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Abstract

Background—Abnormal regulation of extracellular signal-regulated kinases 1 and 2 (ERK) has 

been implicated in L-DOPA-induced dyskinesia (LID), a motor complication affecting 

Parkinson’s disease (PD) patients subjected to standard pharmacotherapy. We examined the 

involvement in LID of the mitogen- and stress-activated kinase 1 (MSK1), a downstream target of 

ERK and an important regulator of transcription.

Methods—MSK1 knockout (MSK1 KO) mice and ΔFosB- or ΔcJun-overexpressing transgenic 

mice were lesioned with 6-hydroxydopamine to produce a model of PD and assessed for LID 

following chronic L-DOPA administration. Biochemical processes were evaluated by Western 

blotting or immunoflourescence. Histone H3 phosphorylation was analyzed by chromatin 

immunoprecipitation (ChIP) followed by promotor-specific quantitative PCR.

Results—Genetic inactivation of MSK1 attenuated LID and reduced the phosphorylation of 

histone H3 at Ser10 in the striatum. ChIP analysis showed that this reduction occurred at the level 

of the fosB gene promoter. In line with this observation, the accumulation of ΔFosB produced by 

chronic L-DOPA was reduced in MSK1 KO. Moreover, inducible overexpression of ΔFosB in 

striatonigral medium spiny neurons exacerbated dyskinetic behavior, whereas overexpression of 

ΔcJun, which reduces ΔFosB-dependent transcriptional activation, counteracted LID.

Conclusions—These results indicate that abnormal regulation of MSK1 contributes to the 

development of LID and to the concomitant increase in striatal ΔFosB, which may occur via 

increased histone H3 phosphorylation at the fosB promoter. They also show that accumulation of 

ΔFosB in striatonigral neurons is causally related to the development of dyskinesia.
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Introduction

Dyskinesia is a frequent and debilitating motor side effect produced in Parkinson’s disease 

(PD) patients by prolonged administration of L-DOPA (1). Several lines of evidence 

indicate that L-DOPA-induced dyskinesia (LID) is caused by long-term modifications of 

signaling in striatal neurons. These changes occur in concert with the loss of dopamine 

innervation and include a pronounced sensitization of dopamine D1 receptors (D1Rs) (2–4). 

In rodent and non-human primate models of PD, such sensitization confers to L-DOPA the 

ability to promote cAMP signaling and to activate the extracellular signal-regulated protein 

kinases 1 and 2 (ERK), which have been implicated in the development of dyskinetic 

behavior (5–11).

L-DOPA-induced activation of ERK is accompanied by increased phosphorylation of the 

mitogen- and stress-activated kinase 1 (MSK1) (8, 10). This effect occurs selectively in the 

GABAergic medium spiny neurons (MSNs) of the striatonigral pathway, which express 

D1Rs (8). The activation of MSK1 associated with LID leads to phosphorylation of histone 

H3 at Ser10 (5, 8, 10), which has been proposed to play a permissive role in gene expression 

(12–16). While it is possible that alterations in gene transcription produced by MSK1-

mediated phosphorylation of histone H3 may contribute to the long-term changes involved 

in dyskinesia, there has to date been no investigation of the involvement of MSK1 in LID.

LID is accompanied by increased expression of several immediate early genes, including 

fosB and its truncated splice product, ΔFosB (17–20). The latter is a highly stable 

transcription factor, which in combination with JunD induces long-lasting effects by 

promoting the expression of several late response genes through binding to their activator 

protein-1 (AP1) consensus sites (21). Accumulation of ΔFosB has been linked to the 

development of dyskinetic behavior in animal models (17, 22, 23). Interestingly, inhibition 

of ERK signaling decreases the accumulation of ΔFosB induced by L-DOPA (24). However, 

the exact mechanism underlying this effect remains to be established.

In this study, we tested the hypothesis of an involvement of MSK1 in the accumulation of 

ΔFosB in response to repeated L-DOPA and in the concomitant development of dyskinesia.

