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SUMMARY

Degeneration of dopaminergic neurons leads to Parkinson’s disease (PD), charac-
terized by reduced levels of striatal dopamine (DA) and impaired voluntarymove-
ments. DA replacement is achieved by levodopa treatment which in long-term
causes involuntary movements or dyskinesia. Dyskinesia is linked to the pulsatile
activation of D1 receptors of the striatal medium spiny neurons (MSNs) forming
the direct output pathway (dMSNs). The contribution of DA stimulation of D2R in
MSNs of the indirect pathway (iMSNs) is less clear. Using the 6-hydroxydopamine
model of PD, here we show that loss of DA-mediated inhibition of these neurons
intensifies levodopa-induced dyskinesia (LID) leading to reprogramming of stria-
tal gene expression.We propose that themotor impairments characteristic of PD
and of its therapy are critically dependent on D2R-mediated iMSNs activity. D2R
signaling not only filters inputs to the striatum but also indirectly regulates
dMSNs mediated responses.

INTRODUCTION

Parkinson’s disease (PD) is a severe neurological disorder characterized by impaired movements, dependent

on the degeneration of DA neurons and the consequent reduction of DA-mediated control of striatal circuits.

DA is a major modulator of striatal neuron activity, in particular of the medium spiny neurons (MSNs), express-

ing the two principal DA receptors, D1 and D2 (D1R, D2R). MSNs are also the only output neurons of the stria-

tum. These neurons send feedback projections to the substantia nigra reticulata (SNr) and the internal portion

of globus pallidus (GPi) either through the so-called direct MSNs (dMSNs), or through the indirect MSNs

(iMSNs) (Alexander and Crutcher, 1990; Gerfen and Surmeier, 2011). Relevant to PD studies, while the genetic

ablation of D1R in mice does not affect basal motor activity (Xu et al., 1994), loss of D2Rs either in constitutive

or iMSNs-specific knockout mice results into slow movements and loss of coordination with great similarities

with PD motor symptoms (Anzalone et al., 2012; Baik et al., 1995; Lemos et al., 2016).

These results agree with the conventional models of basal ganglia (Albin et al., 1989; Gerfen and Surmeier,

2011), whereas the activation of striatal D2R by decreasing iMSNs activity facilitates movement. D2R

signaling on iMSNs also controls intrastriatal circuits through the regulation of GABA release from collat-

erals (Dobbs et al., 2016; Kharkwal et al., 2016; Lemos et al., 2016).

Administration of the DA precursor levodopa (L-DOPA) is commonly used to treat PD. However, the pos-

itive anti-akinetic effects of L-DOPA are counterbalanced by the development, upon long-term use, of

dyskinesia, a debilitating motor condition characterized by the appearance of hyperkinetic and dystonic

involuntary movements affecting the face, body extremities, and the trunk (Bastide et al., 2015); this pathol-

ogy appears linked to the over-activation of D1R signaling in dMSNs (Fasano et al., 2010; Santini et al.,

2012). Indeed, 6-hydroxydopamine (6-OHDA) D1R knockout (KO) mice treated with L-DOPA are not dyski-

netic (Darmopil et al., 2009) indicating that the pulsatile activation of dMSNs is responsible for L-DOPA-

induced dyskinesia (LID). Whether and how activation of D2Rs in iMSNs has a role in LID is less clear.

The heterogeneous expression of D2Rs in several striatal neurons and afferences has prevented the cell-

specific analysis of the implication of D2R signaling in LID. Indeed, D2Rs in addition to iMSNs are also ex-

pressed by cholinergic interneurons (ChIs); and acetylcholine (ACh) signaling appears also to be involved in

LID (Ding et al., 2011; Won et al., 2014) as the administration of L-DOPA increases ChIs excitability, while

ChIs ablation alleviates LID (Ding et al., 2011; Won et al., 2014) in the 6-OHDA model of PD.
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Thus, to address the involvement of D2R in LID, we performed hemilateral lesion of dopaminergic

neurons in iMSN-D2RKO and WT littermates using 6-OHDA followed by repeated treatments with

L-DOPA to induce the expression of abnormal involuntary movements (AIMs), the equivalent of LID in

humans. Turning behavior upon lesion was assessed in mice of both genotypes, and dyskinesia-like

AIMs were quantified following L-DOPA administration. Brains of mice were analyzed at multiple levels.

Importantly, analyses of the dorsolateral striatum (DLS) of mice of both genotypes showed an exagger-

ated response of iMSN-D2RKO mice reflected on all parameters tested, in particular in AIMs intensity

and associated markers. The behavioral and cellular phenotypes were accompanied by reprogramming

of transcriptomics in the DLS and affect genes previously involved in PD. Interestingly, the increased

AIMs of iMSN-D2RKO mice could be brought back to WT levels by selectively blocking the muscarinic

receptor type 1 (M1R). In addition, when the M1R antagonist was used in combination with a positive

allosteric modulator of muscarinic receptor type 4 (M4R), L-DOPA-induced AIMs were drastically reduced

in both genotypes. These results show the importance of DA-mediated control on ACh and its involve-

ment in AIMs. Altogether our results indicate that D2R signaling in iMSNs is highly involved in the motor

deficits of PD and LID by inhibiting and counterbalancing the cholinergic stimulation of iMSNs and

dMSNs.
RESULTS

Dopamine receptors type 2 signaling in iMSNs is critically involved in the regulation of motor

functions

iMSN-D2RKO mice have been genetically modified to selectively remove D2Rs from iMSNs (Figure 1A;

Anzalone et al., 2012; Kharkwal et al., 2016). To analyze the consequences of dopamine depletion induced

by the 6-OHDA lesion of DA neurons on motor activity and more importantly on the expression of AIMs,

iMSN-D2RKO and WT siblings received a unilateral stereotaxic injection in the DLS of either saline or

6-OHDA, a retrogradely transported toxin that kills dopaminergic neurons (Lundblad et al., 2005). We

achieved more than 90% depletion of dopaminergic neurons from the substantia nigra compacta (SNc),

as shown by immunofluorescence analyses using tyrosine hydroxylase (TH), a marker of DA neurons

(Figures 1B and S1A). Interestingly, we observed a higher mortality rate in WT as compared to iMSN-

D2RKO mice in response to 6-OHDA (21.82% for WT (n = 52) versus 9.59% for iMSN-D2RKO (n = 48); Fig-

ure S1B). Three weeks after surgery, sham and 6-OHDAmice were tested in the open field to quantify their

forward motor activity (Figure 1C), as well as the total number of ipsi/contralateral rotations (used as index

of asymmetry) over a period of 10 min (Figures 1D and 1E). As expected, hemi-parkinsonian WT mice

showed a dramatic reduction in the total distance traveled (p < 0.0001; Figure 1C), and a significant in-

crease in the asymmetry index (ratio of ipsilateral/total rotation), when compared to sham mice of the

same genotype (p < 0.0001; Figure 1D). In iMSN-D2RKOmice, 6-OHDA lesions produced minor additional

motor deficits (forward locomotion: mean diff. sham vs 6-OHDA,WT: 3601, iMSN-D2RKO: 1837; p < 0.0001;

Figure S1C), and a significant increase of the asymmetry index (p < 0.0001; Figure 1D). Of note, we found

that 6-OHDA iMSN-D2RKO mice performed significantly less ipsilateral rotations (p < 0.001; Figure 1E) as

compared to WTmice. Additionally, the number of ipsilateral rotations between sham and 6-OHDA iMSN-

D2RKOmice, which is determined by the unbalance stimulation of striatal D1/D2R following 6-OHDA infu-

sion in only one hemisphere (Wang and Zhou, 2017), was not statistically significant between iMSN-D2RKO

sham and lesioned mice (p > 0.05; Figure 1E), although TH staining confirmed DA neurons loss in iMSN-

D2RKO mice (Figure S1A). These results well illustrate how the absence of D2R signaling in both hemi-

spheres affects the lateralized sensorymotor integration and forelimb akinesia induced by the 6-OHDA

lesion.
Gene expression profiles of the dorsolateral striatum of 6-hydroxydopamine-lesioned iMSN-

D2RKO and wild-type mice

Mice of both genotypes were sacrificed, and brains were flash frozen. Punches of the DLS were obtained on

cryostat sections and processed for RNA extraction to prepare the library. RNA-seq analyses were then

made to obtain molecular footprints of the DLS of mice of both genotypes. Three weeks after surgeries,

both WT and iMSN-D2RKO mice were treated daily for 11 days with either saline (group 1 and 2) or

L-DOPA (group 3) at 15 mg/kg (s.c.). Three experimental groups were thus used and analyzed: 1) sham-

lesioned (sham); 2) 6-OHDA-lesioned (6-OHDA); and 3) 6-OHDA lesioned/L-DOPA-treated (L-DOPA).

Differentially expressed genes (DEGs) between treatments in the same genotype and between genotypes

are shown in Table S1.
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Figure 1. Characterization of unilateral 6-hydroxydopamine (6-OHDA) lesions in WT and iMSN-D2RKO mice

(A) Schematic depicting the direct and indirect striatal pathways in iMSN-D2RKO mice. Lines with arrowheads indicate neuronal activation, while blunt-

ended lines indicate neuronal inhibition, the loss of D2R expression is indicated by a red cross. Abbreviations: ACh, acetylcholine; ChI, cholinergic

interneurons; GABA, g-aminobutyric acid; GPi/GPe, internal/external portion of globus pallidus; DA, dopamine; SNc, substantia nigra compacta; SNr,

substantia nigra reticulata; STN, subthalamic nucleus.

