOPA does not modify DREAM transcripts in striatum or SN. (C) The TH
levels in SN were quantiﬁed to conﬁrm the efﬁcacy of 6-OHDA lesion.
Data (mean 6 SEM) are expressed
as normalized values and analyzed
by one-way analysis of variance followed by Newman-Keuls test [F2,17
5 10.54, p , .001]. *p , .01 vs. WT naïve mice. n 5 5–7. D1R, D1 receptor; DREAM, downstream regulatory element antagonist modulator; DREAM2/2,
DREAM knockout; daDREAM, dominant-active DREAM; mRNA, messenger RNA; 6-OHDA, 6-hydroxydopamine; SN, substantia nigra; TH, tyrosine
hydroxylase.

modify the expression pattern of the molecular markers of
dyskinesia in mice. These ﬁndings correlate well with our
behavioral results and implicate DREAM in the regulation of
FosB, P-AcH3, and dynorphin-B levels.

LID-Associated Phosphorylation of GluR1 Is
Attenuated in daDREAM Mice
It is well documented that in the striatum of 6-OHDA-lesioned
mice (6) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) lesion monkeys (49), chronic L-DOPA administration
results in PKA-dependent hyperphosphorylation of the GluR1
subunit of the glutamate AMPA receptor at serine 845. We
examined whether the genetic modiﬁcation of DREAM modiﬁes the phosphorylation state of GluR1 (P-GluR1) induced
by L-DOPA. Analysis of striatal extracts showed that L-DOPA
treatment induces an increase in P-GluR1 levels in WT
lesioned mice, as expected. This increase was evident also
in DREAM2/2 mice. In contrast, overexpression of DREAM in
daDREAM mice inhibited the hyperphosphorylation of GluR1
induced by L-DOPA (Figure 7A). In parallel, measurement of
levels of TH protein conﬁrmed a similar efﬁcacy of the 6-OHDA
lesion in all samples (Figure 7B).

DISCUSSION
These studies provide evidence that the DREAM protein plays
a modulatory role in LID in mice and in the underlying
molecular changes within the denervated striatum. Overexpression of a dominant active version of DREAM in transgenic
mice dramatically reduced LID, whereas genetic inactivation of DREAM increased dyskinetic symptoms. In strict
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correspondence with the behavioral observations, molecular
markers of dyskinesia induced by chronic L-DOPA treatment,
including FosB, dynorphin-B, P-AcH3, and P-GluR1, were
decreased in daDREAM mice but increased in DREAM2/2
mice. Importantly, modiﬁcations in DREAM did not alter the
kinetic proﬁle or the antiparkinsonian efﬁcacy of L-DOPA,
suggesting that modulation of DREAM function could serve as
an intervention target in therapies designed to alleviate LID
without interfering with the beneﬁcial effects of L-DOPA
treatment.
In agreement with previous observations in naïve DREAM2/2
(36,50) and daDREAM (51) adult mutant mice, spontaneous
locomotor activity and motor coordination were indistinguishable from WT littermates, suggesting that the differences
observed in LID are not due to any motor impairment but
rather to the modiﬁcations related to DREAM levels. Moreover,
dyskinetic differences among genotypes after L-DOPA treatment are not due to alterations of the kinetic proﬁle of L-DOPA
by DREAM because all animals showed a similar duration of
the L-DOPA response. Mutant mice show similar motor
performance skills in the cylinder and rotarod tests, demonstrating that the antiparkinsonian effect of L-DOPA is preserved in mutant animals despite DREAM modiﬁcations.
The DREAM protein is a multifunctional calcium-binding
protein (52) that acts as a transcriptional repressor to regulate
activity-dependent gene expression through direct interaction
with regulatory sites in the DNA (26). Our data show that
DREAM is present in the nucleus of striatal projection neurons.
In these neurons, increased expression of FosB and
dynorphin-B after L-DOPA treatment correlates with dyskinesias in patients with Parkinson’s disease (53,54), in MPTP–
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Figure 6. DREAM overexpression reduces, whereas its inactivation
potentiates, FosB, P-AcH3, and DynB protein expression induced by LDOPA. (A, C, E) High-power photomicrographs of unlesioned and lesioned
striatum of WT, daDREAM and DREAM2/2 mice sacriﬁced 1 hour after the
last L-DOPA injection, immunostained for FosB, P-AcH3, and DynB. Scale
bar 5 50 mm. (B, D, F) Histograms represent the quantiﬁcation of FosB and
P-AcH3 immunoreactive positive nuclei and DynB immunoreactive area in
the unlesioned and lesioned striatum of hemiparkinsonian WT, daDREAM,
and DREAM2/2 mice. Note the higher expression in DREAM2/2 mice
compared with WT mice and the decreased expression in daDREAM mice.
Data (mean 6 SEM) representing positive nuclei (B, D) and proportional
stained area (F) were analyzed by two-way analysis of variance followed by
Newman-Keuls test. Signiﬁcant differences were found for genotype 3
treatment [F2,47 5 30.55, p , .001 for FosB; F2,41 5 21.67, p , .001 for PAcH3; F2,24 5 12.13, p , .001 for DynB]. *p , .01, **p , .001 vs. lesioned
WT mice. DREAM, downstream regulatory element antagonist modulator;
DREAM2/2, DREAM knockout; daDREAM, dominant-active DREAM; DynB,
dynorphin- B; WT, wild-type.