Methods and Materials

Animals

Male MSK1 knock out (MSK1 KO) mice (25), mice overexpressing ΔFosB, mice 

overexpressing ΔcJun (see below) and wild type littermates were maintained in a 12 hrs 

light-dark cycle at a stable temperature of 22°C with food and water ad libitum. Male 

bitransgenic mice derived from NSE-tTA (line A) x TetOp-ΔFosB (line 11) and NSE-tTA 

(line A) x TetOp-FLAG-ΔcJun (line E) mice (26–28) were conceived and raised on 100 

μg/ml doxycycline (Dox) to suppress ΔFosB or ΔcJun expression during development. 
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Importantly, in line A, tTA expression is driven by the NSE promoter specifically in 

striatonigral MSNs, thereby generating mice in which ΔFosB and ΔcJun are selectively 

overexpressed in these neurons (26, 29). Littermates were divided at weaning: half remained 

on Dox and half were switched to water, and the animals were used 8 to 11 weeks later 

when transcriptional effects of ΔFosB and ΔcJun are maximal (29, 30). MSK1 KO mice and 

line 11A mice were fully backcrossed on C57BL/6N and C57BL/6J backgrounds, 

respectively. Line EA is a roughly 50:50 mixture of FVB and 129 backgrounds. These 

differences in background most likely explain some of the variation in dyskinetic behavior 

observed between the controls of the three transgenic lines. Therefore, for every experiment, 

littermate wild type controls were used to avoid any effects of genetic background. 

Heterozygous bacterial artificial chromosome transgenic mice expressing EGFP under the 

control of the promoter for the dopamine D2 receptor (Drd2-EGFP) or the dopamine D1R 

(Drd1a-EGFP) were generated by the GENSAT (Gene Expression Nervous System Atlas) 

program at the Rockefeller University (31) and were crossed on a C57BL/6 background for 

more than 10 generations. Experiments were carried out during the light phase, in 

accordance with the guidelines of Research Ethics Committee of Karolinska Institutet, the 

Swedish Animal Welfare Agency, the Society for Neuroscience and the Institutional Animal 

Care and Use Committee (IACUC) at Icahn School of Medicine at Mount Sinai.

Drugs

All drugs were purchased from Sigma-Aldrich (St. Louis, MO). 6-hydroxydopamine-HCl 

(6-OHDA) was dissolved in saline containing 0.02% ascorbic acid. L-DOPA (3,4-

dihydroxy-L-phenylalanine) was dissolved in saline and injected in combination with the 

peripheral DOPA decarboxylase inhibitor benserazide hydrochloride in a volume of 10 

mL/kg body weight.

6-OHDA lesion

Mice were lesioned with 6-OHDA using a well-established protocol (5, 8, 10) described in 

detail in Supplement 1.

Cylinder test

The cylinder test was conducted as previously described (Santini, 2009) at the end of the 3 

weeks recovery period to assess limb akinesia. The effect of L-DOPA was assessed the 

following day, which corresponded to the first day of treatment. This time point was chosen 

due to the low levels of observable dyskinesia, which would otherwise interfere with test 

performance.

Abnormal involuntary movements (AIMs)

6-OHDA-lesioned mice were treated for 9 days (MSK1 KO mice and wild-type littermates) 

or 14 days (mice overexpressing ΔFosB or ΔcJun and controls) with one injection per day of 

10 mg/kg of L-DOPA plus 7.5 mg/kg of benserazide (MSK1 KO mice and wild-type 

littermates) or 20 mg/kg of L-DOPA plus 12 mg/kg of benserazide (mice overexpressing 

ΔFosB or ΔcJun and respective controls). These doses of L-DOPA and benserazide were 

selected within a range employed in previous studies (10, 20, 24, 32, 33). AIMs were 
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assessed after the last injection of L-DOPA (day 9 or day 14) by an observer blind to mouse 

genotype or treatment, using a pharmacologically validated mouse model of LID (32). These 

durations of treatment with L-DOPA were chosen in order to ensure a sufficient expression 

of ΔFosB, which has been previously shown to occur in response to chronic drug 

administration (20, 34). Briefly, 20 min after L-DOPA administration, mice were placed in 

separate cages and individual dyskinetic behaviors were assessed for 1 min (monitoring 

period) every 20 min, over a period of 2 hr. Purposeless movements, clearly distinguished 

from natural stereotyped behaviors (such as grooming, sniffing, rearing, and gnawing), were 

classified into three different subtypes: axial AIMs (contralateral dystonic posture of the 

neck and upper body toward the side contralateral to the lesion), limb AIMs (jerky and 

fluttering movements of the limb contralateral to the side of the lesion), and orolingual 

AIMs (vacuous jaw movements and tongue protrusions). Axial and limb AIMs were scored 

on a severity scale from 0 to 4: 0, absent; 1, occasional; 2, frequent; 3, continuous; 4, 

continuous and not interruptible by external stimuli. Orofacial AIMs were assigned a score 

of 0, absent, or 1, present.