(B) Representative immunofluorescent images of tyrosine hydroxylase (TH) on a coronal section including the SNc and ventral tegmental area (VTA). Note

the absence of staining of the SNc on the left side after striatal 6-OHDA infusion while the VTA appears unaffected. Scale bars: 500 mm (upper panel); 50 mm

(lower panels).

(C) Motor activity in the open field (10 min) by sham (�) and 6-OHDA (+) WT (grey) and iMSN-D2RKO (white) mice (N = 14-15 for sham; 23-25 for 6-OHDA-

lesioned). ****p < 0.0001 vs sham WT; $$ p < 0.01, $$$$ p < 0.0001 vs 6-OHDA WT; @@@@ p < 0.0001 vs sham iMSN-D2RKO; 2way ANOVA followed by

Bonferroni post-hoc analysis. Significant interactions were observed for genotype p < 0.0001 (F (1, 73) = 109), lesion p < 0.0001 (F (1, 73) = 391.2), and

genotype 3 lesion p < 0.0001 (F (1, 73) = 41.13).

(D) Percentage values showing the ratio of ipsilateral/total body rotations performed in 10 min by sham (�) and 6-OHDA (+) WT (gray) and iMSN-D2RKO

mice (white) (N = 6-8 for sham; 23-25 for 6-OHDA-lesioned). ****p < 0.0001 vs sham of the same genotype. 2way ANOVA followed by Bonferroni post-hoc

analysis showed a significant percentage of increase of the ratio in lesioned mice p < 0.0001 (F (1, 61) = 125.7).

(E) Bar graph indicating the total number of ipsilateral (left), and contralateral (right) rotations performed during 10 min by sham (�) and 6-OHDA (+) WT and

iMSN-D2RKOmice. *p < 0.05, **p < 0.01, ***p < 0.001. 2way ANOVA followed by Bonferroni post-hoc analysis, Ipsilateral: lesion p < 0.0001 (F (1, 61) = 8.426),

and genotype p = 0.021 (F (1, 61) = 6.097; contralateral: lesion p < 0.005 (F (1, 61) = 32.61), and genotype p = 0.016 (F (1, 61) = 5.546). All data are expressed as

mean values G SEM. See also Figure S1.
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Absence of dopamine receptors type 2 signaling in iMSNs leads to the reprogramming of

striatal gene expression

DEGs in the DLS of the sham groups of WT and iMSN-D2RKO striata were identified using a threshold of at

least 20% of fold change and an adjusted p value of <0.1. These analyses identified 251 DEGs in iMSN-

D2RKO versusWTDLS (Figure 2A and Table S1); of these, only a small proportion (37) were down-regulated

while the vast majority (214) were up-regulated (Figure 2B). The observed up-regulation of genes in the DLS
iScience 25, 105263, October 21, 2022 3
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Figure 2. Differential gene expression in the DLS between WT and iMSN-D2RKO sham

(A) Volcano plot based on the �log10 adjusted p value versus the log2 Fold Change (FC) of the DLS transcriptome. Cut-

offs are shown as dotted lines (p-adj < 0.01) and log2FC G 20%.

(B) Heat-map representing the single mouse z-score (distance of each raw score from the mean) of the 251 statistically

significant DEG (p-adj < 0.1).

(C) Representative Western blot analyses of LRRK2 from WT and iMSN-D2RKO sham DLS protein extracts. Protein

concentration was normalized on ⍺-tubulin. Quantifications are shown in the graph as fold change with the WT arbitrarily

set to 1. t-test significant for *p < 0.01.

(D) KEGG pathway analysis of enriched pathways containing the 252 DEGs between WT and iMSN-D2RKO sham mice.

KEGG p-value <0.05 (-Log10), the numbers in brackets represent the number of genes in each pathway. See also Table S1.
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of iMSN-D2RKO likely reflects, at the gene expression level, the lack of the inhibitory control exerted by

D2R signaling in the iMSNs on striatal circuits. Strikingly, among up-regulated genes, the Leucine-Rich

Repeat Kinase 2 (LRRK2) stood out, whose dysfunctional expression and/or mutations have been linked

to PD (Figures 2A and 2B) (Mandemakers et al., 2012; Tozzi et al., 2018). We confirmed that the LRRK2

RNA up-regulation in iMSN-D2RKO was also reflected at the protein level, as illustrated by Western blot

analyses of DLS extracts (p < 0.01; Figure 2C).
4 iScience 25, 105263, October 21, 2022
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Next, we aimed at identifying the pathways containing the DEGs, using the KEGG analysis performed with

‘‘ENRICHR’’ tool (p < 0.05) (Chen et al., 2013). These analyses highlighted identified signal transduction

pathways known to regulate striatal functions (Figure 2D). Among them, the cAMP pathway emerged which

included the Adenylate Cyclase 5 (ADCY5) (Lee et al., 2002), the a-subunit of G-olf (GNAL) (Jiang et al.,

2001), the g-subunit 7 (GNG7) of the heterotrimeric G-proteins (Schwindinger et al., 2010) as well as the

phosphodiesterases PDE10A, PDE7B, PDE1B which regulate cAMP and cGMP levels (Table S1) (de Gortari

andMengod, 2010; Gresack et al., 2014). We also identified membrane receptors involved in the regulation

of motor functions, positively coupled to the cAMP pathway, and specifically expressed in iMSNs, such as

ADORA2A and GPR52, as well as, the muscarinic receptor type 4, which is highly expressed in dMSNs (Ko-

matsu et al., 2014; Shen et al., 2015; Siokas et al., 2021), and the serotonin receptors HTR2A and HTR1B

previously linked to PD and LID (Lee et al., 2012).

More importantly, most of the DEGs were previously identified upon 6-OHDA lesions in WT animals (Mo-

rales-Garcia et al., 2011; Park et al., 2014). Thus, loss of D2R signaling in iMSNs generates a reprogramming

of gene expression with similarities to changes in gene expression in the DA-deprived striatum.
6-hydroxydopamine ablation of dopamine neurons differentially affects gene expression in

the dorsolateral striatum of wild type and dopamine receptors type 2 mutants

Next, we performed comparisons of RNA-seq results between 6-OHDA and sham-lesioned mice of the

same genotype. Dopamine deprivation induced gene expression changes in both genotypes, as expected.

However, the DEGs in the WT were �half (717; padj<0.1), of that in the iMSN-D2RKO (1532; padj<0.1)

(Figures 3A and 3B, and Table S1). Venn diagrams analyses of the DEGs showed that 236 were in common

between 6-OHDAWT and iMSN-D2RKO DLS (Figure 3B); of these the large majority were down-regulated

in both genotypes upon dopamine depletion (Figure 3C). KEGG analyses of these genes showed their

involvement in critical striatal signaling (Figure 3D).

GeneOntology (GO) analyses (Figure S2A) of molecular functions of DEGs specific to the 6-OHDAWTDLS,

showed an abundance of genes belonging to GABA signaling. On the contrary, in the iMSN-D2RKO, DEGs

belonged to glutamatergic signaling pathways (Figure S2B).

Importantly, in the iMSN-D2RKO DLS following the 6-OHDA lesion, the 78 genes up-regulated in sham

conditions were no longer found, indicating the involvement of dopamine in the activation of their expres-

sion (Figure S3A). These genes were also down-regulated in the WT, further supporting the role of DA in

their expression (Figure S3B). Importantly, in this group, we identified genes differentially expressed in

iMSN-D2RKO sham versus WT and associated with PD, such as ADCY5, LRRK2, CHRM4, AKAP5, GPR52,

RYR3, PDE10a, RGS4, and GPR88 (Morales-Garcia et al., 2011; Nicolini et al., 2015; Park et al., 2014; Wen-

nogle et al., 2017). Thus, the removal of D2R signaling from iMSNs generates the up-regulation of critical

genes in sham conditions, which is then counteracted by loss of DA, suggesting that these genes are

dependent upon D1R signaling.

We also identified twenty-four genes whose expression changed in WT mice following 6-OHDA lesion, but

not in iMSN-D2RKO DLS (Figure S3C), suggesting a D2R-mediated control of their expression in iMSNs.

One such gene is GPR6, which is indeed principally expressed in iMSNs (Ho et al., 2018) and whose function

has been previously associated with dyskinesia in rodent models of PD (Oeckl et al., 2014).

Our analyses identified 76 genes differentially expressed only in iMSN-D2RKO after the 6-OHDA lesion.

Their differential expression in the iMSN-D2RKO suggests that they might be either directly regulated

by D2R signaling in iMSNs, or indirectly in dMSNs, such as GNAL (Figure S3D) (Goto, 2017).
Loss of dopamine receptors type 2 in iMSNs further exacerbates L-DOPA-induced dyskinesia

and impairs striatal synaptic plasticity

To determine the consequences of D2R loss in iMSNs over L-DOPA-induced dyskinesia, 6-OHDA WT and

iMSN-D2RKO mice were treated for 11 consecutive days with L-DOPA (15 mg/kg, s.c.) plus benserazide

(12 mg/kg, s.c.). This dosage regimen is effective in the promotion and maintenance of dyskinetic AIMs,

affecting axial, limb, and orolingual (ALO) muscles (Bido et al., 2011; Santini et al., 2007). Cumulative

ALO AIMs, scored at 1, 4, 7, and 10 days of L-DOPA treatment revealed that iMSN-D2RKOmice expressed
iScience 25, 105263, October 21, 2022 5
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Figure 3. Differential gene expression upon 6-OHDA lesion in WT and iMSN-D2RKO DLS

(A) Volcano plot based on the�log10 adjusted p value versus the log2FC of the DLS transcriptome (6-OHDA vs shammice

in both genotype). Cut-offs are shown as dotted lines (p-adj < 0.01) and log2FC G 20%.