treated monkeys (55,56), and in 6-OHDA-treated rats (48) and
mice (1,10,38). Transcriptional repression of FosB and prodynorphin genes in daDREAM mice could be directly related to
the observed reduction in development of LID.
Correlating with the behavioral response to L-DOPA, our
results show that overexpression of daDREAM diminishes

FosB and dynorphin-B expression induced by L-DOPA in
denervated striatal neurons, whereas genetic inactivation of
DREAM induces the opposite effect. The small increase of
FosB and dynorphin-B expression observed in the striatum of
DREAM-deﬁcient mice after L-DOPA is in agreement with
similar increases observed previously in the spinal cord of
DREAM2/2 mice (36). By binding to DRE sites located in the
50 -untranslated sequence downstream from the TATA box,
DREAM represses the transcription of the immediate early
genes fra-2 and c-fos as well as prodynorphin (26,27).
Although not previously studied, our data indicate that DREAM
may also repress FosB, consistent with the presence of two
DRE sites in this gene (57). Dynorphin-B expression is also
regulated by D1R activation (58) and by binding of Fos/Jun
heterodimers to an AP-1 site in the prodynorphin gene (59).
Overexpression of FosB after L-DOPA treatment induces a
concomitant increase of dynorphin-B expression in the
6-OHDA lesioned striatum (48). Our data support the notion
that DREAM exerts a synergistic double effect: directly, blocking prodynorphin transcription by anchoring to its DRE site,
and indirectly, diminishing FosB expression and resulting in
dynorphin-B downregulation via AP-1.
The nontranscriptional effects of DREAM have been shown
to regulate cell function and synaptic activity, mostly through
various speciﬁc protein-protein interactions (31). The list of
target proteins includes cationic channels (60), membrane
receptors (32,61), and membrane docking proteins (33).
Because a wide variety of mechanisms underlie synaptic
changes associated with LID, including abnormal dendritic
spine increases in denervated dopamine D2 receptor–containing striatal neurons (38) involved in corticostriatal synapses
(62), several additional mechanisms could be related to
DREAM-mediated changes in LID based on its presence in
the cell body as discussed below.
In addition to D1R stimulation, NMDAR activation plays an
important role in dyskinesia; treatment with NMDAR antagonists such as MK-801 or amantadine completely abolishes
LID (63,64). The DREAM protein has been shown to diminish
NMDAR activation (32,33). In cultured neurons, DREAM
knockdown with small interfering RNAs signiﬁcantly enhanced
NMDAR-mediated currents, whereas overexpression of
DREAM reduced NMDAR activation and its presence in the
plasma membrane, indicating that DREAM modulates NMDAR
function. Taken together, these data correlate well with our
dyskinetic behavioral results. Inactivation of DREAM, which
potentiates NMDAR-mediated currents, potentiates dyskinesia, whereas overexpression of DREAM, which inhibits
NMDAR function, decreases dyskinesia. It is possible that
the inhibitory role of DREAM in LID reported here could be
partially related to the negative regulation exerted by DREAM
on NMDAR by directly interacting with the NR1 subunit and
preventing full activation of the NMDAR complex as shown in
cultured hippocampal neurons (32). On the other hand, the
documented capacity of DREAM to bind PSD-95 (33), impairing the recruitment of PSD-95 by D1Rs (18), could contribute
to the observed reduction of LID. Disruption of the NMDARPSD-95 complex increases LID (14), probably by making PSD95 available for interaction with D1Rs in the synaptic membrane. Displacement of the normal PSD-95 interactome from
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Figure 7. DREAM overexpression
inhibits L-DOPA–induced phosphorylation of glutamate receptor subunit,
type 1 (P-GluR1) at Ser845. Upper
panels show representative autoradiograms of Western blots of striatal
extracts from sham-operated and
hemiparkinsonian, unlesioned (U)
and lesioned (L) striatum of wild-type
(WT), dominant-active DREAM transgenic (da), and DREAM knockout
(KO) mice chronically treated with
25 mg/kg L-DOPA, incubated with
antibodies against P-GluR1 (A) and
tyrosine hydroxylase (TH) (B). Lower
panels show the quantiﬁcation of
Western blots in triplicates. (A)
Chronic L-DOPA treatment increases
P-GluR1 at Ser 845 in DREAM2/2
and WT mice, whereas DREAM overexpression blocks L-DOPA-induced
GluR1-phosphorylation. (B) The TH
levels were quantiﬁed to conﬁrm the
efﬁcacy of 6-hydroxydopamine lesion,
and no statistically signiﬁcant differences were found among genotypes. Relative intensities versus loading control actin (normalized to WT Sham)
were analyzed by two-way analysis of variance followed by Newman-Keuls test. Signiﬁcant differences for genotype [F2,55 5 3.23, p , .05] and for treatment
[F2,55 5 12.77, p , .001] were found. #p , .05 versus WT lesioned 1 L-DOPA; *p , .01, **p , .001 vs. WT sham-operated mice. daDREAM, dominant-active
DREAM transgenic; DREAM2/2, DREAM knockout.