Western blotting

Mice with a unilateral 6-OHDA lesion were treated with L-DOPA (10 mg/kg) plus 

benserazide (7.5 mg/kg) and killed 30 min post-injection by decapitation. Striatal tissue 

punches (1 mm thickness, 2 mm diameter; 3 punches per hemisphere) were taken using a 

stainless steel mouse brain matrix, sonicated in 1% SDS and boiled for 10 min. 

Immunoreactivity corresponding to total or phosphorylated histone H3 dopamine- and 

cAMP-regulated phosphoprotein of 32 kDa (DARPP-32), ERK and tyrosine hydroxylase 

(TH) was determined as described in in detail in Supplement 1.

Immunofluorescence

Mice were rapidly anaesthetized with pentobarbital (500 mg/kg, i.p., Sanofi-Aventis; 

France) and transcardially perfused with 4% (weight/vol) paraformaldehyde in 0.1 M 

sodium phosphate buffer (pH 7.5) (35) either 1hr (anti-p-MSK1) or 24 hr (anti-FosB) after 

the last L-DOPA administration. Brains were post-fixed overnight in the same solution and 

stored at 4°C. Thirty μm-thick sections were cut with a vibratome (Leica; France) and stored 

at −20°C in a solution containing 30% (vol/vol) ethylene glycol, 30% (vol/vol) glycerol and 

0.1 M sodium phosphate buffer until they were processed for immunofluorescence. Brain 

regions corresponding to the dorsal striatum were identified using a mouse brain atlas (36) 

and sections 1.10 mm from bregma were taken. Free-floating sections were rinsed three 

times for 10 min each in Tris-buffered saline (TBS; 0.25 M Tris and 0.5 M NaCl, pH 7.5). 

After 20 min incubation in 0.2% Triton X-100 in TBS, sections were rinsed three times in 

TBS again. Immunoreactivity was analyzed by incubating sections overnight with primary 

antibodies against FosB (1:200, Santa Cruz Biotechnology; Dallas, TX) or phospho-Thr581-

MSK1 (1:500, Cell Signaling Technology; Danvers, MA). Although the anti-FosB antibody 

recognizes both ΔFosB and full-length FosB, at the time point studied all FosB-

immunoreactive protein represents ΔFosB (18). Sections were then rinsed three times for 10 

min in TBS and incubated for 45 minutes with goat Cy3-coupled (1:400, Jackson 

Laboratory; Bar Harbor, ME) secondary antibody. Sections were rinsed for 10 min twice in 

TBS and twice in TB (0.25 M Tris) before mounting in 1,4-diazabicyclo--[2. 2. 2]-octane 

Feyder et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(DABCO, Sigma-Aldrich; St. Louis, MO). Images from the dorsal lateral striatum were 

obtained bilaterally using sequential laser scanning confocal microscopy (Zeiss LSM510; 

Oberkochen, Germany). Neuronal quantification for FosB immunostaining was performed 

in 375×375 μm images by counting Cy3-immunofluorescent nuclei for two slices per 

animal, using the average as the dependent variable. Cell counting was done by an observer 

blind to genotype and experimental group.

Chromatin preparation and immunoprecipitation

Unilaterally 6-OHDA lesioned mice were injected with 10 mg/kg body weight of L-DOPA 

with the peripheral DOPA decarboxylase inhibitor benserazide hydrochloride (7.5 mg/kg) 

and sacrificed by decapitation 1hr after the last injection. The heads of the animals were 

immediately immersed in liquid nitrogen for 6 sec. The brains were dissected out, and 3 

striatal punches (cf. above) from each hemisphere were fixed for 12 min in cold 1% 

formaldehyde/PBS followed by glycine incubation. The fixed punches were then washed 3 

times with cold phosphate buffered saline (PBS) containing phosphatase inhibitors and snap-

frozen. Chromatin preparation and immunoprecipitation were perforemd as described in 

Supplement 1.

Results

Genetic inactivation of MSK1 attenuates LID

Previous studies indicated that LID is accompanied by a large increase in the 

phosphorylation of MSK1 in striatonigral MSNs (8, 10). Therefore, we examined the 

involvement of MSK1 in dyskinetic behavior. Wildtype and MSK1 KO mice were lesioned 

unilaterally with 6-OHDA and injected for 9 days with 10 mg/kg of L-DOPA (in 

combination with 7.5 mg/kg of benserazide to limit the peripheral conversion of L-DOPA to 

dopamine). AIMs were determined for 2 hr immediately after the last administration of L-