(B) Venn-diagram representing the common and the exclusive genes of the two differential expression analyses (6-OHDA

WT vs sham WT and 6-OHDA iMSN-D2RKO vs sham iMSN-D2RKO mice).

(C) Heatmap representing the single mouse z-score of the 236 statistically significant common genes shown in B, adjusted

p value > 0.1.

(D) KEGG pathway analysis of the 236 statistically significant common genes shown in B. All pathways are significant for p

value <0.05 (shown as -Log10), the numbers in brackets represent the number of genes for each pathway. See also

Figures S2 and S3 and Table S1.
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significantly higher cumulative AIMs, when compared toWTmice (p < 0.05, Figure 4A). The increased AIMs

in L-DOPA iMSN-D2RKO mice were observed in all types of dyskinetic movements (Figure S4).

Interestingly, the higher sensitivity to LID of iMSN-D2RKO mice was linked to the treatment length (Fig-

ure 4B). Bonferroni post-hoc test of 2-way ANOVA repeated measures (RM) analyses revealed that

L-DOPA iMSN-D2RKO mice manifest a significant worsening of LID starting at day 4 of treatment

(p < 0.05; Figure 4B), reaching the peak at day 10 (p < 0.01; Figure 4B) as compared to time-matched

L-DOPA WT mice. Time course analyses also revealed that the widest difference between L-DOPA

iMSN-D2RKO and WT mice takes place on day 10, during the first 40 min that follow administration,
6 iScience 25, 105263, October 21, 2022
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Figure 4. Removal of D2R in iMSN exacerbates L-DOPA-induced abnormal involuntary movements (AIMs) and

impairs striatal LFS-LTD

(A) Bar graph showing the cumulative axial-limb-orolingual (ALO) abnormal involuntary movements (AIMs) scores

measured on day 1, 4, 7, and 10 of chronic L-DOPA (N = 10-15/group). *p < 0.05 vs WT. Mann Whitney non-parametric

two-sided t-test (p = 0.0254).

(B) Box plot showing the ALO AIMs scores measured at day 1, 4, 7, and 10 of L-DOPA treatment (N = 10-15/group).

Boxplots indicate the top and bottom quartiles; whiskers refer to top and bottom 90%. *p < 0.05, **p < 0.01 vs WT. 2way
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Figure 4. Continued

ANOVA repeated measures (RM) followed by Bonferroni post-hoc analysis. The 2way ANOVA RM is

significant 3 genotype p = 0.0030 (F (1, 23) = 11.55), and 3 time p < 0.0001 (F (2.68, 50.99) = 10.18).

(C) Time course showing the ALO AIMs expression after L-DOPA treatment (day 10) (N = 10-15/group). *p < 0.05 vs WT.

2way ANOVA RM followed by Bonferroni post-hoc analysis. The 2way ANOVA RM is significant 3 genotype p = 0.0482

(F (1, 20) = 4.426), 3 time p < 0.0001 (F (2.33, 46.63) = 18.52), and genotype 3 time p = 0.0175 (F (5, 100) = 2.894).

(D) Bar graph showing the cumulative ALO AIMs scores measured after ascending doses of L-DOPA:1.5 mg/kg (days 1-3),

3 mg/kg (days 4-6), and 6mg/kg (days 7-9). Results were obtained in medial forebrain bundle (MFB) 6-OHDA-lesionedWT

and iMSN-D2RKO mice (N = 9-15/group). 2way ANOVA followed by Bonferroni post-hoc analysis. The 2way ANOVA is

significant 3 genotype p = 0.0398 (F (1, 59) = 4.418), 3 L-DOPA dose p < 0.0001 (F (2, 59) = 92.95), and

genotype 3 L-DOPA dose p = 0.0025 (F (2, 59) = 6.646). Data are expressed as mean values, error bars represent SEM.

(E) Graphs showing striatal field potential recordings from control, sham (left), and 6-OHDAWT (right) mice before (basal)

and following the delivery of low-frequency stimulations (LFS). LFS induced a robust striatal long-term depression (LTD) in

control (N = 3, left; N = 6, right) and shamWT mice (N = 6), while failed to induce striatal LTD in 6-OHDAWT mice (N = 6).

fEPSP is normalized to baseline, averaged (mean G SEM), and plotted as a function of time. ****p < 0.0001 vs 6-OHDA

WT. 2way ANOVA RM followed by Bonferroni post-hoc analysis. The 2way ANOVA RM is significant 3 time p < 0.0001

(F (155, 1550) = 26.28),3 lesion p < 0.0001 (F (1, 10) = 37.44), and time3 lesion p < 0.0001 (F (155, 1550) = 11.87). Bar scale;

0.2 mV/5ms.

(F) Graphs showing striatal field potential recordings from control, sham (left), and 6-OHDA iMSN-D2RKO (right) mice

before (basal) and following the delivery of LFS. LFS failed to induce striatal LTD in control (N = 6), sham (N = 7), and

6-OHDA iMSN-D2RKO mice (N = 6). fEPSP is normalized to baseline, averaged (mean G SEM), and plotted as a function

of time. Bar scale; 0.2 mV/5ms. Inset: representative baseline traces in black and 40 min post-LFS in red. Bar scale; 0.4 mV/

5ms. See also Figure S4.
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when DA concentration is reportedly higher (Lindgren et al., 2010; Meissner et al., 2006) (p < 0.05; Fig-

ure 4C). These results indicate that loss of the dopaminergic control of iMSNs sensitizes the striatal circuit

and increases LID expression, and strongly highlights the critical role of D2R signaling in these neurons as a

required filter in the regulation of striatal motor responses.

As LID is affected both by the extent of nigrostriatal neurons’ degeneration and by the dose of L-DOPA

(Bastide et al., 2015; Deurwaerdère et al., 2017), we also evaluated the same parameters using

mice of both genotypes receiving ascending doses of L-DOPA (1.5, 3, 6 mg/kg, s.c.) plus benserazide

(12 mg/kg, s.c), three weeks after the stereotaxic injection of 6-OHDA in the medial forebrain bundle

(MFB) (Cenci and Crossman, 2018). Similar to results obtained after striatal lesions, AIMs analyses of

MFB 6-OHDA-lesioned (MFB 6-OHDA) mice revealed a dose-dependent effect of L-DOPA in both geno-

types (Figure 4D). MFB 6-OHDA iMSN-D2RKO mice showed a higher dose-dependent susceptibility to-

wards the pro-dyskinetic effects of L-DOPA as compared to similarly treated WT mice. Interestingly, while

no differences were observed between genotypes at 1.5 and 3 mg/kg of L-DOPA, the administration of

6 mg/kg of L-DOPA in MFB 6-OHDA iMSN-D2RKO mice, significantly increased the expression of AIMs

when compared to WT controls (p < 0.01; Figure 4D). These results suggest a D2R-dependent mechanism

that counters above-threshold/excessive DA signaling in the striatum.

Striatal D2R signaling plays a critical role in the generation of long-term depression (LTD) at corticostriatal

synapses (Calabresi et al., 1997; Kreitzer andMalenka, 2005). Abnormal striatal plasticity is considered a key

factor involved in the development of PD symptoms as well as LID (Picconi et al., 2003; Shen et al., 2008;

Thiele et al., 2014). Thus, we evaluated long-term depression bymeasuring the excitatory postsynaptic field

potentials (fEPSP) in DLS coronal slices of the DLS of control (no surgery), sham, and 6-OHDA WT and

iMSN-D2RKO mice. fEPSP were registered before and after the delivery of a 10 min continuous train of

low-frequency stimulation (LFS) in the DLS. Delivery of LFS in coronal striatal slices produces a robust

and long-lasting LTD in both control and sham WT slices (Figure 4E, left; WT: control, 64% G 4%,

p < 0.001; sham, 65% G 5%, p < 0.001) which did not differ in magnitude or kinetics (Figure 4E, left; rm-

ANOVA: surgery 3 time interaction, F155, 1085 = 0,965, p = 0.602) (Kreitzer and Malenka, 2005; Ronesi

and Lovinger, 2005). On the contrary, LFS delivery in control and sham iMSN-D2RKO slices did not change

fEPSP amplitude (Figure 4F, left; iMSN-D2RKO: control, 102% G 4%, p > 0.05; sham, 103%G 3%, p > 0.05;

rmANOVA: surgery 3 time interaction, F155, 1705 = 0.521, p > 0.999). Loss of DA signaling prevented the

generation of LFS-LTD in the striatum of 6-OHDA WT mice (Figure 4E, right; WT: control, 65% G 3.7%,

p < 0.05, 6-OHDA, 96% G 2.9%, p > 0.05; rmANOVA: surgery 3 time interaction, F155, 1550 = 11.87,

p < 0.0001) (Kreitzer and Malenka, 2007; Lerner and Kreitzer, 2012). Interestingly, in iMSN-D2RKO slices,

LTD was not observed whether we tested the control or the 6-OHDA hemispheres (Figure 4F, right;
8 iScience 25, 105263, October 21, 2022
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Figure 5. Differential gene expression between L-DOPA WT vs 6-OHDA WT and L-DOPA iMSN-D2RKO vs 6-OHDA iMSN-D2RKO mice

(A) Volcano plot based on the�log10 adjusted p value versus the log2FC of the DLS transcriptome (L-DOPA mice vs 6-OHDAmice in both genotypes). Cut-

offs are shown as dotted lines (p-adj < 0.01) and log2FCG 20%. The numbers in red refer to downregulated genes, the numbers in blue refer to up-regulated

genes with respect to the 6-OHDA mice. The genes named in the volcano plot are the 5 common genes observed in 6-OHDA WT and iMSN-D2RKO mice

following L-DOPA treatment. (B) Pie charts represent protein functionality analysis of DEGs for WT and iMSN-D2RKO mice after L-DOPA treatment. The

most representative categories are shown in the legend.

