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Background: In addition to motor disability, another characteristic feature of Parkinson disease is the early appearance of psychiatric symptoms, including apathy, depression, anxiety and cognitive deficits; treatments for these symptoms are limited by the development of adverse effects such as impulse-control disorders. In this context, we investigated the orphan G protein-coupled receptor 88 (GPR88) as a novel therapeutic target. Methods: We used lentiviral-mediated expression of specifically designed microRNA to knock down Gpr88 in a translational male rat model of early Parkinson disease obtained by dopamine loss in the dorsolateral striatum as a result of 6-hydroxydopamine lesions. We evaluated the impact of Gpr88 knockdown on the Parkinson disease model using behavioural, immunohistochemical and in situ hybridization studies. Results: Knockdown of Gpr88 in associative territories of the dorsal striatum efficiently reduced alterations in mood, motivation and cognition through modulation of the regulator of the G-protein signalling 4 and of the truncated splice variant of the FosB transcription factor. Knockdown of Gpr88 also reduced allostatic changes in striatal activity markers that may be related to patterns observed in patients and that provide support for an "overload" hypothesis for the etiology of the psychiatric symptoms of Parkinson disease. Limitations: Behavioural tests assessing specific cognitive and motivational parameters are needed to further characterize the effects of the lesion and of Gpr88 knockdown in early-stage and advanced Parkinson disease models, presenting more extensive dopamine loss. Additional studies focusing on the direct and indirect striatal output pathways are also required, because little is known about the signalling pathways regulated by GPR88 in different striatal cell types. Conclusion: GPR88 may constitute a highly relevant target for the treatment of the psychiatric symptoms of Parkinson disease.

Introduction

Parkinson disease is classically defined as a motor disorder related to the neurodegenerative loss of dopamine innervation of the striatum, but it also involves psychiatric symptoms that represent a major burden for patients' quality of life. 1 Many of these symptoms have been grouped as part of a "hypodopaminergic" syndrome, which includes apathy, depression, anxiety and cognitive impairment and affects up to 85%of patients with Parkinson disease. [START_REF] Sierra | Apathy and impulse control disorders: yin & yang of dopamine dependent behaviors[END_REF][START_REF] Schapira | Non-motor features of Parkinson disease[END_REF] Apathy in particular, defined as a decrease in motivational drive, has emerged as a core symptom of Parkinson disease and is often associated with cognitive impairment. [START_REF] Pagonabarraga | Apathy in Parkinson's disease: clinical features, neural substrates, diagnosis, and treatment[END_REF] A remarkable feature of these symptoms is that, because of the progressive nature of the neurodegeneration, they frequently emerge years before the onset of motor impairments, which appear when striatal dopamine loss exceeds 60% to70%. [START_REF] Darweesh | Trajectories of prediagnostic functioning in Parkinson's disease[END_REF]6 Thus, at the time of diagnosis, which is elicited by the appearance of motor symptoms, 37% of patients already have depression, 27% have apathy, 17% have anxiety and 20% to 40% have cognitive dysfunction, 6 redefining Parkinson disease as a quintessential neuropsychiatric disorder. [START_REF] Weintraub | Parkinson's disease: the quintessential neuropsychiatric disorder[END_REF] Dopaminergic medications can efficiently treat some of these aspects of Parkinson disease, [START_REF] Schapira | Non-motor features of Parkinson disease[END_REF][START_REF] Pagonabarraga | Apathy in Parkinson's disease: clinical features, neural substrates, diagnosis, and treatment[END_REF] but their effect is based on nonphysiologic pulsatile dopaminergic stimulation (similar to the effect of L-DOPA substitutive therapy for motor symptoms) and is thus hindered by the frequent development of "hyperdopaminergic" symptoms such as impulse-control disorders. [START_REF] Sierra | Apathy and impulse control disorders: yin & yang of dopamine dependent behaviors[END_REF] Furthermore, existing treatments for cognitive impairment have variable efficacy and limiting adverse effects. [START_REF] Svenningsson | Cognitive impairment in patients with Parkinson's disease: diagnosis, biomarkers, and treatment[END_REF] There is thus an unmet medical need for new treatments to manage these symptoms.