DOPA. Chronic administration of L-DOPA induced a severe dyskinetic response in wild-

type mice, which was reduced in MSK1 KO littermates. Repeated measures ANOVA of 

total AIMs scores revealed a significant effect of time (F(5,75) = 58.66; p < 0.001) and 

genotype (F(1,15) = 7.01; p < 0.05), but no time x genotype interaction (F(5,75) = 2.18; p > 

0.05) (Fig. 1A). Cumulative AIMs scores summed over the entire two-hour observation 

were reduced in KO when compared to wild-type mice (two tailed unpaired t-test: t(15) = 

2.68; p < 0.05; n = 8–9/experimental group) (Fig. 1B). Analysis of each individual AIM 

summed over the entire two-hour observation revealed that the effect of MSK1 inactivation 

was most prominent for axial AIMs (two tailed unpaired t-test: t(15) = 3.54; p < 0.01 for 

axial AIMs, t(15) = 0.83; p > 0.05 for limb AIMs, t(15) = 1.51; p > 0.05 for orofacial AIMs; n 

= 8–9/experimental group) (Fig. 1C).

In order to exclude a possible effect of MSK1 inactivation on the anti-Parkinsonian 

properties of L-DOPA, wild-type and MSK1 KO mice were examined in the cylinder test 

before and after the first administration of L-DOPA. Lesioning with 6-OHDA resulted in a 

large decrease in the use of the contralateral forelimb in both wild-type and MSK1 KO mice. 

Moreover, the ability of 10 mg/kg of L-DOPA to revert forelimb akinesia was 

indistinguishable in the two groups of mice. Repeated measures ANOVA indicated a 
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significant effect of L-DOPA (F(1,9) = 8.48; p < 0.05) but no effect of genotype (F(1,9) = 

0.0002; p > 0.05) nor a L-DOPA x genotype interaction (F(1,9) = 0.07; p > 0.05) (n = 5–6/

experimental group; Fig. 1D).

L-DOPA-induced phosphorylation of histone H3 is reduced in the striata of MSK1 KO mice

We next examined the involvement of MSK1 in the regulation exerted by L-DOPA on the 

phosphorylation of histone H3 at Ser10. Wild-type and MSK1 KO mice were lesioned 

unilaterally with 6-OHDA, treated for 9 days with L-DOPA and killed 30 min after the last 

drug administration. In wild-type mice, L-DOPA increased the phosphorylation of MSK1 in 

the dopamine-depleted striatum, but not in the unlesioned striatum (Fig. 2A). These data 

confirmed previous work indicating that loss of dopamine is a critical factor at the basis of 

the ability of L-DOPA to activate the ERK/MSK1 cascade (4, 10). The increase in MSK1 

phosphorylation observed in wild-type mice was accompanied by enhanced levels of 

phospho-Ser10-histone H3 as determined by Western blotting (Fig. 2B). Notably, in MSK1 

KO mice, the absence of phosphorylated MSK1 (Fig. 2A) was paralleled by a large 

reduction in histone H3 phosphorylation. Two-way ANOVA followed by Bonferroni-Dunn 

test indicated a significant lesion x genotype interaction (F(1,28) = 13.02; p < 0.05; n = 8/

experimental group) (Fig. 2B). Importantly, in the dopamine depleted striatum, genetic 

inactivation of MSK1 did not affect the ability of L-DOPA to promote phosphorylation of 

DARPP-32. Two-way ANOVA followed by Bonferroni-Dunn test indicated a significant 

effect of lesion (F(1,28) = 30.67, p < 0.0001), no effect of genotype (F(1,28) = 0.53, p > 0.05) 

and no significant lesion x genotype interaction (F(1,28) = 1.25, p > 0.05) (n = 8/

experimental group; Fig. 2C). Similar results were obtained for ERK2. Two-way ANOVA 

followed by Bonferroni-Dunn test indicated a significant effect of lesion (F(1,28) = 20.93, p 

< 0.0001), no effect of genotype (F(1,28) = 0.12, p > 0.05) and no significant lesion x 

genotype interaction (F(1,28) = 0.63; p > 0.05) (n = 8/experimental group; Fig. 2D).

MSK1 is involved in L-DOPA-induced expression of ΔFosB

The results described above indicated that MSK1 is involved in L-DOPA-induced 

phosphorylation of histone H3 at Ser10 and suggested that MSK1 might also mediate some 

of the changes in gene expression associated to dyskinesia. Therefore, we compared the 

ability of L-DOPA to induce ΔFosB accumulation in the striata of wild-type and MSK1 KO 

mice. Following unilateral 6-OHDA lesion, mice were treated for 9 days with L-DOPA and 

perfused 24 hr after the last injection. Administration of L-DOPA did not produce any 

ΔFosB accumulation in the unlesioned striata (Fig. 3A). In contrast, we observed a large 

number of ΔFosB immunoreactive cells in the dopamine depleted striata of wild-type mice. 