(C) KEGG pathway analysis showing the most enriched pathways respectively to the comparison of L-DOPA vs 6-OHDA mice of each genotype. KEGG

p-value <0.05 (shown as -Log10).

(D) Three heat maps (sham, 6-OHDA, L-DOPA) representing differences in expression (z-score) between WT and iMSN-D2RKO mice of genes related to D2

pathway activation and several transcription factors.
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iMSN-D2RKO: control, 93% G 1.9%, p > 0.05; 6-OHDA 95% G 8.9%, p > 0.05; rmANOVA: surgery 3 time

interaction, F155, 1395 = 0.392, p > 0.999).

Overall, these results extend previous knowledge obtained using constitutive D2R knockout mice, demon-

strating that the LTD that follows the stimulation of corticostriatal fibers (Calabresi et al., 1997) depends on

the cell-specific activation of D2R in iMSNs.
L-DOPA treatment partially restores the dorsolateral striatum transcription profiles in wild

type, but not in iMSN-D2RKO

The increased AIMs that follow L-DOPA treatment in iMSN-D2RKO brought us to analyze the presence of

changes at the gene expression level in the DLS of these mice as compared to WT. Comparisons of DEGs

(padj<0.1; Table S1 and Figure 5A), before and after chronic L-DOPA treatments of 6-OHDA lesioned mice

showed the presence of only five coding genes in common between the two genotypes: c-fos, Sik1, Dusp1,

Tiparp, and Pdk4 (Figure 5A). Importantly, despite the presence of c-fos in both genotypes, a much larger

increase of its expression was found in iMSN-D2RKO as compared to WT (after L-DOPA, iMSN-D2RKO:

2.32 fold (p=1.25E-08) and WT:1.67 fold (p = 0.0035) above saline treated). Notably, after L-DOPA, the ma-

jority of DEGs were downregulated in the WT, while in the iMSN-D2RKO were upregulated (Figure 5A).

Similar ratios between up- and down-regulated genes were also obtained with the adjusted p-value raised

to 0.2 or 0.3. In the iMSN-D2RKO DEGs, our analyses identified as the target of the differential expression

some genes previously linked to LID, such as Nr4a1 (Rouillard et al., 2018), GPR3 (Patricio et al., 2020) and

SNCA (Martikainen et al., 2015).

In the WT, KEGG (p < 0.05) and protein function analyses highlighted pathways involved in synapse forma-

tion and functions (Figures 5B and 5C). This was not the case in iMSN-D2RKO, where the majority of DEGs

were associated with pathways connected to the control of transcription (Figures 5B and 5C).

We also retrieved and compared, between genotypes and conditions, MSN-specific differentially ex-

pressed genes (Figure 5D). Interestingly, in all conditions, iMSN-D2RKODLS showed themost accentuated

expression changes, as compared to WT mice (Figure 5D). These results support the view of D2R-depen-

dent signaling in iMSNs being required for the general control of striatal gene expression.
Dopamine receptors type 2 on iMSNs modulate direct output pathway activity

LID has been correlated with the pathological activation of hypersensitive D1Rs in dMSNs, and the conse-

quent potent activation of the direct pathway (Santini et al., 2012). At the cellular level, LID is mirrored by

the increased phosphorylation of the extracellular signal-regulated kinase (pERK42/44) and of the down-

stream target c-Fos (Santini et al., 2007; Valjent et al., 2000; Westin et al., 2007). L-DOPA administration

greatly increased pERK42/44 and c-Fos immunoreactivity in the DLS of 6-OHDA mice of both genotypes

as compared to equally treated sham (p < 0.0001; Figures 6A and 6B) (Cortés et al., 2017; Santini et al.,

2007). Notably, following acute L-DOPA, 6-OHDA iMSN-D2RKO mice showed a trend toward increased

of c-Fos+ cells and of pERK42/44 intensity/cell as compared to equally treated 6-OHDA WT (p > 0.05;

Figures S5A–S5C). However, following chronic L-DOPA, a statistically significant increase of pERK42/44 in-

tensity/cell (p < 0.05; Figures 6A and 6B) and a higher number of c-Fos+ cells (p < 0.001; Figures 6A and 6B)

were observed in the DLS of 6-OHDA iMSN-D2RKOmice as compared to 6-OHDAWT controls (Figures 6A

and 6B), mirroring the increase of the AIMs score (Figures 4A–4D) in these mutants. Thus, the intensity of

ERK phosphorylation per cell correlates well with LID severity (Santini et al., 2007) and appears modulated

by D2R signaling.
10 iScience 25, 105263, October 21, 2022



A

B

C

D

ll
OPEN ACCESS

iScience 25, 105263, October 21, 2022 11

iScience
Article



Figure 6. Lack of D2R signaling in iMSNs enhances dMSN and ChI activity following chronic L-DOPA

(A) Representative IF images of DLS showing c-Fos+ (green) and pERK42/44+ (red) cells in sham and 6-OHDA WT and

iMSN-D2RKO mice following chronic L-DOPA.

(B) Bar graphs showing: (left) the total number of c-Fos+ cells (N = 4-5/group), and (right) the mean intensity/cell of

pERK42/44+ cells expressed as percentage of sham WT (N = 4-7/group). ****p < 0.0001 vs sham of same genotype; $

p < 0.05, $$$ p < 0.001 vs 6-OHDA WT. 2way ANOVA followed by Newman-Keuls post-hoc analysis. For c-Fos, the 2way

ANOVA is significant 3 genotype p = 0.0117 (F (1, 14) = 8.407), 3 lesion p < 0.0001 (F (1, 14) = 349.1), and

genotype 3 lesion p = 0.0098 (F (1, 14) = 8.912). For pERK42/44, the 2way ANOVA is significant 3 lesion p < 0.0001 (F (1,

18) = 174.6), and genotype 3 lesion p = 0.0288 (F (1, 18) = 5.650).

(C) Representative IF images of DLS showing p-rpS6-S240-244 (left, green) and pERK42/44 (right, green) immunoreactivity in

ChAT+ cholinergic interneurons (red) in 6-OHDA WT and iMSN-D2RKO mice following chronic L-DOPA.

(D) Left: Box plot showing the mean intensity/cell (arbitrary unit) of p-rpS6-S240/244 immunoreactivity in ChAT+ cholinergic

interneurons (N = 5/group). *p < 0.05 vs WT. Two-tailed t-test (t = 3.181, df = 8); (D) Right: Box plot showing the mean

intensity/cell (arbitrary unit) of pERK42/44 immunoreactivity in ChAT+ cholinergic interneurons (N = 5/group). *p < 0.05 vs

WT. Two-tailed t-test (t = 2.402, df = 8). Data are normalized to WT and expressed as percentage. Scale bar 50 mm. See

also Figures S5 and S6.
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Effect of chronic L-DOPA on striatal cholinergic interneurons activity

How D2R signaling in iMSNs impact the dMSNs response to L-DOPA? Intrastriatal ACh plays a pivotal

role in the regulation of MSNs activity (Lewis et al., 2020; Tanimura et al., 2018) and LID expression

(Ding et al., 2011; Won et al., 2014). Thus, we asked whether the cell-specific ablation of D2R in iMSNsmight

affect ChIs upon L-DOPA administration to 6-OHDA lesioned animals. Activation of ChIs was evaluated in

both genotypes by performing double immunofluorescence experiments using antibodies directed

against choline acetyltransferase (ChAT), an exclusive marker of ChIs, and either pERK42/44 (Ding et al.,

2011) or p-rpS6-S240/244 (Bertran-Gonzalez et al., 2012; Castello et al., 2020) as markers of signaling activa-

tion and reactivity of these neurons to L-DOPA administration. Acute L-DOPA did not activate pERK42/44 in

ChIs (Figure S6). Conversely, chronic L-DOPA induced a potent increase of pERK42/44 as well as of p-rpS6-

S240/244 immunoreactivity in ChIs located in the DLS of WT and iMSN-D2RKO mice (Figures 6C and 6D).