In this context, orphan G protein-coupled receptor 88 (GPR88) is emerging as a particularly suitable target. The GPR88 gene has been associated with bipolar disorder and schizophrenia, [START_REF] Zompo | Association study in three different populations between the GPR88 gene and major psychoses[END_REF] as well as with learning deficits and chorea. [START_REF] Alkufri | Deleterious mutation in GPR88 is associated with chorea, speech delay, and learning disabilities[END_REF] It is expressed mainly in the corticostriatal synapse of striatal medium spiny neurons, [START_REF] Massart | Striatal GPR88 expression is confined to the whole projection neuron population and is regulated by dopaminergic and glutamatergic afferents[END_REF] where it exerts an inhibitory activity through Gi/o coupling. [START_REF] Quintana | Lack of GPR88 enhances medium spiny neuron activity and alters motor-and cue-dependent behaviors[END_REF][START_REF] Ye | Orphan receptor GPR88 as an emerging neurotherapeutic target[END_REF] Indeed, Gpr88 knockout (KO) mice are hypersensitive to dopamine receptor type 2 agonists and display impaired affective, goal-directed, cognitive and sensorimotor behaviours. [START_REF] Quintana | Lack of GPR88 enhances medium spiny neuron activity and alters motor-and cue-dependent behaviors[END_REF][START_REF] Logue | The orphan GPCR, GPR88, modulates function of the striatal dopamine system: a possible therapeutic target for psychiatric disorders?[END_REF][START_REF] Meirsman | Mice lacking Gpr88 show motor deficit, improved spatial learning, and low anxiety reversed by delta opioid antagonist[END_REF] We have also reported that Gpr88 knockdown (Gpr88-KD) reduces behavioural alterations in a rat model of schizophrenia. [START_REF] Ingallinesi | Local inactivation of Gpr88 in the nucleus accumbens attenuates behavioral deficits elicited by the neonatal administration of phencyclidine in rats[END_REF] As well, we have more recently shown that Gpr88-KD decreases locomotor alterations in a rat model of Parkinson disease motor symptoms. [START_REF] Ingallinesi | Knock-down of GPR88 in the dorsal striatum alters the response of medium spiny neurons to the loss of dopamine input and L-3-4dyhydroxyphenylalanine[END_REF] Therefore, because GPR88 exerts inhibitory control over key neurotransmitter systems that are altered in Parkinson disease, we further hypothesized that inhibiting GPR88 in the striatum could have an effect on the psychiatric symptoms of Parkinson disease.

To evaluate GPR88 as a therapeutic target for the psychiatric symptoms of Parkinson disease, we first developed a translational model of early Parkinson disease in rats by reproducing the loss of dopamine that is observed in the first stages of the disease, specifically affecting sensorimotor territories of the striatum, [START_REF] Brooks | Imaging biomarkers in Parkinson's disease[END_REF] using stereotaxic injections of the 6hydroxydopamine (6-OHDA) toxin. We then implemented Gpr88-KD in the dorsolateral sensorimotor or dorsomedial associative areas of the striatum (the latter being associated with psychiatric symptoms in Parkinson disease [START_REF] Qamar | Presynaptic dopaminergic terminal imaging and non-motor symptoms assessment of Parkinson's disease: evidence for dopaminergic basis?[END_REF] ) and evaluated effects at the behavioural and molecular levels.

Methods

The study design is shown in Figure 1; details are provided in Appendix 1, available at jpn.ca/190171-a1.

Animals

Animal studies were authorized by an ethical committee (APAFIS reference #3669-2016011817516297) and conducted in the in-house specific pathogen-free animal facility (agreement reference B75- 13-19). Male Sprague-Dawley rats weighing 300 g at the beginning of experimentation were housed in standard conditions and handled throughout the study in compliance with the European Union 2010 animal welfare act, and the 2010/63 French directive. Procedures were reported following the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.20

Stereotaxic injections of 6-OHDA

Intrastriatal stereotaxic injections were performed bilaterally with 4 μL of a solution of 6-OHDA (3 μg/μL, 12 μg total per hemisphere) in saline + 0.02% ascorbic acid (all chemicals from Sigma) or with a control solution (saline + 0.02% ascorbic acid only).

Lentivirus production

The lentiviral vectors coexpressing specifically designed microRNA (miR) and emerald green fluorescent protein were generated at the in-house iVector platform, using the BLOCKiT Pol II miR RNAi expression vector kit (Invitrogen) and injected 2 weeks after the 6-OHDA lesions were introduced.