This number was reduced by about 50% in MSK1 KO mice. Two-way ANOVA followed by 

Bonferroni-Dunn test indicated a significant lesion x genotype interaction (F(1,8) = 17.99, p 

< 0.01; n = 3/experimental group) (Fig. 3A and B).

To further elucidate a possible involvement of MSK1-mediated Ser10 phosphorylation of 

histone H3 in the induction of ΔFosB expression, we performed ChIP experiments in striatal 

tissue from 6-OHDA-lesioned wild-type and MSK1 KO mice 60 min after administration of 

L-DOPA. As shown in Fig. 3C, phosphorylation of histone H3 at Ser10 was increased at the 

promoter region of the fosB gene in the dopamine depleted hemisphere of wild-type mice; 
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moreover, this effect was strongly reduced in MSK1 KO mice. Two-way ANOVA followed 

by Bonferroni-Dunn test indicated a significant lesion x genotype interaction (F(1,8) = 29.40, 

p < 0.001; n = 3/experimental group).

Changes in the expression and function of ΔFosB affect the dyskinetic response to L-
DOPA

The involvement of MSK1 in LID and its participation to the regulation of ΔFosB suggested 

that changes affecting the expression or activity of ΔFosB might also contribute to the 

emergence of dyskinetic behavior.

Previous work showed that FosB mRNA and FosB-like immunoreactive proteins are 

increased by L-DOPA in prodynorphin expressing MSNs, which correspond to the direct, 

striatonigral pathway (17, 20). Therefore we examined the cellular localization of ΔFosB in 

dyskinetic mice. Drd2- and Drd1a-EGFP mice were treated for 9 days with 10 mg/kg of L-

DOPA and perfused 24 hr after the last drug administration. We found that, in Drd2-EGFP 

mice, ΔFosB immunoreactivity was localized to EGFP negative cells, with only a minimal 

percentage of cells showing double labeling for EGFP and ΔFosB (Fig. 4A). Conversely, in 

Drd1a-EGFP mice, ΔFosB immunoreactivity was for the most part observed in EGFP 

positive cells (Fig. 4B). These results indicate that the increase in ΔFosB produced by 

chronic administration of L-DOPA occurs in striatonigral MSNs. We also observed a 

significant correlation between the increase in ΔFosB observed in Drd1a- and Drd2-EGFP 

mice and the severity of AIMs (R2 = 0.78, p < 0.001, n = 5/strain) (Fig. 4C).

Based on these findings we examined the impact on LID produced by increased expression 

of ΔFosB in the MSNs of the direct pathway. To this end we used bitransgenic mice that 

inducibly overexpress, specifically in the striatonigral MSNs, ΔFosB (29) or ΔcJun, a 

transcriptionally inactive truncated cJun mutant that antagonizes ΔFosB activity (28). Mice 

were lesioned with 6-OHDA and treated for 14 days with 20 mg/kg of L-DOPA (in 

combination with 12.5 mg/kg of benserazide). As shown in Suppl. Fig. 1, discontinuation of 

Dox increased dramatically the effect of L-DOPA on the expression of ΔFosB mRNA in 

NSE-tTA x TetOp-ΔFosB mice. Notably, this exacerbation of ΔFosB expression resulted in 

the development of more severe AIMs. Analysis of the time-course of total AIMs scores 

with repeated measures ANOVA revealed a significant effect of time (F(5,75) = 7.91; p < 

0.01) and genotype (F(1,15) = 7.59; p < 0.05), but no time x genotype interaction (F(5,75) = 

1.50; p > 0.05) (Fig. 5A). Cumulative AIMs scores summed over the entire two-hour 

observation were increased in mice overexpressing ΔFosB when compared to wild-type 

mice (two tailed unpaired t-test: t(15)=1.70, p < 0.05, n = 7–10/experimental group) (Fig. 

5B). In contrast, the dyskinetic response to L-DOPA was significantly attenuated in mice in 

which the transcriptional activity of ΔFosB was blocked through overexpression of ΔcJun. 