Interestingly, the quantification of the intensity/cell showed a statistically significant enhancement of

pERK42/44 and p-rpS6-S240/244 immunoreactivity in the ChIs of iMSN-D2RKO mice as compared to WT

mice (Figure 6C and 6D; p < 0.05). Thus, loss of D2R in iMSNs results in sustained activation of signaling

in ChIs upon chronic L-DOPA treatment.
Modulation of acetylcholine signaling drastically reduces levodopa-induced dyskinesia

severity in wild-type mice

DA and ACh oppositely modulateMSNs activity by stimulating postsynaptic D1R,M1R andM4R on dMSNs,

and D2R and M1R on iMSNs. In PD, the striatal ACh/DA ratio is profoundly altered owing to the degener-

ation of nigrostriatal neurons (Fox, 2013) contributing to the generation of PD symptoms and, upon treat-

ment, to LID (McKinley et al., 2019; Won et al., 2014).To analyze whether the unopposed M1R activation of

the iMSNs in iMSN-D2RKOmice might contribute to their higher AIMs expression following L-DOPA treat-

ment, we analyzed the anti-dyskinetic effects of VU0255035, a specific M1R antagonist, in dyskinetic WT

and iMSN-D2RKO mice.

Dyskinetic iMSN-D2RKO mice were administered VU0255035 in combination with L-DOPA, then the ALO

AIMs score assessed and compared to that of mice receiving exclusively L-DOPA. Following VU0255035,

we observed a significant reduction of the ALO AIMs score, as compared to iMSN-D2RKO, treated only

with L-DOPA (Figure S7A); importantly, AIMs intensity became comparable to that observed in L-DOPA-

treated WT mice. On the other hand, VU0255035 produced only a minimal anti-dyskinetic effect in WT

mice (Figure S7A).

These results suggest that ACh signaling to iMSNs exacerbates LID in the absence of D2R in these neurons,

likely by potentiating the indirect pathway. They also suggest that in the WT the L-DOPA-mediated stim-

ulation of D2R is able to counteract M1R stimulation, thus rendering the anti-dyskinetic effects of

VU0255035 null.

In support of our hypothesis, we tested LFS-induced LTD in DLS coronal striatal slices from sham and

6-OHDA WT and iMSN-D2RKO mice, previously bath-exposed to the selective M1R antagonist

VU0255035. Bath-application of VU0255035 induced the expression of a robust LFS-LTD in the 6-OHDA
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Figure 7. Reduced LID severity in WT mice treated with the co-administration of M1R antagonist and M4R

allosteric modulator

Graphs showing striatal field potential recordings from LFS-LTD in coronal striatal slices from sham and 6-OHDA WT

(A) and iMSN-D2RKO mice (B), previously bath exposed to the selective M1 antagonist VU 0255035. fEPSP is normalized

to baseline, averaged (mean G SEM), and plotted as a function of time. Inset: representative baseline traces in black and

40 min post-LFS in red. Bar scale; 0.4 mV/5ms.

C) ALO AIM score evaluation of WT and iMSN-D2RKO mice after five days of L-DOPA treatment (15 mg/kg) to induce

dyskinesia, ten days of washout, and six days of treatment with L-DOPA 6 mg/kg, alone or in association with VU0467154

(10 mg/Kg) and/or VU0255035 (15mg/Kg). ALO AIM score was evaluated on day 1, 3, and 6 of treatment. The 2way

ANOVA for WTmice is significant3 time p = 0.021 (F (1.782, 61.47) = 7.293),3 treatment p < 0.0001 (F (3, 35) = 73.91). The

2way ANOVA for iMSN-D2RKO mice is significant 3 treatment p < 0.0001 (F (3, 49) = 47.06). Data are expressed as mean

values G SEM. See also Table S2.
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lesioned striatum of WTmice, reaching values comparable to that obtained from the control side (WT: con-

trol, 67% G 9.9%, p < 0.05; 6-OHDA, 74% G 4.9%, p < 0.05; rmANOVA: surgery 3 time interaction, F149,

1490 = 1.389, p = 0.002; Figure 7A). Importantly, the selective inhibition of M1R restored the LFS-LTD in

both control and 6-OHDA-lesioned side of iMSN-D2RKO DLS (iMSN-D2RKO: control, 78% G 4.1%,

p < 0.05; 6-OHDA, 84% G 3.1%, p < 0.05; rmANOVA: surgery 3 time interaction, F149, 894 = 0.865,

p = 0.86; Figure 7B). Thus, ACh activation of M1R is critically involved in the intensity of dyskinesia.
Dopamine-mediated modulation of acetylcholine signaling in Parkinson’s disease

Based on previous evidence showing that the positive allosteric modulator (PAM) of M4R (VU0467154)

significantly counteract the pro-dyskinetic effects of L-DOPA (Shen et al., 2015), we asked whether the com-

bined blockade of M1R and positive modulation of M4R would further ameliorate AIMs in dyskinetic WT

and iMSN-D2RKO mice.
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To do this, dyskinetic WT and iMSN-D2RKO mice received a sub-chronic administration of L-DOPA (6 mg/

kg, s.c.) plus benserazide (12 mg/kg, s.c.) alone or in association with the M1R antagonist VU0255035

(15 mg/kg; i.p.), and/or with the M4R PAM VU0467154 (10 mg/kg; i.p). ALO AIM scores were evaluated

on day 1, 3, and 6 of the treatment (Figure 7C). Chronic treatment with VU0255035 showed a statistically

significant reduction of AIMs only in the iMSN-D2RKO mice with the best performance at day 6

(p < 0.001, Figure 7C). VU0467154 alone significantly reduced AIMs in iMSN-D2RKOmice from day 1, likely

by partially balancing the activity of the output striatal pathways (p < 0.0001, Figure 7C). In WT mice,

VU0467154 significantly reduced the pro-dyskinetic effects of L-DOPA starting from day 3 (p < 0.01, Fig-

ure 7C); however, this reduction was not as accentuated as that of the combination of muscarinic agents

(p < 0.0001, Figure 7C). Indeed, both genotypes receiving L-DOPA in combination with VU0255035 and

VU0467154, showed a strong reduction of ALO AIMs starting from day 1, with the highest anti-dyskinetic

effect observed on day 6 in both genotypes (p < 0.0001, Figure 7C). The 2way ANOVA for WT mice is

significant 3 Time p = 0.021 F (1.782, 61.47) = 7.293, 3 Treatment p < 0.0001 F (3, 35) = 73.91. The 2way

ANOVA for iMSN-D2RKO mice is significant 3 Treatment p < 0.0001 F (3, 49) = 47.06. Statistical results

of Bonferroni’s multiple comparisons test are shown in Table S2. These results indicate the importance

of restoring a balanced DA/ACh signaling within the DA-deprived striatum to reduce LID, as demonstrated

by the superior anti-dyskinetic effects of the combination of VU0255035 and VU0467154 in mice.
DISCUSSION

Loss of dopaminergic neurons, and the consequent reduction of dopamine signaling, are at the basis of

PD. Surprisingly, the constitutive loss of D1R is not detrimental to locomotion (Xu et al., 1994), although

the dyskinetic effects of L-DOPA are no longer observed in D1RKOmice (Darmopil et al., 2009). Conversely,

genetically engineered mice lacking D2R either constitutively or in a cell-specific fashion only in iMSNs,

show that the absence of D2R signaling is largely involved in the loss of coordination and reduced move-

ments characteristic of PD (Anzalone et al., 2012; Baik et al., 1995; Kharkwal et al., 2016; Lemos et al., 2016).

These results agree with the L-DOPA-mediated activation of the MSNs-derived pathways to the SNr and

GPi (Cenci and Konradi, 2010), and indicate that loss of D2R signaling in iMSNs results in unbalanced

signaling to extrastriatal, but also intrastriatal, circuits (Lemos et al., 2016; Kharkwal et al., 2016).

While L-DOPA stimulation of D1R signaling in dMSNs in LID is well established (Cenci, M.A., and Konradi),

that of D2R signaling in iMSNs, although involved, is less well defined. This because D2R is widely ex-

pressed in the striatum not only on iMSNs, but also on ChIs, as well as on dopaminergic and cortical affer-

ents; all these neurons are intertwined in complex circuits that are still to be clarified.

This study aimed at analyzing how and whether the lack of D2Rs selectively in iMSNs affects LID. This

approach differs from that of others that have previously analyzed the involvement of iMSNs in LID (Alcacer

et al., 2017; Girasole et al., 2018) in which D2R expressing iMSNs were manipulated as a whole. Similarly,

using pharmacological approaches a clear participation of D2R/D3R signaling was assessed (Drake et al.,

2013; Rascol et al., 2006; Sebastianutto et al., 2016) but the cell types involved in it were not clarified. Using

constitutive knockout of D2Rs in mice it was shown that the total loss of D2R signaling had no effects in

L-DOPA-treated dyskinetic mice (Darmopil et al., 2009).

These apparent discrepancies are interesting as they support and confirm that D2R signaling in the striatum

affects a majority of cell types and that it is this complexity that has prevented a full knowledge of the D2R

implication in LID more than lack of D2R ligands capable of completely distinguish between D2R and D3R

(Lanza et al., 2021; Solı́s et al., 2017).