Behavioural tests

The rats were tested for general motor and exploratory behaviour using an actimeter, for anhedonia using the sucrose preference test, for social interaction and selective attention using the social novelty discrimination task, for sensorimotor gating using the prepulse inhibition test, and for depression associated behaviour using the forced swim test.

Immunolabelling and in situ hybridization

After the end of the behavioural procedures (2 to 4 days later), the rats were anesthetized in an isoflurane chamber and decapitated. Their brains were rapidly removed and snap-frozen for 90 seconds in isopentane at -55°C (Carlo Erba Reagents). Coronal cryosections (12 μm) of the striatum were used to control for the presence and extent of emerald green fluorescent protein signal in the targeted areas. The slices were then post-fixed in 4% paraformaldehyde for 30 minutes at 4°C to perform immunolabelling and in situ hybridization experiments.

Statistical analysis

Data from the experiments were analyzed using Prism 6.0 (GraphPad Software Inc.) and implementing different tests as detailed in Appendix 1.

Results

6-OHDA stereotaxic injections induce dopaminergic denervation

The 6-OHDA injections in the dorsolateral striatum (DLS) reproduced the partial loss of dopaminergic projections to sensorimotor territories of the striatum (posterior putamen) observed in early Parkinson disease [START_REF] Redgrave | Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease[END_REF] by inducing a 48% mean reduction of tyrosine hydroxylase immunoreactivity over at least 1 mm on the anterior-posterior axis (t16 = 9.28, p < 0.001; multiple t tests followed by Holm-Sidak corrections; Fig. 2A andB). The neighbouring associative dorsomedial striatum (DMS) and limbic ventral striatum (VS) were not significantly affected by the lesion (DMS t16 = 1.82, p = 0.09; VS t15 = 0.43, p = 0.67; Fig. 2B).

Lentivirus-mediated knockdown efficiently reduced Gpr88 expression

The injections at multiple sites in the DLS or DMS of lentiviral vectors containing a control miR (miR-neg) or an miR directed against Gpr88 (miR-Gpr88) resulted in the transduction of the corresponding regions without spreading to the adjacent areas (Fig. 2C andD). Two-way analysis of variance (ANOVA) showed significant effects of Gpr88-KD (F2,52 = 28, p < 0.001), the striatal region (F1,52 = 10, p = 0.002) and a Gpr88-KD  striatal region interaction (F2,52 = 72, p < 0.001) on Gpr88 expression. The region-specific effect of Gpr88-KD was confirmed using Tukey post hoc multiple comparison tests (p < 0.001 in the DLS and DMS; Fig. 2E andF).

Partial dopaminergic depletion of the DLS reproduced psychiatric symptoms without inducing motor deficits

Motor behaviour was assessed at 2 and 4 weeks after 6-OHDA injections by measuring horizontal movements in the actimeter. This parameter was unaffected by dopamine loss at both time points (Fig. 3A; Appendix 1, Fig. S2A), as expected with a restricted lesion. [START_REF] Drui | Loss of dopaminergic nigrostriatal neurons accounts for the motivational and affective deficits in Parkinson's disease[END_REF] However, although stereotyped behaviour in the actimeter test was also preserved at both time points, 2-way ANOVA revealed a significant interaction of treatment  time on the number of rearings (F2,44 = 4.66, p = 0.015; Fig. 3A); these were significantly reduced by the lesion at the 15-minute time point (Sidak multiple comparison test, p = 0.013), indicating a decrease in novelty exploration behaviour, previously characterized in similar models of partial dopamine loss in the DLS. 24,25 Sensorimotor gating is altered in many basal ganglia disorders, including Parkinson disease, and has been linked to cognitive dysfunction in patients with Parkinson disease. [START_REF] Zoetmulder | Prepulse inhibition is associated with attention, processing speed, and 123I-FP-CIT SPECT in Parkinson's disease[END_REF] We assessed this parameter using the prepulse inhibition test. Although the partial lesion of the DLS increased the startle reaction in response to a loud auditory stimulus (110 dB; t10.21 = 2.396, p = 0.037, Welch t test; Fig. 3B, left panel), the level of sensorimotor gating (% prepulse inhibition) was preserved at all levels of prepulse intensity used (Fig. 3B, right panel), suggesting the presence of efficient compensatory mechanisms.