Analysis of the time-course of total AIMs scores with repeated measures ANOVA revealed 

a significant effect of time (F(5,80) = 4.38; p < 0.05) and genotype (F(1,16) = 4.96; p < 0.05), 

but no time x genotype interaction (F(5,80) = 2.78; p > 0.05) (Fig. 5C). Cumulative AIMs 

scores summed over the entire two-hour observation were decreased in mice overexpressing 

ΔcJun when compared to wild-type mice (two tailed unpaired t-test: t(16)=2.55, p < 0.05, n = 

8–10/experimental group) (Fig. 5D).
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Discussion

In this study we show that aberrant activation of the histone kinase MSK1 is implicated in 

LID and in the accumulation of the transcription factor ΔFosB associated with this 

condition. Moreover, we show that administration of L-DOPA results in the accumulation of 

phospho-Ser10-histone H3 at the fosB gene promoter and that this effect is dramatically 

reduced by genetic inactivation of MSK1.

Extensive work indicates that ERK activation in the striatum plays a critical role in the 

emergence of LID (10, 11, 20, 24, 37). Studies performed in rodents and non-human 

primates showed that pharmacological and genetic interventions aimed at reducing ERK 

activation during chronic administration of L-DOPA decrease dyskinetic behavior (10, 24, 

37). One critical question related to these findings concerns the identification of downstream 

effectors targeted by ERK and implicated in the dyskinetic response to L-DOPA. The 

important role played by ERK in the regulation of synaptic plasticity and transcriptional 

activity (38) suggests that at least some of these effectors may be involved in the control of 

gene expression and ultimately in the emergence of maladaptive mechanisms at the basis of 

dyskinesia. In this regard, MSK1 represents an interesting subject of study because of its 

involvement in the regulation of the cAMP response element-binding protein and chromatin 

rearrangement via histone phosphorylation (39, 40).

Administration of drugs promoting dopamine transmission, such as cocaine and 

amphetamine, activates the ERK/MSK1 signaling cascade in striatal MSNs (12, 35). As in 

the case of L-DOPA (8), this effect involves activation of D1Rs and occurs specifically in 

the MSNs of the striatonigral pathway (41). Interestingly, it has been shown that the 

progressive enhancement of the motor stimulant response produced by repeated 

administration of cocaine is blunted in MSK1 KO mice (12). This observation is in line with 

the idea of a similar involvement of MSK1 in LID, which is also manifested as a progressive 

and uncontrolled exacerbation of motor activity.

MSK1 has been implicated in cocaine-mediated expression of c-Fos (12). In this study, we 

show that activation of MSK1 participates to the accumulation of ΔFosB, which is produced 

by chronic L-DOPA and is associated to the emergence of dyskinesia. Importantly, we 

provide evidence indicating the relevance of aberrant MSK1 and ΔFosB regulation for the 

development of LID. First, genetic inactivation of MSK1 reduces dyskinesia. Second, LID is 

also reduced by functional antagonism of ΔFosB exerted by inducible overexpression of the 

dominant negative ΔcJun specifically in striatonigral MSNs. Finally, inducible 

overexpression of ΔFosB in the same neuronal population exacerbates dyskinesia.

In striatonigral MSNs, the activation of ERK/MSK1 signaling produced by L-DOPA results 

in increased phosphorylation of histone H3 at Ser10 (5, 8, 10). This modification has been 

shown to occur in association with Lys14 acetylation at the promoters of c-Fos and c-Jun 

(13, 42), where it induces transcriptional activity (12–16). Interestingly, studies performed in 

mouse fibroblasts indicate that MSK1-dependent phosphorylation of histone H3 at Ser10 is 

per se sufficient to induce the expression of c-Jun (16). The immediate early genes c-Fos 

and c-Jun form AP-1 complexes, which in turn can control transcription at specific promoter 
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sites, including the fosB promoter (43). Thus, it is possible that the reduction in ΔFosB 

observed in MSK1 KO mice is caused by decreased formation of AP1 complex.

The present study shows that knockout of MSK1 decreases histone H3 phosphorylation at 

Ser10 in striatal extracts and reduces histone H3 phosphorylation at the fosB promoter. This 

suggests that MSK1-dependent phosphorylation of histone H3 at Ser10 may contribute to 

the accumulation of ΔFosB implicated in dyskinesia. The partial reduction of histone H3 

phosphorylation observed in MSK1 null mice indicates that additional kinases participate to 

chromatin modifications in response to L-DOPA. For instance, cAMP-dependent protein 

kinase (PKA) has been proposed to regulate Ser10 phosphorylation in response to 

administration of antipsychotic drugs (44, 45).