D1Rs owing to increased DREAM levels could explain the
decrease in dyskinesia in daDREAM mice.
Acetylated histone H3 is associated with active chromatin
and gene transcription (65), and this effect is synergistically
potentiated by phosphorylation (66). Because phosphoacetylation of histone H3 correlates with the intensity of dyskinesias
(6,10,11,67), the presence of increased phosphoacetylated
histone H3 in DREAM-deﬁcient animals is consistent with
increased dynorphin-B and FosB expression and with
increased LID. On the contrary, in the presence of the
daDREAM repressor, we observed decreased P-AcH3, dynorphin-B, FosB, and LID, as expected. In line with these
observations, DREAM has been shown to inhibit transcription
by blocking the CREB-CBP histone acetylase complex (29).
On the other hand, histone H3 phosphorylation depends on
the stimulation of the D1R pathway (10). Although it is possible
that this phosphorylation occurs through the D1R/cAMP/PKA/
DARPP-32 signaling pathway, it could also be mediated by the
reported NMDAR-DREAM interaction through the NR1 receptor subunit (32).
Although a direct DREAM and AMPA receptor interaction
has not been described, it is possible that an indirect
interaction occurs because overexpression of DREAM signiﬁcantly blocked L-DOPA-induced phosphorylation of the PKA
substrate AMPA receptor subunit GluR1 at Ser845. The
phosphorylation of GluR1 after L-DOPA administration is
correlated with more recent work from our laboratory (38)
showing dendritic spine regrowth in denervated striatal areas.
Spine regrowth leads to a recruitment of AMPA receptors to
the postsynaptic density (68–70) in an activity-dependent
manner (i.e., L-DOPA activation) because in basal conditions
this recruitment is inactive. This ﬁnding is in line with our
Western blot experiments, which revealed similar levels of
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GluR1 phosphorylation in basal conditions in all mutant mice,
consistent with previous work (33).
Finally, DREAM overexpression could control LID development through the regulation of voltage-dependent calcium
channels. It has been shown that blockade of L-type calcium
channels using the antagonist isradipine decreases dyskinetic
symptoms (20), whereas overexpression of DREAM reduces
the expression of the Cav1.2 gene encoding the L-type
calcium channel (52) and decreases calcium permeability
by direct protein-protein interaction with the L-type and the
T-type channel complexes (31,71,72).
In conclusion, this study demonstrates the inhibitory role of
DREAM in LID as evidenced by reduction of dyskinetic
symptoms in daDREAM mice and a potentiation in DREAM2/2
mice. In addition, we demonstrate that this action occurs at
least in part by transcriptional repression of target genes,
although nontranscriptional mechanisms could also be involved. Dynorphin-B and possibly FosB expression are regulated by DREAM, which represses their transcription by
anchoring to DRE sites in the DNA and reducing LID. In
addition, outside the nucleus, DREAM could directly interact
with the NR1 subunit and PSD-95, regulating activation of
NMDAR and D1Rs (Figure 8). The ﬁndings we describe in this
article validate DREAM as a novel therapeutic target against
LID, and we propose that speciﬁc modulators of DREAM could
be useful in alleviating L-DOPA-induced dyskinesias without
interfering with the antiparkinsonian effect of L-DOPA. However, other, as yet uncharacterized transcriptional and nontranscriptional targets of DREAM could also be important,
directly or indirectly, in the regulation of LID. Future genomewide analysis during LID establishment in daDREAM and
DREAM2/2 mice might expand understanding of the role of
DREAM in LID.
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Figure 8. Schematic diagram illustrating the regulatory role of DREAM in
the transcriptional and nontranscriptional mechanisms involved in LDOPA–induced dyskinesia. In the
nucleus, DREAM regulates dynorphinB and possibly FosB expression (and
subsequent L-DOPA–induced dyskinesia) by anchoring to DRE sites located
downstream from the transcription
initiation site of the DNA. This repression is released under conditions of
calcium-dependent and protein kinase
A (PKA)–dependent interaction with
phospho-CREM. In addition, outside
the nucleus, DREAM could directly
interact with NR1 subunit, inhibiting
activation of N-methyl-D-aspartate
(NMDA) receptors, and with postsynaptic density protein 95 (PSD-95),
impairing its recruitment by dopamine
D1 receptors (D1Rs) and decreasing the
cAMP/PKA signaling pathway. AMPA,
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; ATP, adenosine
triphosphate; GluR1, glutamate receptor
subunit, type 1.