Affective parameters relating to anhedonia and depression (both frequently reported in

Parkinson disease) [START_REF] Schapira | Non-motor features of Parkinson disease[END_REF] were assessed using the sucrose preference and the forced swim tests, respectively. Sucrose preference and general consummatory behaviour, measured by daily food and water intake, were not affected by the 6-OHDA lesion (Fig. 3C; Appendix 1, Fig. S2B). However, the lesion did decrease the latency to immobility and increased immobility count in the forced swim test (latency t21.34 = 3.94, p < 0.001; immobility count t22.85 = 4.36, p < 0.001; Welch t tests; Fig. 3D), representative of a despair-like behaviour associated with depression.27 Finally, we used the social novelty discrimination task to evaluate deficits in motivation and selective attention (a core feature of Parkinson disease executive dysfunction). [START_REF] Svenningsson | Cognitive impairment in patients with Parkinson's disease: diagnosis, biomarkers, and treatment[END_REF] The loss of dopamine in the DLS decreased social interaction time during the first presentation phase (P1; t22.72 = 2.95, p = 0.007, Welch t test; Fig. 3E), an ecological indicator of apathy. [START_REF] Cathomas | The translational study of apathy-an ecological approach[END_REF] Further analyses then revealed a significant treatment  novelty status interaction in the discrimination phase of the test (P2; 2-way ANOVA: F1,48 = 8.995, p = 0.004); the lesioned animals failed to preferentially direct their attention to the novel juvenile, which resulted in a decreased discrimination ratio (t22.51 = 4.29, p < 0.001, Welch t test; Fig. 3E), an effect that was not due to a reduced level of interaction during the discrimination task (Appendix 1, Figure S2C).

Gpr88-KD in the DMS reversed behavioural deficits

Although 2-way ANOVA revealed no significant main effects of treatment or treatment Furthermore, whereas Gpr88-KD in either area had no effect on sucrose preference (Fig. 4C), inactivation in the DMS had an antidepressant-like effect in the forced swim test: it increased latency (effect of treatment F2,28 = 6.883, p = 0.004; Dunnett post hoc test miR-Gpr88-DMS v. miR-neg p = 0.003) and reduced immobility count (effect of treatment F2,28 = 3.736, p = 0.037; Dunnett post hoc test miR-Gpr88-DMS v. miR-neg p = 0.021; Fig. 4D). This reduction was specifically mediated by an increase in swimming behaviour (effect of treatment F2,28 = 3.524, p = 0.043; Dunnett post hoc test miRGpr88-DMS v. miR-neg p = 0.028; Appendix 1, Fig. S3A). We observed no effect on consummatory behaviour (Appendix 1, Fig. S3B).

In the DMS, Gpr88-KD also had a promotivational effect, as it increased the duration of social interaction (effect of treatment F2,28 = 3.938, p = 0.031; Dunnett post hoc test miR-Gpr88-DMS v. miR-neg p = 0.019; Fig. 4E). Finally, Gpr88-KD increased preferential interaction with the novel juvenile in the social novelty discrimination task (2-way ANOVA, treatment  novelty status interaction F2,56 = 3.162, p = 0.05) in both the DLS and DMS (p= 0.004 and p < 0.001, respectively; Sidak multiple comparison test; Fig. 4E). However, only the effect in the DMS was large enough to restore the discrimination ratio (effect of treatment F2,28 = 7.998, p = 0.002; Dunnett post hoc test miR-Gpr88-DMS v. miR-neg p = 0.001; Fig. 4E). However, this proattentional effect was not associated with an increase in total interaction time during the discrimination task (Appendix 1, Fig. S3C). It is worth noting that although significant effects of Gpr88-KD were observed mainly when targeting the DMS, inactivation in the DLS often also tended to reduce behavioural alterations.