The ability of L-DOPA to increase ERK phosphorylation depends in large part on intact 

cAMP signaling (7, 10, 33); but see (46). Thus, inhibition of PKA (7), or genetic 

inactivation of DARPP-32 (10, 33), a critical mediator of cAMP signaling (47), reduces LID 

and the associated increase in ERK phosphorylation. Our results show that MSK1 deficiency 

attenuates dyskinesia in spite of persistent activation of PKA/DARPP-32 and ERK. It is 

likely that this persistent activation is responsible for the proportion of LID still observed in 

MSK1 KO mice. Indeed, MSK1 is one of many downstream targets controlled by 

dysregulated cAMP and ERK signaling and concurring to the full expression of dyskinetic 

behavior. For instance, cAMP- and ERK-dependent activation of the mammalian target of 

rapamycin pathway has been implicated in LID (33, 48). Moreover, both PKA and ERK 

may act on additional transcription factors (e.g., cAMP response element binding protein 

and Elk-1), potentially involved in dyskinesia.

MSK1 inactivation affect specifically axial AIMs, which indicates a prominent role played 

by MSK1 in the dystonic component of L-DOPA-induced motor complications. Previous 

work showed that partial inhibition of ERK and ΔFosB expression produced a similar 

selective effect on axial and orofacial AIMs, without a reduction of limb AIMs (37). Taken 

together, these observations suggest that dystonic AIMs are particularly sensitive to reduced 

accumulation of ΔFosB. In contrast, a reduction in the choreic symptoms may require a 

more prominent decrease in the expression of ΔFosB, or alternatively may be achieved by 

acting on parallel downstream targets affected by cAMP or ERK signaling.

In conclusion, this study shows that MSK1 is implicated in the development of LID in a 

mouse model of PD. Abnormal activation of MSK1 leads to increased Ser10 

phosphorylation of histone H3 at the fosB gene promoter and to the accumulation of ΔFosB 

in striatonigral MSNs. Future studies will be necessary to identify specific genes regulated 

by ΔFosB that promote dyskinesia. This study also shows that specific components of LID 

can be controlled by targeting selected signaling pathways downstream of major signaling 

cascades involved in basic physiological processes (e.g., cAMP/PKA and ERK), thereby 

reducing the likelihood of producing major negative side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Administration of L-DOPA to Parkinson’s disease (PD) patients is accompanied by 

choreic and dystonic motor complications, called dyskinesia. In a mouse model of PD, 

genetic inactivation of the mitogen- and stress-activated kinase 1 (MSK1) reduces the 

dystonic component of dyskinesia and the expression of the transcription factor, ΔFosB. 

Overexpression of ΔFosB in the medium spiny neurons of the striatum exacerbates 

dyskinesia, whereas overexpression of ΔcJun, which reduces ΔFosB-dependent 

transcriptional activation, counteracts dyskinesia. These results indicate the involvement 

of MSK1-mediated gene expression in the motor complications caused by prolonged 

administration of L-DOPA.
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Figure 1. L-DOPA-induced dyskinesia is reduced in mitogen- and stress-activated kinase 1 
knock out (MSK1 KO) mice
Wild-type and MSK1 KO mice received unilateral injections of 6-hydroxydopamine (6-

OHDA) and were treated for 9 days with L-DOPA. A, Time profile of total abnormal 

involuntary movements (AIMs) scored for 1 min every 20 min over a period of 120 min 

after the last administration of L-DOPA. Repeated measures ANOVA revealed a significant 

effect of genotype (p < 0.05). B, Sum of total AIMs scored during all observation periods. * 

p < 0.05 vs. wild-type littermates. C, Sums of AIM subscores (axial, limb and orofacial) 

scored during all observation periods. ** p < 0.01 vs. wild-type littermates. D, Left forelimb 

use determined by the cylinder test in 6-OHDA lesioned wild-type and MSK1 KO mice 

before (left) and after (right) administration of L-DOPA. * p < 0.05 vs. 6-OHDA lesioned 

without L-DOPA. All data are shown as means ± SEM.
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Figure 2. Histone H3 phosphorylation at Ser10 is decreased in mitogen- and stress-activated 
kinase 1 knock out (MSK1 KO) mice
Wild-type and MSK1 KO mice received unilateral striatal injections of 6-hydroxydopamine 

(Les) while the contralateral striatum remained intact (Unles) and were treated for 9 days 

with L-DOPA. A, Representative confocal micrographs of phospho-MSK1 (Thr581) (P-

MSK1) determined by immunofluorescence in the striata of wild-type and MSK1 KO mice 