ACKNOWLEDGMENTS AND DISCLOSURES
This work was supported by grants from the Spanish Ministerios de Economía y Competitividad and Sanidad Política Social
e Igualdad, Instituto de Salud Carlos III Grant No. BFU201020664, Plan Nacional Sobre Drogas No. 2012/071, Centro de
Investigación Biomédica en Red de Enfermedades Neurodegenerativas Ref. No. CB06/05/0055, and Comunidad de
Madrid Ref. No. S2011/BMD-2336 to RM; Instituto de Salud
Carlos III/CIBERNED, Madrid Community/Neurodegmodels,
and Grant No. SAF2010-21784 from Spanish Ministerios de
Economía y Competitividad to JRN; and Spanish Ministerio de
Ciencia e Innovación Grant No. BFU2008-01283, Spanish
Ministerios de Economía y Competitividad Grant No.
BFU2011-24245, and Centro de Investigación Biomédica en
Red de Diabetes y Enfermedades Metabólicas Asociadas
(Instituto de Salud Carlos III) to MV. We thank Ms. Emilia
Rubio, Mr. Marco de Mesa, and Ms. Paz Gonzalez for their
excellent technical assistance.

The authors report no biomedical ﬁnancial interests or
potential conﬂicts of interest.

ARTICLE INFORMATION
From the Cajal Institute, Madrid, Spain (IRDD, RM); Centro
Nacional de Biotecnología, Madrid, Spain (BM, JRN); Instituto
de Investigaciones Biomédicas Alberto Sols, all part of Consejo Superior de Investigaciones Cientíﬁcas (CSIC), Madrid,
Spain (MV); CIBERNED, Madrid, Spain (IRDD, BM, JRN, RM);
and CIBERDEM, Instituto de Salud Carlos III (ISCIII), Madrid,
Spain (MV).
Address correspondence to Rosario Moratalla, Ph.D., Cajal
Institute (Consejo Superior de Investigaciones Cientíﬁcas),
Avda. Dr. Arce 37, Madrid 28002, Spain; E-mail: moratalla@
cajal.csic.es.
Received Oct 4, 2013; revised Mar 5, 2014; accepted Mar
20, 2014.

Biological Psychiatry January, 2015; 77:95–105 www.sobp.org/journal

103

Biological
Psychiatry

DREAM Protein Reduces Dyskinesia in Mice

Supplementary material cited in this article is available
online at http://dx.doi.org/10.1016/j.biopsych.2014.03.023.
17.

REFERENCES
1.

2.

3.

4.