Dopamine loss in the DLS induces molecular alterations in the adjacent DMS

The dopamine striatal loss in Parkinson disease or after a 6-OHDA lesion dysregulates the balanced activity of the 2 types of projecting medium spiny neurons -the direct stimulatory striatonigral (dMSN) and the indirect inhibitory striatopallidal (iMSN) pathways -inducing the symptoms of Parkinson disease. [START_REF] Gerfen | Modulation of striatal projection systems by dopamine[END_REF] Alterations in these pathways are associated with the downregulation of prodynorphin (Pdyn) in the dMSN and the upregulation of proenkephalin (Penk) in the iMSN, as well as a net increase in striatal glutamic acid decarboxylase 67 (Gad67) expression. [START_REF] Carta | Alterations in GAD67, dynorphin and enkephalin mRNA in striatal output neurons following priming in the 6-OHDA model of Parkinson's disease[END_REF] Therefore, we evaluated the expression levels of Pdyn and Penk, which reflect dMSN and iMSN activity, respectively, [START_REF] Sgroi | Opioidergic modulation of striatal circuits, implications in Parkinson's disease and levodopa induced dyskinesia[END_REF] and Gad67, which is considered a proxy for global levels of transmission of γ-aminobutyric acid in the striatum. [START_REF] Consolo | Increased striatal expression of glutamate decarboxylase 67 after priming of 6-hydroxydopamine-lesioned rats[END_REF] Strikingly, although the loss of dopamine was strictly limited to the DLS, we also observed significant alterations in the expression of these markers in the adjacent, intact DMS. Indeed, although the lesion decreased expression levels of Pdyn and increased those of Penk in the DLS as expected (Pdyn t21 = 5.551, p < 0.001; Penk t21 = 5.035, p < 0.001; multiple t tests followed by Holm-Sidak corrections, here and throughout the next sections; Fig. 5A), expression of both markers was upregulated in the unlesioned DMS (Pdyn t21 = 2.522, p = 0.020; Penk t21 = 2.709, p = 0.013; Fig. 5A), suggesting a local hyperactivity of dMSN and iMSN. Furthermore, Gad67 expression was also significantly upregulated throughout the dorsal striatum (DLS t21 = 4.095, p < 0.001; DMS t21 = 2.967, p = 0.007; Fig. 5A).

The regulator of G protein signalling 4 (Rgs4) is highly expressed in the brain and acts as a negative regulator of synaptic signalling. [START_REF] Gerber | Roles for regulator of G protein signaling proteins in synaptic signaling and plasticity[END_REF] In 6-OHDA models of Parkinson disease, inhibition of Rgs4 has antiparkinsonian effects: it reduces behavioural alterations by restoring long-term depression in the iMSN while reducing acetylcholine release from cholinergic interneurons. [START_REF] Lerner | RGS4 is required for dopaminergic control of striatal LTD and susceptibility to Parkinsonian motor deficits[END_REF][START_REF] Ding | RGS4-dependent attenuation of M4 autoreceptor function in striatal cholinergic interneurons following dopamine depletion[END_REF] Moreover, the increase in the excitability of medium spiny neurons associated with Gpr88-KO is mediated by the downregulation of Rgs4. [START_REF] Quintana | Lack of GPR88 enhances medium spiny neuron activity and alters motor-and cue-dependent behaviors[END_REF] Thus, we used Rgs4 expression to further investigate the effects of the lesion and Gpr88-KD on intracellular signalling. The 6-OHDA lesion induced a trend toward a decrease in the expression of Rgs4 in the DLS (t22 = 1.965, p = 0.06) and significantly increased expression in the DMS (t22 = 2.794, p = 0.011; Fig. 5A). However, Gpr88 expression remained unaffected by the loss of dopamine in either striatal area (Appendix 1, Fig. S4).

We then used the truncated splice variant of FosB (ΔFosB), a transcription factor involved in neuropsychiatric disorders including Parkinson disease, [START_REF] Lindgren | Putaminal upregulation of FosB/DeltaFosBlike immunoreactivity in Parkinson's disease patients with dyskinesia[END_REF] as a final molecular readout, because its unique accumulation profile confers a long-lasting effect on the regulation of striatal gene networks. [START_REF] Nestler | DFosB: a transcriptional regulator of stress and antidepressant responses[END_REF] We found that ΔFosB expression was locally increased by the loss of dopamine in the DLS (t28 = 3.713, p = 0.002), but it was also significantly decreased in the unlesioned DMS (t28 = 3.338, p = 0.002; Fig. 5B).

Inactivation of Gpr88 in the DMS reverses alterations in Rgs4 and ΔFosB expression

Although Gpr88-KD had no significant effect on Pdyn expression, it significantly reduced the expression level of Penk in the DLS (t17 = 5.163, p < 0.001; Fig. 6A), suggesting a reduction of iMSN hyperactivity. Also, Gpr88-KD strongly reduced the expression of Gad67 and Rgs4 in the DLS and DMS (DLS t17 = 5.956, p < 0.001 for Gad67 and t20 = 6.404, p < 0.001 for Rgs4; DMS t19 = 4.319, p < 0.001 for Gad67 and t20 = 3.633, p = 0.002 for Rgs4; Fig. 6A).