In this study, using 6-OHDA lesioned iMSN-D2RKO and WT mice, we observed a lower reduction of the

total motor activity and of the turning behavior as compared to WT mice. In agreement with the notion

that synaptic plasticity dysfunctions are critically involved in the emergence of motor impairment (Schroll

et al., 2014), we found that the removal of D2R in iMSN was sufficient to prevent the expression of LFS-

induced LTD in striatal slices from sham iMSN-D2RKO mice, in a manner similar to WT mice having lost

dopaminergic neurons after 6-OHDA lesion (Picconi et al., 2003; Thiele et al., 2014). These results support

previous studies suggesting that the DA stimulation of D2R in iMSNs is required for endocannabinoids pro-

duction and, subsequently, for the stimulation of presynaptic Cannabinoid receptor type 1 (Kreitzer and

Malenka, 2005, 2007).
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High-frequency stimulation (HFS)-LTD deficiency has also been reported in another mouse model, in which

to delete D2Rs in iMSNs, the Cre-recombinase was under the control of the Adenosine A2a promoter (Au-

gustin et al., 2018). In this study, HFS-LTD deficiency was observed using whole-cell patch clamp recording

from iMSNs, but not in field potential recordings. As the expression of LFS-LTD and HFS-LTD depends on

the involvement of different intracellular mechanisms (Ronesi and Lovinger, 2005), we hypothesize that

these discrepancies may be partially related to the different electrical stimulation protocols used.

Comparisons of the transcriptomes of the DLS from WT and iMSN-D2RKO mice undergoing sham or

6-OHDA lesions with or without L-DOPA treatment, enabled us to obtain the footprint of lack of D2R

signaling in iMSNs. This analysis is the first to be done in a cell-type specific iMSN-D2R mutants. Impor-

tantly, we observed that, already in sham conditions, there is a striking upregulation of the LRRK2 gene

in the absence of D2R in iMSNs. Mutations in LRRK2 have been identified in familial and sporadic PD;

furthermore, LRRK2 overexpression has been shown to be detrimental to neuron’s physiology (Jeong

and Lee, 2020) indicating that D2R signaling is a critical element in the control of the expression of this ki-

nase. Future studies will be aimed at investigating whether LRRK2 overexpression in iMSN-D2RKO mice

might be caused by a direct D2R-dependent inhibition of its expression in iMSNs or indirect, in dMSNs

or other striatal neurons.

KEGG analyses of the differentially expressed genes showed significant changes in members of the cAMP

and calcium signaling pathways underlining the important regulation by D2R in iMSNs on striatal gene

expression (de Gortari and Mengod, 2010; Gresack et al., 2014). Indeed, differentially expressed genes

identified by comparing sham WT to sham iMSN-D2RKO DLS were all up-regulated in the absence of

D2R in iMSN-D2RKOmice, with some of them previously linked to PD (Morales-Garcia et al., 2011; Nicolini

et al., 2015; Park et al., 2014; Wennogle et al., 2017). Thus, it might be concluded that D2R signaling in

iMSNs exerts a global negative control upon striatal genes’ expression and it acts as an inhibitory filter

of striatal functions affecting dMSNs and striatal output pathways (Cai et al., 2021; Kharkwal et al., 2016;

Lemos et al., 2016; McKinley et al., 2019).

The significant changes at the gene expression level observed by loss of D2R signaling in the iMSNs parallel

the bradikynesia and altered the coordination of iMSN-D2RKOmice (Anzalone et al., 2012). In this respect,

the bradykinesia observed in iMSN-D2RKO mice originates from the hyper-GABAergic tone generated by

collateral projections coming from iMSNs and directed to dMSNs, rather than from the iMSNs output

target (Lemos et al., 2016). Interestingly, in line with the importance of D2R signaling in iMSNs on intrastria-

tal gene expression, while members of the cAMP pathway are up-regulated in the DLS of iMSN-D2RKO in

basal conditions, in theWT, members of this same pathway are instead down-regulated following 6-OHDA

lesion. These results imply that in basal conditions DA through D2R signaling inhibits these genes expres-

sion; they also show the absence of mechanisms activated either by different members of the dopami-

nergic system or by other intrastriatal circuits to compensate for the absence of D2R in these neurons.

DA depletion induced by either 6-OHDA or reserpine dramatically reduces the number and strength of

MSNs collaterals (Taverna et al., 2008). Thus, we hypothesized an amplification of this condition in

iMSN-D2RKO mice following chronic L-DOPA treatment in 6-OHDA lesioned mutants. Indeed, iMSN-

D2RKO mice showed a higher degree and intensity of AIMs in comparison to WT mice.

Interestingly, while in WT mice chronic L-DOPA treatment re-established the expression of DEGs in

6-OHDA lesioned animals to basal levels, in 6-OHDA lesioned iMSN-D2RKO mice it had only a minimal

effect. Thus, in the absence of D2R signaling in iMSN, L-DOPA-mediated stimulation of dMSNs is not suf-

ficient to restore gene expression to the basal conditions. This observation is further enhanced by quanti-

fications of c-Fos and pERK immunoreactivity which was significantly stronger in the DLS of D2R mutants as

compared to the WT following L-DOPA treatment, mirroring the increased elevation of genes’ expression

in the cAMP pathway of iMSN-D2RKO DLS. For instance, overexpression of ADCY5 is not overturned upon

L-DOPA treatment of iMSN-D2RKO lesioned mice leading to the potent up-regulation of downstream

genes associated with LID, such as c-fos.

The cholinergic system is also critically involved in the striatal regulation of the cAMP pathway (Migeon and

Nathanson, 1994), and acetylcholine signaling to MSNs is implicated in LID (Ding et al., 2011; Shen et al.,

2015; Won et al., 2014). Reduced DA as well as chronic L-DOPA treatment strongly affects the appropriate
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control of ACh release and the activity of striatal cholinergic interneurons (Cai et al., 2021; McKinley et al.,

2019). In this respect, we found that the immunoreactivity of pERK and p-rpS6-S240/244 was significatively

elevated in L-DOPA-treated iMSN-D2RKOmice as compared to WT mice, thus indicating a sustained acti-

vation of ChIs in our mutants. We hypothesized that the unopposed stimulation of muscarinic M1Rs in

iMSNs in the absence of D2R might synergize with weakened MSNs collaterals and underlie the stronger

LID observed in iMSN-D2RKO mice. Indeed, blocking M1R using the specific antagonist VU0255035

reduced the intensity of dyskinesia of iMSN-D2RKO mice to WT levels.

On the contrary, the M1R antagonist did not improve AIMs in WT mice showing that the anti-dyskinetic ef-

fect of M1R is contained in the presence of D2R signaling. Nonetheless, VU0255035 restored LFS-LTD in

both genotypes. Interestingly, in experiments conducted in iMSN-D2RKO mice, both the control and

the lesioned side appeared equally responding to VU0255035 suggesting that in both conditions LFS-

LTD can be restored by blocking M1R (Wang et al., 2006).

The muscarinic M4R has also been implicated in LID (Shen et al., 2015). Interestingly, RNA-seq data

showed a marked change of M4R expression in sham iMSN-D2RKO mice compared with WT, as well

as in both genotypes following DA depletion. Considering this evidence and the positive results ob-

tained by M1R blockade in iMSN-D2RKO, we tested the antidyskinetic effects generated by the pharma-

cological manipulation of M1 and M4 muscarinic receptors in WT mice. Our results show an outstanding

synergistic effect on LID by targeting these two receptors, followed by a drastic reduction of the AIM

score. These treatments were also efficient in reducing LID in iMSN-D2RKO mice. Thus, loss of DA in

PD alters the activity of MSNs and participates to the appearance of dyskinetic movements by affecting

striatal cholinergic signaling.

In conclusion, our results illustrate the prominent role of D2R in iMSNs in the regulation of motor activity

and development of LID following chronic L-DOPA. The identification of genes whose expression is altered

under the different conditions used, allowed us to observe that loss of D2R signaling has a big impact on

striatal gene expression affecting pathways previously involved in PD. Importantly, our studies show that

D2R signaling is required for maintaining the expression of members of specific pathways under control

and in its absence the resulting up-regulation is detrimental to the physiological characteristics of striatal

neurons and to behavior. KEGG analyses performed after 6-OHDA lesions in both genotypes showed

opposing pathways activated in the absence of D2Rs in iMSNs. In the WT, a larger number of genes be-

longed to gabaergic signaling while in IMSN-D2RKOmice to the glutamatergic. It is tempting to speculate

that the absence of D2R signaling in iMSNs might change the direction of neuronal plasticity in striatal cir-

cuits, in agreement with previous reports (Calabresi et al., 1997).

Importantly, we show that in the absence of D2R in iMSNs the unopposed M1R signaling is responsible

for the increased dyskinesia of iMSN-D2RKO mice. We speculate that the pulsatile control of L-DOPA

on iMSNs and cholinergic interneurons does not allow the proper cholinergic control of MSNs leading

to LID.

Thus, our study using mice with a selective deletion of D2R in iMSNs, extends and complements

previous studies by demonstrating that absence of D2R signaling specifically in iMSNs has a preponder-

ant role in the control of gene expression and the pathophysiology of PD through the alteration of striatal

circuits.
Limitations of the study

Electrophysiological analyses from striatal slices did not allow us to evaluate responses of different

neuronal populations at the single-cell level and were restricted to the evaluation of LFS-induced LTD,

the best characterized and reproducible form of long-term plasticity in these synapses (Kreitzer and Mal-

enka, 2005). Nevertheless, it is known that in the healthy striatum both iMSNs and dMSNs may also express

another major form of corticostriatal plasticity known as long-term potentiation (LTP), which strengthens

the connections between cortical and striatal neurons. Considering our observation indicating a major

role of D2R in iMSNs in the inhibition of intrastriatal circuits, further studies are needed to investigate

whether D2R in iMSNs may affect the expression of LTP in MSNs both in PD and LID.
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A functional characterization of GABAergic MSNs collaterals following DA-depletion and L-DOPA treat-

ment would be suited. Loss of D2R signaling in iMSNs results in increased GABA-mediated inhibition of

dMSN activity (Kharkwal et al., 2016; Lemos et al., 2016), the understanding of how the activity of MSNs col-

laterals may affect intrastriatal circuits in PD and LID will be fundamental to fully clarify the mechanisms

leading to the behavioral and molecular responses observed in our mice.