5.
6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

104

Pavón N, Martín AB, Mendialdua A, Moratalla R (2006): ERK phosphorylation and FosB expression are associated with L-DOPAinduced dyskinesia in hemiparkinsonian mice. Biol Psychiatry 59:
64–74.
Murer MG, Moratalla R (2011): Striatal signaling in L-DOPA-induced
dyskinesia: Common mechanisms with drug abuse and long term
memory involving D1 dopamine receptor stimulation. Front Neuroanat
5:51.
Delﬁno M, Kalisch R, Czisch M, Larramendy C, Ricatti J, Taravini IR,
et al. (2007): Mapping the effects of three dopamine agonists with
different dyskinetogenic potential and receptor selectivity using
pharmacological functional magnetic resonance imaging. Neuropsychopharmacology 32:1911–1921.
Lebel M, Chagniel L, Bureau G, Cyr M (2010): Striatal inhibition of PKA
prevents levodopa-induced behavioural and molecular changes in the
hemiparkinsonian rat. Neurobiol Dis 38:59–67.
Fisone G, Bezard E (2011): Molecular mechanisms of L-DOPAinduced dyskinesia. Int Rev Neurobiol 98:95–122.
Santini E, Valjent E, Usiello A, Carta M, Borgkvist A, Girault JA, et al.
(2007): Critical involvement of cAMP/DARPP-32 and extracellular
signal-regulated protein kinase signaling in L-DOPA-induced dyskinesia. J Neurosci 27:6995–7005.
Santini E, Feyder M, Gangarossa G, Bateup HS, Greengard P, Fisone
G (2012): Dopamine- and cAMP-regulated phosphoprotein of 32-kDa
(DARPP-32)-dependent activation of extracellular signal-regulated
kinase (ERK) and mammalian target of rapamycin complex 1
(mTORC1) signaling in experimental parkinsonism. J Biol Chem 287:
27806–27812.
Schuster S, Nadjar A, Guo JT, Li Q, Ittrich C, Hengerer B, et al. (2008):
The 3-hydroxy-3-methylglutaryl-CoA reductase inhibitor lovastatin
reduces severity of L-DOPA-induced abnormal involuntary
movements in experimental Parkinson’s disease. J Neurosci 28:
4311–4316.
Fasano S, Bezard E, D’Antoni A, Francardo V, Indrigo M, Qin L, et al.
(2010): Inhibition of Ras-guanine nucleotide-releasing factor 1 (RasGRF1) signaling in the striatum reverts motor symptoms associated
with L-dopa-induced dyskinesia. Proc Natl Acad Sci U S A 107:
21824–21829.
Darmopil S, Martín AB, De Diego IR, Ares S, Moratalla R (2009):
Genetic inactivation of dopamine D1 but not D2 receptors inhibits
L-DOPA-induced dyskinesia and histone activation. Biol Psychiatry
66:603–613.
Santini E, Alcacer C, Cacciatore S, Heiman M, Hervé 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.
Chase TN, Oh JD, Konitsiotis S (2000): Antiparkinsonian and antidyskinetic activity of drugs targeting central glutamatergic mechanisms. J Neurol 247(suppl 2):II36–II42.
Hallett PJ, Dunah AW, Ravenscroft P, Zhou S, Bezard E, Crossman
AR, et al. (2005): Alterations of striatal NMDA receptor subunits
associated with the development of dyskinesia in the MPTPlesioned primate model of Parkinson’s disease. Neuropharmacology
48:503–516.
Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G, et al.
(2006): A critical interaction between NR2B and MAGUK in L-DOPA
induced dyskinesia. J Neurosci 26:2914–2922.
Silverdale MA, Kobylecki C, Hallett PJ, Li Q, Dunah AW, Ravenscroft
P, et al. (2010): Synaptic recruitment of AMPA glutamate receptor
subunits in levodopa-induced dyskinesia in the MPTP-lesioned nonhuman primate. Synapse 64:177–180.
Berthet A, Porras G, Doudnikoff E, Stark H, Cador M, Bezard E, et al.
(2009): Pharmacological analysis demonstrates dramatic alteration of

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Biological Psychiatry January, 2015; 77:95–105 www.sobp.org/journal