Interestingly, Gpr88-KD had an opposing effect on ΔFosB expression in the DLS and DMS, in both cases reversing the 6-OHDA-induced alterations (t20 = 3.982, p < 0.001 and t22 = 3.452, p = 0.002, respectively; Fig. 6B).

Discussion

Although the acute dopamine loss in the 6-OHDA lesion model does not correspond to the progressive course of Parkinson disease, the partial bilateral striatal dopamine denervation most closely mimics the disease's early stage. [START_REF] Deumens | Modeling Parkinson's disease in rats: an evaluation of 6-OHDA lesions of the nigrostriatal pathway[END_REF] Accordingly, we established that the loss of dopamine restricted to the DLS was sufficient -without modifying motor behaviour -to reproduce alterations relating to depression, apathy and attentional deficits, 3 of the most prevalent psychiatric symptoms at the time of Parkinson disease diagnosis, [START_REF] Pont-Sunyer | The onset of nonmotor symptoms in Parkinson's disease (the ONSET PD study)[END_REF] and that Gpr88-KD can reduce several of these deficits. Indeed, dopamine loss increased the immobility count in the forced swim test, an indicator of behavioural despair linked to depression. [START_REF] Slattery | Using the rat forced swim test to assess antidepressant-like activity in rodents[END_REF] It also induced a decrease in social interaction and rearing behaviour related to novelty exploration, [START_REF] Lever | Rearing on hind legs, environmental novelty, and the hippocampal formation[END_REF] 2 parameters that have been proposed as ecological and translational measures of apathy. [START_REF] Cathomas | The translational study of apathy-an ecological approach[END_REF] These results were also consistent with observations that the behavioural and social aspects of apathy are the most affected in Parkinson disease, and that they are specifically associated with depression. [START_REF] Ang | Differential impact of behavioral, social, and emotional apathy on Parkinson's disease[END_REF] Furthermore, apathy in Parkinson disease is frequently associated with cognitive impairment and dementia. [START_REF] Pagonabarraga | Apathy in Parkinson's disease: clinical features, neural substrates, diagnosis, and treatment[END_REF] In this regard, we also observed that the lesioned animals performed poorly in the social novelty discrimination task, suggesting an impairment of selective attention [START_REF] Terranova | SSR181507, a dopamine D(2) receptor antagonist and 5-HT(1A) receptor agonist, alleviates disturbances of novelty discrimination in a social context in rats, a putative model of selective attention deficit[END_REF] -a core component of the dysexecutive syndrome experienced by patients with Parkinson disease. [START_REF] Svenningsson | Cognitive impairment in patients with Parkinson's disease: diagnosis, biomarkers, and treatment[END_REF] However, we did not reproduce the deficits relating to anhedonia (sucrose preference) and sensorimotor gating (prepulse inhibition) that had been previously reported in other 6-OHDA models of Parkinson disease. [START_REF] Issy | Disturbance of sensorimotor filtering in the 6-OHDA rodent model of Parkinson's disease[END_REF][START_REF] Magnard | What can rodent models tell us about apathy and associated neuropsychiatric symptoms in Parkinson's disease?[END_REF] Anhedonia in Parkinson disease has been associated with alterations in the mesolimbic dopamine pathway, [START_REF] Husain | Neuroscience of apathy and anhedonia: a transdiagnostic approach[END_REF] and prepulse inhibition alterations require extensive dopamine loss, [START_REF] Issy | Disturbance of sensorimotor filtering in the 6-OHDA rodent model of Parkinson's disease[END_REF] suggesting that the lack of prepulse inhibition and sucrose preference alterations in our model were due to the restricted nature of the lesion.

Gpr88 and psychiatric symptoms of Parkinson's disease Importantly, although the inactivation of Gpr88 in the lesioned DLS tended to have an effect on some of the altered behaviours, only the knockdown in the intact associative DMS reversed all of the behavioural deficits induced by dopamine loss, suggesting an effect that could be related to functional cross-talk between these 2 regions. [START_REF] Gruber | Context, emotion, and the strategic pursuit of goals: interactions among multiple brain systems controlling motivated behaviour[END_REF] In the DMS, Gpr88-KD also increased sensorimotor gating in the prepulse inhibition test, indicating an increased efficiency of preattentive information processing, which could underlie the proattentional effect in the social novelty discrimination task. Interestingly, computational models of Parkinson disease psychosis have linked the emergence of hallucinations to deficits in such gating and attentional processes, [START_REF] Ffytche | Gpr88 and psychiatric symptoms of Parkinson's disease[END_REF] suggesting that Gpr88-KD may constitute a relevant target for evaluating this symptom in animal models.