Here, we performed bulk RNA-seq of the DLS of WT and iMSN-D2RKOmice. Single cells RNA-seq will help

assign the variation of gene expression to identified neuronal populations.
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d This paper does not report original code. The URL of the codes used in this paper are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mutant iMSN-D2RKO mice were generated by mating D2Rflox/flox males with D2Rflox/flox females carrying

the CRE under the control of the D1 receptor promoter (D1)-Cre. This way, we generated the

D2Rflox/flox/D1�Cre/+ line; the D2Rflox/flox mice are thereafter called WT in our study (Anzalone et al., 2012).

The D1R gene is expressed during development in MSNs precursors (Aizman et al., 2000) allowing the dele-

tion of D2R as previously shown selectively in iMSNs (Anzalone et al., 2012). Mutant and control mice used

in this study were in the same genetic background (98.4% C57BL6 X 1.56% 129 SV). Eight-to fifteen-weeks-

old male iMSN-D2RKO andWTmice, weighting between 25-30 g at the beginning of the study, were used.

Mice were group housed and maintained at standard 12h/12h light/dark cycle, at �25�C, and humidity

levels at 45%–60%, with standard food and water ad libitum. Females iMSN-D2RKO and WT did not differ

in the expression of L-DOPA-induced AIMs, as compared to male mice, thereafter all experiments were

performed in males. All protocols were submitted and approved by the University of California, Irvine Insti-

tutional Animal Care and Use Committee in accordance with the National Institute of Health and the

ARRIVE guidelines.

METHOD DETAILS

Chemical and reagents

L-DOPA (Sigma), benserazide-HCl (Sigma), and VU 0255035-HCl (UCI) were dissolved in physiological ster-

ile saline (0.9% NaCl), VU 0467154 (MedChemExpress) was dissolved in Tween 80 (Sigma) 10% w/v and

physiological sterile saline (0.9% NaCl). Compounds were injected either subcutaneously (s.c., for

L-DOPA and benserazide) or intraperitoneally (i.p., for VU 0255035-HCl and VU 0467154), using a volume

of 10 mL/kg of body weight. Controls received an equivalent volume of saline. 6-OHDA (Sigma) was dis-

solved in sterile saline containing 0.05% of ascorbic acid to reduce molecule oxidation. For electrophysio-

logical evaluations, VU 0255035-HCl (UCI) was dissolved in dimethlysulfoxide (DMSO) to 0.01%.

Unilateral 6-OHDA stereotaxic surgery

WT and iMSN-D2RKO mice (25–30g) were anesthetized with a mixed of vaporized isoflurane/air 3% (Kent

Scientific) before being placed in a stereotaxic frame equipped with a mouse adaptor (model 963, David

Kopf Instruments). Afterward, a nose cone was placed over the mouse and isoflurane/air concentration

was lowered to 1%–2%. Temperature and breathing were closely monitored throughout the surgery.

Each mouse received either two unilateral injections (inj.) of 2mL of 6-OHDA into the right DLS (coordinates

in mm relative to bregma: 1st inj. anteroposterior (AP): +1.0, mediolateral (ML): -2.1, dorsoventral (DV): -2.9

and 2nd inj. AP: +0.3, ML: �2.3, DV: �2.9) or one unilateral inj. of 1mL of 6-OHDA into the right MFB

(AP: �1.2, ML: �1.2, DV: �4.75) according to the Paxinos and Franklin (2001) mouse brain atlas (Francardo

et al., 2011). 6-OHDA was dissolved in ice-cold sterile saline containing 0.05% of ascorbic acid to obtain a

concentration of 3 mg/mL (calculated as free base). 6-OHDA was delivered by a 10 mL WPI syringe (equip-

ped with a 35G needle) connected to an external pump (UMC4, WPI; flow rate: 250 mL/min). After each

6-OHDA injection, needle was left in place for 10 min to optimize tissue retention. Following surgery,

mice received for two weeks daily post-operative care consisting of two injections of sterile dextrose-saline

solution (2.5g/50mL, s.c., 6–8 h spaced) and the addition of a highly palatable gel food (Nutra-Gel Diet,

s4798). Mice that showed difficulties in eating due to severe postural asymmetry were hand-fed.

Behavioral analyses

Open field test

To obtain a preliminary estimation of 6-OHDA-induced dopaminergic degeneration, two weeks after sur-

geries, WT and iMSN-D2RKO mice were individually placed for 10 min in a white wooden

box (30X30X30 cm; 70 lux) to track and record their horizontal locomotor activity by the mean of a
22 iScience 25, 105263, October 21, 2022
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video-tracking automated system (Viewpoint Behavior Technology; Lyon France). In addition, footages

were further analyzed to count the total number of ipsilateral and contralateral turns to the lesion (used

as index of asymmetry) performed by each mouse over ten minutes. 180-degree turns were scored as

one, while 360-degree turns were score as two (Francardo et al., 2011). Behavioral analyses were performed

by an expert observer blind to the mouse genotype.
Abnormal involuntary movements evaluation

AIMs evaluation was based on a well-established rating scale specifically designed to test L-DOPA induced

dyskinesia severity in hemi-parkinsonian rodents (Francardo et al., 2011). Behavioral analyses were per-

formed by an expert observer blind to the mouse genotype.

Mice were individually placed in transparent cages (20 cm x 30 cm x 12 cm) without bedding material and

observed for 1 min every 20 min over a total period of 120 min, immediately after L-DOPA administration.

AIMs clearly different from natural stereotyped movements were classified into four subtypes according to

their topographic distribution: axial (dystonic posturing of the upper part of the body toward the side

contralateral to the lesion), limb (abnormal movement of the forelimb contralateral to the lesion), and or-

olingual AIMs (vacuous jawmovements and tongue protrusions toward the side contralateral to the lesion).

Each subtype was scored based on a frequency-based scale ranging from 0 to 4, defined as follows: 0, ab-

sent; 1, present less than half of the observational period; 2, present more than half of the observational

period; 3, continuous but interruptible by external stimuli; 4, continuous and not interruptible by external

stimuli, for a maximum score of 12 for eachminute of observation. The total AIMs score for each session was

obtained by summing individual partial scores.
Experimental Plan

Experiments were carried out in unilateral 6-OHDA WT and iMSN-D2RKO mice, and sham controls, to

assess: (1) the involvement of D2Rs in iMSNs in the development and expression of AIMs following

L-DOPA; (2) the influence derived by the surgical procedure (striatal vs MFB 6-OHDA infusion) and

L-DOPA dosage (low dose vs high dose) on AIMs expression; (3) the contribution of the cholinergic system

in LID.

Experiments (1) were performed in WT and iMSN-D2RKO littermates unilaterally subjected either to sham

or 6-OHDA lesions in the right DLS. Three weeks after surgeries, mice received a daily injection of L-DOPA

(15 mg/kg; s.c.) plus benserazide (12 mg/kg; s.c.) for 11 consecutive days. AIMs were assessed on day one,

four, seven and ten of L-DOPA treatment. The eleventh day, mice were sacrificed either after 30 min from

L-DOPA for subsequent immunohistochemical analyses, or after 60 min from L-DOPA for Western blot and

RNAseq analyses. Additionally, a subgroup of control, sham and 6-OHDAWT and iMSN-D2RKOmice were

used for electrophysiological evaluations.

Experiments (2) were performed in WT and iMSN-D2RKO mice unilaterally subjected either to sham or

6-OHDA lesion in the right MFB. Three weeks after surgeries, mice received escalating doses of

L-DOPA (1.5, 3, and 6 mg/kg, s.c., dose was changed every three days) plus benserazide (12 mg/kg; s.c.)

over nine consecutive days. AIMs evaluation was performed after each L-DOPA administration.

For experiments (3), we tested: (A) the acute anti-dyskinetic effects produced by a high dose of the selective

M1R antagonist VU 0255035 in already dyskinetic WT and iMSN-D2RKO mice. 6-OHDA WT and iMSN-

D2RKO mice were rendered dyskinetic by treating them for five consecutive days with L-DOPA

(15 mg/kg, s.c.) plus benserazide (12 mg/kg, s.c.); then, mice received 10 days of drug wash-out in their

home cage. Afterward, mice received in acute VU0255035 (15 mg/kg, i.p.) or its vehicle (saline) 15 min

before the L-DOPA (6 mg/kg, s.c.) plus benserazide (12 mg/kg, s.c.). (B) the sub-chronic anti-dyskinetic ef-

fects produced by the combined administration of the M1R antagonist VU 0255035 and the M4R PAM

VU0467154 in already dyskinetic WT and iMSN-D2RKO mice. 6-OHDA WT and iMSN-D2RKO mice were

rendered dyskinetic as previously described in (A). After 10 days of drug wash-out in their home cage,

mice received six daily injections of VU0467154 (10 mg/kg; i.p.), either alone or in association with

VU0255035 (15 mg/kg; i.p.), 15 min before L-DOPA (6 mg/kg; s.c.) plus benserazide (12 mg/kg; s.c.).