D1 dopamine receptor neuronal distribution in the rat analog of
L-DOPA-induced dyskinesia. J Neurosci 29:4829–4835.
Nash JE, Johnston TH, Collingridge GL, Garner CC, Brotchie JM
(2005): Subcellular redistribution of the synapse-associated proteins
PSD-95 and SAP97 in animal models of Parkinson’s disease and
L-DOPA-induced dyskinesia. FASEB J 19:583–585.
Porras G, Berthet A, Dehay B, Li Q, Ladepeche L, Normand E, et al.
(2012): PSD-95 expression controls L-DOPA dyskinesia through
dopamine D1 receptor trafﬁcking. J Clin Invest 122:3977–3989.
Surmeier DJ, Bargas J, Hemmings HC Jr, Nairn AC, Greengard P
(1995): Modulation of calcium currents by a D1 dopaminergic protein
kinase/phosphatase cascade in rat neostriatal neurons. Neuron 14:
385–397.
Schuster S, Doudnikoff E, Rylander D, Berthet A, Aubert I, Ittrich C,
et al. (2009): Antagonizing L-type Ca21 channel reduces development
of abnormal involuntary movement in the rat model of L-3,4-dihydroxyphenylalanine-induced dyskinesia. Biol Psychiatry 65:518–526.
Ledo F, Link WA, Carrión AM, Echeverria V, Mellström B, Naranjo JR
(2000): The DREAM-DRE interaction: key nucleotides and dominant
negative mutants. Biochim Biophys Acta 1498:162–168.
Cebolla B, Fernández-Pérez A, Perea G, Araque A, Vallejo M (2008):
DREAM mediates cAMP-dependent, Ca21-induced stimulation of
GFAP gene expression and regulates cortical astrogliogenesis.
J Neurosci 28:6703–6713.
Spreaﬁco F, Barski JJ, Farina C, Meyer M (2001): Mouse DREAM/
calsenilin/KChIP3: Gene structure, coding potential, and expression.
Mol Cell Neurosci 17:1–16.
Xiong H, Kovacs I, Zhang Z (2004): Differential distribution of
KChIPs mRNAs in adult mouse brain. Brain Res Mol Brain Res 128:
103–111.
Duncan CE, Schoﬁeld PR, Weickert CS (2009): K(v) channel interacting protein 3 expression and regulation by haloperidol in midbrain
dopaminergic neurons. Brain Res 1304:1–13.
Carrión AM, Link WA, Ledo F, Mellström B, Naranjo JR (1999):
DREAM is a Ca21-regulated transcriptional repressor. Nature 398:
80–84.
Link WA, Ledo F, Torres B, Palczewska M, Madsen TM, Savignac M,
et al. (2004): Day-night changes in downstream regulatory element
antagonist modulator/potassium channel interacting protein activity
contribute to circadian gene expression in pineal gland. J Neurosci 24:
5346–5355.
Ledo F, Carrión AM, Link WA, Mellström B, Naranjo JR (2000):
DREAM-alphaCREM interaction via leucine-charged domains derepresses downstream regulatory element-dependent transcription. Mol
Cell Biol 20:9120–9126.
Ledo F, Kremer L, Mellström B, Naranjo JR (2002): Ca21-dependent
block of CREB-CBP transcription by repressor DREAM. EMBO J 21:
4583–4592.
Osawa M, Tong KI, Lilliehook C, Wasco W, Buxbaum JD, Cheng HY,
et al. (2001): Calcium-regulated DNA binding and oligomerization of
the neuronal calcium-sensing protein, calsenilin/DREAM/KChIP3. J
Biol Chem 276:41005–41013.
Rivas M, Villar D, González P, Dopazo XM, Mellstrom B, Naranjo JR
(2011): Building the DREAM interactome. Sci China Life Sci 54:
786–792.
Zhang Y, Su P, Liang P, Liu T, Liu X, Liu XY, et al. (2010): The DREAM
protein negatively regulates the NMDA receptor through interaction
with the NR1 subunit. J Neurosci 30:7575–7586.
Wu LJ, Mellström B, Wang H, Ren M, Domingo S, Kim SS, et al.
(2010): DREAM (downstream regulatory element antagonist modulator) contributes to synaptic depression and contextual fear memory.
Mol Brain 3:3.
Gomez-Villafuertes R, Torres B, Barrio J, Savignac M, Gabellini N,
Rizzato F, et al. (2005): Downstream regulatory element antagonist
modulator regulates Ca21 homeostasis and viability in cerebellar
neurons. J Neurosci 25:10822–10830.
Savignac M, Pintado B, Gutierrez-Adan A, Palczewska M, Mellström
B, Naranjo JR (2005): Transcriptional repressor DREAM regulates