30 min after the last administration of L-DOPA. Note the absence of P-MSK1 in MSK1 KO 

mice. Scale bar = 40 μm. B-D, Phospho-Ser10-histone H3 (P-H3; B), phospho-Thr34-

DARPP-32 (P-DARPP-32; C) and phospho-Thr202/Tyr204-ERK2 (P-ERK2; D) were 

determined 30 min after the last administration of L-DOPA by Western blotting. Top: 

representative autoradiograms obtained using antibodies against phosphorylated proteins, 
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total proteins, and β-actin or GAPDH as loading controls. Bottom: summary of data 

calculated as percent of control (wild-type unlesioned hemisphere) and shown as means ± 

SEM. * p < 0.05, *** p < 0.001 vs. unlesioned hemisphere of the same genotype; ○○○ p < 

0.001 vs. wild-type lesioned hemisphere.
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Figure 3. Expression of ΔFosB and phosphorylation of histone H3 at the fosB gene promoter is 
reduced in mitogen- and stress-activated kinase 1 knock out (MSK1 KO) mice
Wild-type and MSK1 KO mice received unilateral striatal injections of 6-hydroxydopamine 

(Les) while the contralateral striatum remained intact (Unles). ΔFosB was determined by 

immunofluorescence 24 hr after the last drug administration. A, Representative confocal 

micrographs showing ΔFosB immunoreactivity in the striata of a wild-type and a MSK1 KO 

mice. Scale bar = 40 μm. B, Quantification of ΔFosB positive-neurons. Data are shown as 

means ± SEM. ** p < 0.01 and *** p < 0.001 vs. unlesioned hemisphere of the same 

genotype; ○○ p < 0.01 vs. wild-type lesioned hemisphere. C, Wild-type and MSK1 KO mice 

with unilateral injections of 6-hydroxydopamine were treated with L-DOPA, killed after 60 

min and striatal tissue was subjected to chromatin immunoprecipitation using an antibody 

against phospho-Ser10-H3 histone (H3S10p) (left) or control IgG (right). Epitope 

enrichment on chromatin was assessed by quantitative PCR using primers for the fosB 

promoter region and normalized to levels of histone H3 (see Materials and Methods). Data 
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are shown as means ± SEM. * p < 0.05 and *** p < 0.001 vs. unlesioned hemisphere of the 

same genotype; ○○○ p < 0.001 vs. wild-type lesioned hemisphere.
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Figure 4. L-DOPA-induced increased in ΔFosB expression is localized to striatonigral MSNs and 
correlates with the severity of AIMs
Drd2-EGFP (A) and Drd1a-EGFP (B) mice were lesioned with 6-OHDA, treated 

chronically with L-DOPA (10 mg/kg) for 9 days and perfused 24 hr after the last drug 

administration. A, B, Immunofluorescence for EGFP and ΔFosB in the striata of Drd2-

EGFP (A) and Drd1a-EGFP (B) mice. Scale bar = 40 μm. Right panels show quantification 

of ΔFosB positive cells among EGFP-positive (EGFP+) and EGFP-negative (EGFP−) 

neurons. C, AIMs were examined in Drd2- and Drd1a-EGFP mice immediately after the last 

administration of L-DOPA (day 9). Left panel shows linear regression analysis indicating a 

significant correlation between severity of AIMs and levels of ΔFosB (p < 0.001). Right 

panels show immunofluorescence for ΔFosB in the striatum of a mouse with low dyskinesia 

compared with a mouse with high dyskinesia. Scale bar = 40 μm.
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Figure 5. Effects of doxycycline (Dox) inducible overexpression of ΔFosB or ΔcJun on L-DOPA-
induced dyskinesia
Mice that inducibly overexpress ΔFosB (A, B, Off Dox) or ΔcJun (C, D, Off Dox) and 

control littermates (A–D, On Dox) were lesioned with 6-OHDA and treated for 14 days with 

20 mg/kg of L-DOPA (in combination with 12.5 mg/kg of benserazide). A, C, Time profile 

of total abnormal involuntary movements (AIMs) in mice scored for 1 min every 20 min 

over a period of 2 hr after the last administration of L-DOPA. Repeated measures ANOVA 

revealed a significant effect of genotype for mice overexpressing ΔFosB and ΔcJun (p < 

0.05 vs. respective control On Dox littermates). B, Sum of total abnormal involuntary 

movements (AIMs) scored for a period of 2 hr immediately following the last administration 

of L-DOPA. * p < 0.05 vs. control (On Dox) littermates for the FosB group and for the 

ΔcJun group. Data are shown as means ± SEM.
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