AIMs were assessed on day one, three, and six of treatment.
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Immunofluorescence

Thirty minutes after the last L-DOPA administration, mice were deeply anaesthetized with Euthasol (Virbac

AH, Inc., Fort Worth, TX) and transcardially perfused with cold 4% paraformaldehyde dissolved in sterile

phosphate-buffered saline (PBS, Na2HPO4 10 mM, KH2PO4 1.8 mM, NaCl 137 mM, KCl 2.7 mM). Whole

brains were then post-fixed over-night in 4% paraformaldehyde in PBS at 4�C. 30mm coronal brain sections

were made using a vibratome (Leica) and stored in cryoprotectant solution (30% glycerol and 30% ethylene

glycol in PBS) at �20�C until use. For each mouse, three representative sections were collected from the

striatum (1.34 to 0.74mm from Bregma) and the SNc (�2.92 to �3.52mm from Bregma), according to the

Paxinos and Franklin (2001) mouse brain atlas.

Free floating sections were first washed three times (8 min each) in tris-buffered saline (TBS; 0.25 M tris and

0.5 M NaCL, pH 7.5), blocked in a solution containing 5% normal goat serum, 0.05% bovine serum albumin,

and 0.3% Triton X-100 at room temperature for one hour. Afterward, sections were incubated with the pri-

mary antibodies: mouse anti-tyrosine hydroxylase (TH) (1:1000, Santa Cruz Biothechnology), rabbit anti-p-

rpS6-S240/244 (1:600, Cell Signaling), mouse anti-c-Fos (1:1000, Abcam), mouse anti-p-44/42 MAPK (1:200,

Cell Signaling), goat anti-choline acetyltransferase (1:500, Millipore) in TBS 1%NGS overnight at 4�C, either
alone or in combination. The following day, sections were first rinsed three times in TBS for 10 min and then

incubated for 1 h at RT with the appropriate secondary antibody: Cy3-coupled donkey anti-goat (1:800, Ab-

cam), Alexa 488-coupled goat anti-rabbit (1:800, Invitrogen), Alexa 488-coupled goat anti-mouse antibody

(1:800, Invitrogen), Alexa 546-coupled goat anti-mouse (1:800, Invitrogen) in TBS 1% NGS. Sections were

rinsed twice with TBS before nuclei were stained with Draq 7 (1:1000; Biostatus), and glass-mounted using

the Prolong Gold solution (Thermofisher). Images from the DLS were taken on an SP5 confocal microscope

(Leica), while images from the SNc were taken from a fluorescent microscope (Leica). Neuronal quantifica-

tion and measurement of the mean intensity x cell for neurons positive for c-Fos, pERK42/44, and p-rpS6-

S240/244 were performed in three 387.53 387.5 mm images covering the entire DLS (three striatal sections/

mouse were used). Neuronal quantification of TH + neurons was performed in two 1,243.83 932.73 mm im-

ages covering the entire SNc (three striatal sections/mouse were used). Quantification of immunoreactive

neurons was carried out by themanual particle counting option of Image J software (U.S. National Institutes

of Health, USA), in experimenter blinded analyses. Measurement of the intensity x cell of immunoreactive

neurons was carried out by manually drawing a region of interest around the perimeter of each individual

neuron by the freehand selection tool of ImageJ software. Afterward, the mean intensity value x cell was

obtained, and background subtracted.
Western blot

Frozen tissue punches of the striatal region were homogenized and sonicate for 3 rounds at 60% of intensity

in Radioimmunoprecipitation assay buffer (RIPA buffer) + protease inhibitor. The proteins were quantified

using Varioskan� LUX multimode microplate reader. 10 mg of proteins were separated on SDS-PAGE 6%

and transferred onto membranes. Primary antibodies used were: Rabbit anti-Lrrk2 MJFF2(c41-2) abcam

(Cat# Ab133474) (1:5000) and mouse anti-aTubulin (ProteinTech Cat# Cat# 66031-1-Ig) (1:20000). Second-

ary HRP anti-rabbit and/or anti-mouse antibodies (1:5000) were from Millipore (Millipore, Cat# AQ132P).

Western blots were revealed using ChemiDoc Imagers (Biorad, USA), and the quantifications were per-

formed using the ‘‘Image Lab’’ software (Biorad, USA).
RNA preparation for RNA-sequencing

For RNA-seq, the last day of the experiments and 1h after L-DOPA injections, brains were dissected and

rapidly frozen in 2-methylbutane on dry ice. Unilateral tissue punches from the DLS of the right hemi-

spheres of mice treated in the different conditions tested were obtained and rapidly homogenized in Trizol

(Thermo Fisher) using a 26 1⁄2 gauge needle attached to a 1 mL syringe. RNA isolation was completed

following the Trizol (Thermo Fisher) manufacturer’s protocol. RNA was resuspended in H2O.
Library preparation for RNA-Sequencing

Library preparation and sequencing were performed at the University of California, Irvine Genomic High-

Throughput Facility. Total RNA was monitored for quality control using the Nanodrop absorbance ratios

for 260/280nm and 260/230nm and the RIN (RNA Integrity Number) was evaluated with Agilent Bioanalyzer

Nano RNA chip. Library construction was performed according to the Illumina TruSeq Stranded mRNA

Sample Preparation Guide. The input quantity for total RNA was 150 ng and mRNA was enriched using
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oligo dT magnetic beads. The enriched mRNA was chemically fragmented for three minutes. The first

strand synthesis used random primers and reverse transcriptase to make cDNA. After second-strand syn-

thesis, the double-stranded cDNA was cleaned using AMPure XP beads and the cDNA was end-repaired

and then the 3-ends were adenylated. Illumina barcoded adapters were ligated on the ends and the

adaptor-ligated fragments were enriched by nine cycles of PCR. The resulting libraries were validated

by qPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries

were normalized and then multiplexed together. The multiplexed libraries were sequenced on four lanes

using single end 100 cycles chemistry on the HiSeq 4000. The version of HiSeq control software was HCS

3.4.0.38 with real-time analysis software.
Bioinformatics

Read quality was assessed by FastQC software. Sequence alignment was performed using the Mus mus-

culus GENCODE reference genome (GTF file from release M23 GRCm38.p6) using STAR 2.6.0c software.

Differential expression analysis was performed using the DESeq2 tool for ‘‘R’’. Read counts were normal-

ized using the relative log expression method of DESeq2. All software and tools were used with default

parameters. Normalized read counts were converted into the log-read counts, which were then used for

identifying differentially expressed genes; in all our comparisons a Log2 Fold-Change +/� 20% with an

adjusted p value < 0.1 was considered statistically significant. KEGG pathway analyses were performed us-

ing ‘‘Enrichr’’ tool (https://maayanlab.cloud/Enrichr/), (Chen et al., 2013) with a significance p value < 0.05.
Field Potential Recordings

Striatal slices were prepared from male iMSN-D2RKO and WT mice (approximately 2 months of age).

Following isoflurane anaesthesia, mice were decapitated, and the brain was quickly removed and sub-

merged in ice-cold, oxygenated dissection medium containing (in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5

MgSO4, 0 CaCl2, 26 NaHCO3, and 10 glucose. Coronal slices (340 mm) were prepared using a Leica

vibrating tissue slicer (Model: VT1000S) before being transferred to an interface recording containing pre-

heated artificial cerebrospinal fluid (aCSF) of the following composition (in mM): 124 NaCl, 3 KCl, 1.25

KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3, and 10 glucose and maintained at 31 G 10C. Slices were

continuously perfused with this solution at a rate of 1.75–2 mL/min while the surface of the slices were

exposed to warm, humidified 95% O2/5% CO2. Recordings began following at least 2 h of incubation.

Field potential recordings were conducted in control (no surgery), sham- and 6-OHDA-lesioned iMSN-

D2RKO and WT mice containing the DLS. Extracellular recordings were measured in the presence of the

GABA-A receptor antagonist picrotoxin (50 mM), with micropipettes (2.0 MU) filled with 1 M NaCl. A

twisted bipolar electrode was placed in the DLS near the border of the external capsule. Following a

10 min stable baseline recording, LTD was induced by delivering a single train of low-frequency stimulation

(LFS; 10 Hz for 10 min). The magnitude of LTD was calculated by comparing the average 10 min baseline

responses with the average responses recorded 30–40 min post-LTD induction. Data were collected and

digitized by NAC 2.0 Neurodata Acquisition System (Theta Burst Corp., Irvine, CA) and stored on a disk.
QUANTIFICATION AND STATISTICAL ANALYSIS

All values are presented as meanG SEM. GraphPad Prism 9 (La Jolla California, USA) was used to perform

statistical analyses. For each analysis, normality of residues and homoscedasticity were assessed. Depend-

ing on the Gaussian distribution of our data, we employed either the parametric two-tailed t-test or the

non-parametric Mann-Whitney U test for comparison between two groups. To examine the influence of

two independent variables (e.g. time X genotype) on our results, we employed the Two-way Analysis of

Variance (ANOVA), or Two-way repeated measures (RM) ANOVA followed by Bonferroni’s, or Newman-

Keuls’s multiple comparison post hoc test. For RM tests, whenever we could not assume sphericity, a

Geisser–Greenhouse correction was carried out. p < 0.05 was considered statistically significant.
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