Biological
Psychiatry

DREAM Protein Reduces Dyskinesia in Mice

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

T-lymphocyte proliferation and cytokine gene expression. EMBO J 24:
3555–3564.
Cheng HY, Pitcher GM, Laviolette SR, Whishaw IQ, Tong KI, Kockeritz
LK, et al. (2002): DREAM is a critical transcriptional repressor for pain
modulation. Cell 108:31–43.
Mayford M, Bach ME, Huang YY, Wang L, Hawkins RD, Kandel ER
(1996): Control of memory formation through regulated expression of
a CaMKII transgene. Science 274:1678–1683.
Suárez LM, Solís O, Caramés JM, Taravini IR, Solís JM, Murer MG,
et al. (2013): L-DOPA treatment selectively restores spine density in
dopamine receptor D2-expressing projection neurons in dyskinetic
mice [published online ahead of print Jun 12]. Biol Psychiatry.
Darmopil S, Muñetón-Gómez 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 regulated by L-DOPA. Eur J Neurosci 27:580–592.
Granado N, Ortiz O, Suárez LM, Martín ED, Ceña V, Solís JM, et al.
(2008): D1 but not D5 dopamine receptors are critical for LTP, spatial
learning, and LTP-induced arc and zif3268 expression in the hippocampus. Cereb Cortex 18:1–12.
González-Aparicio R, Moratalla R (2014): Oleoylethanolamide reduces
L-DOPA-induced dyskinesia via TRPV1 receptor in a mouse model of
Parkinson’s disease. Neurobiol Dis 62:416–425.
Espadas I, Darmopil S, Vergaño-Vera E, Ortiz O, Oliva I, VicarioAbejón C, et al. (2012): L-DOPA-induced increase in TH-immunoreactive striatal neurons in parkinsonian mice: Insights into regulation
and function. Neurobiol Dis 48:271–281.
Ares-Santos S, Granado N, Oliva I, O’Shea E, Martin ED, Colado MI
(2012): Dopamine D(1) receptor deletion strongly reduces neurotoxic
effects of methamphetamine. Neurobiol Dis 45:810–820.
Ares-Santos S, Granado N, Espadas I, Martinez-Murillo R, Moratalla R
(2014): Methamphetamine causes degeneration of dopamine cell
bodies and terminals of the nigrostriatal pathway evidenced by silver
staining. Neuropsychopharmacology 39:1066–1080.
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.
Livak K, Schmittgen TD (2001): Analysis of relative gene expression
data using real-time quantitative PCR and the 2-ΔΔCT method.
Methods 25:402–408.
Francardo V, Recchia A, Popovic N, Andersson D, Nissbrandt H,
Cenci MA (2011): Impact of the lesion procedure on the proﬁles of
motor impairment and molecular responsiveness to L-DOPA in the
6-hydroxydopamine mouse model of Parkinson’s disease. Neurobiol
Dis, 42:327–340.
Andersson M, Hilbertson A, Cenci MA (1999): Striatal fosB expression
is causally linked with l-DOPA-induced abnormal involuntary movements and the associated upregulation of striatal prodynorphin mRNA
in a rat model of Parkinson’s disease. Neurobiol Dis 6:461–474.
Santini E, Sgambato-Faure V, Li Q, Savasta M, Dovero S, Fisone G,
et al. (2010): Distinct changes in cAMP and extracellular signalregulated protein kinase signalling in L-DOPA-induced dyskinesia.
PLoS One 5:e12322.
Alexander JC, McDermott CM, Tunur T, Rands V, Stelly C, Karhson D,
et al. (2009): The role of calsenilin/DREAM/KChIP3 in contextual fear
conditioning. Learn Mem 16:167–177.
Dierssen M, Fedrizzi L, Gomez-Villafuertes R, de Lagran MM,
Gutierrez-Adan A, Sahún I, et al. (2012): Reduced Mid1 expression
and delayed neuromotor development in daDREAM transgenic mice.
Front Mol Neurosci 5:58.
Naranjo JR, Mellström B (2012): Ca21-dependent transcriptional
control of Ca21 homeostasis. J Biol Chem, 287, 31674–31680.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.
69.
70.
71.

72.

Piccini P, Weeks RA, Brooks DJ (1997): Alterations in opioid receptor
binding in Parkinson’s disease patients with levodopa-induced dyskinesias. Ann Neurol 42:720–726.
Tekumalla PK, Calon F, Rahman Z, Birdi S, Rajput AH, Hornykiewicz O,
et al. (2001): Elevated levels of DeltaFosB and RGS9 in striatum in
Parkinson’s disease. Biol Psychiatry 50:813–816.
Berton O, Guigoni C, Li Q, Bioulac BH, Aubert I, Gross CE, et al.
(2009): Striatal overexpression of DeltaJunD resets L-DOPA-induced
dyskinesia in a primate model of Parkinson disease. Biol Psychiatry
66:554–561.
Tamim MK, Samadi P, Morissette M, Grégoire L, Ouattara B, Lévesque D, et al. (2010): Effect of non-dopaminergic drug treatment on
levodopa induced dyskinesias in MPTP monkeys: Common implication of striatal neuropeptides. Neuropharmacology 58:286–296.
Lazo PS, Dorfman K, Noguchi T, Mattéi MG, Bravo R (1992): Structure
and mapping of the fosB gene. FosB downregulates the activity of the
fosB promoter. Nucleic Acids Res 20:343–350.
Moratalla R, Xu M, Tonegawa S, Graybiel AM (1996): Cellular
responses to psychomotor stimulant and neuroleptic drugs are
abnormal in mice lacking the D1 dopamine receptor. Proc Natl Acad
Sci U S A 93:14928–14933.
Naranjo JR, Mellström B, Achaval M, Sassone-Corsi P (1991):
Molecular pathways of pain: Fos/Jun-mediated activation of a noncanonical AP-1 site in the prodynorphin gene. Neuron 6:607–617.
An WF, Bowlby MR, Betty M, Cao J, Ling HP, Mendoza G, et al.
(2000): Modulation of A-type potassium channels by a family of
calcium sensors. Nature 403:553–556.
Rivas M, Mellström B, Torres B, Cali G, Ferrara AM, Terracciano D,
et al. (2009): The DREAM Protein is associated to thyroid enlargement
and nodular development. Mol Endocrinol 23:862–870.
Zhang Y, Meredith GE, Mendoza-Elias N, Rademacher DJ, Tseng KY,
Steece-Collier K (2013): Aberrant restoration of spines and their
synapses in L-DOPA-induced dyskinesia: Involvement of corticostriatal but not thalamostriatal synapses. J Neurosci 33:11655–11667.
Papa SM, Boldry RC, Engber TM, Kask AM, Chase TN (1995):
Reversal of levodopa-induced motor ﬂuctuations in experimental
parkinsonism by NMDA receptor blockade. Brain Res 701:13–18.
Blanchet PJ, Metman LV, Chase TN (2003): Renaissance of amantadine in the treatment of Parkinson’s disease. Adv Neurol 91:251–257.
Harrison IF, Dexter DT (2013): Epigenetic targeting of histone deacetylase: Therapeutic potential in Parkinson’s disease? Pharmacol Ther
140:34–52.
Cheung P, Tanner KG, Cheung WL, Sassone-Corsi P, Denu JM, Allis
CD (2000): Synergistic coupling of histone H3 phosphorylation and
acetylation in response to epidermal growth factor stimulation. Mol
Cell 5:905–915.
Alcacer C, Santini E, Valjent E, Gaven F, Girault JA, Hervé D (2012): Gα
(olf) mutation allows parsing the role of cAMP-dependent and extracellular signal-regulated kinase-dependent signaling in L-3,4-dihydroxyphenylalanine-induced dyskinesia. J Neurosci 32:5900–5910.
Malinow R, Mainen ZF, Hayashi Y (2000): LTP mechanisms: From
silence to four-lane trafﬁc. Curr Opin Neurobiol 10:352–357.
Malenka RC (2003): Synaptic plasticity and AMPA receptor trafﬁcking.
Ann N Y Acad Sci 1003:1–11.
Shepherd JD, Huganir RL (2007): The cell biology of synaptic plasticity:
AMPA receptor trafﬁcking. Annu Rev Cell Dev Biol 23:613–643.
Thomsen MB, Wang C, Ozgen N, Wang HG, Rosen MR, Pitt GS
(2009): Accessory subunit KChIP2 modulates the cardiac L-type
calcium current. Circ Res 104:1382–1389.
Anderson D, Mehaffey WH, Iftinca M, Rehak R, Engbers JD, Hameed
S, et al. (2010): Regulation of neuronal activity by Cav3-Kv4 channel
signaling complexes. Nat Neurosci 13:333–337.

Biological Psychiatry January, 2015; 77:95–105 www.sobp.org/journal

105