The restricted loss of dopamine inputs to the sensorimotor territories of the striatum also altered the expression of molecular markers of neuronal activity, signalling and transcription beyond the lesioned area, significantly affecting associative territories. For instance, although the lesion locally induced a decrease in Pdyn and an increase in Penk and Gad67 expression levels (reproducing the imbalance in neuronal activity that has been characterized in Parkinson disease models [START_REF] Sgroi | Opioidergic modulation of striatal circuits, implications in Parkinson's disease and levodopa induced dyskinesia[END_REF][START_REF] Consolo | Increased striatal expression of glutamate decarboxylase 67 after priming of 6-hydroxydopamine-lesioned rats[END_REF] ), their expression was significantly elevated in the DMS, suggesting a compensatory overactivity of neurons in response to dopamine depletion in the DLS.

A previous study had reported that 6-OHDA lesions induced a decrease in Gpr88 mRNA and protein expression after 1 and 4 weeks,11 but we did not observe such an effect at 6 weeks, suggesting a time-dependent recovery of Gpr88 expression following dopamine loss. The Gpr88-KD in the lesioned DLS was associated with a significant decrease in the expression of Penk and Gad67, suggesting that Gpr88-KD preferentially affects iMSN, which is consistent with the receptor's relative enrichment in this neuronal type [START_REF] Massart | Striatal GPR88 expression is confined to the whole projection neuron population and is regulated by dopaminergic and glutamatergic afferents[END_REF] and the hypersensitivity to dopamine receptor type 2 agonists that has been consistently reported in Gpr88-KO mice. [START_REF] Quintana | Lack of GPR88 enhances medium spiny neuron activity and alters motor-and cue-dependent behaviors[END_REF][START_REF] Logue | The orphan GPCR, GPR88, modulates function of the striatal dopamine system: a possible therapeutic target for psychiatric disorders?[END_REF] Because GPR88 is also known to modulate enkephalin delta opioid receptor signalling, [START_REF] Meirsman | Mice lacking Gpr88 show motor deficit, improved spatial learning, and low anxiety reversed by delta opioid antagonist[END_REF] the reduction in Penk expression observed after Gpr88-KD may have resulted partly from a potentiation of this receptor's effects. In the DMS, Gpr88-KD reduced Gad67 overexpression without significantly affecting Penk or Pdyn, suggesting a potential decrease in γaminobutyric acid interneuron activity, [START_REF] Consolo | Increased striatal expression of glutamate decarboxylase 67 after priming of 6-hydroxydopamine-lesioned rats[END_REF] in which GPR88 expression has been also reported. [START_REF] Massart | Striatal GPR88 expression is confined to the whole projection neuron population and is regulated by dopaminergic and glutamatergic afferents[END_REF] A GTPase accelerating protein, RGS4 negatively regulates the signalling of Gi/o-and Gqassociated receptors such as dopamine receptor types 2 and 3, 47 metabotropic glutamate receptor type 5 [START_REF] Schwendt | RGS4 overexpression in the rat dorsal striatum modulates mGluR5-and amphetaminemediated behavior and signaling[END_REF] and muscarinic acetylcholine receptor M4. [START_REF] Ding | RGS4-dependent attenuation of M4 autoreceptor function in striatal cholinergic interneurons following dopamine depletion[END_REF] Previous studies have reported decreases in striatal RGS4 mRNA in people with Parkinson disease [START_REF] Zhang | Transcriptional analysis of multiple brain regions in Parkinson's disease supports the involvement of specific protein processing, energy metabolism, and signaling pathways, and suggests novel disease mechanisms[END_REF] and in 6-OHDAlesioned rodents. [START_REF] Geurts | Altered expression of regulators of G-protein signaling (RGS) mRNAs in the striatum of rats undergoing dopamine depletion[END_REF] Although Rgs4 expression was slightly decreased in the DLS (p = 0.06), it was also strikingly elevated in the DMS. However, this overexpression was completely reversed by Gpr88-KD, an effect that was in line with findings from knockout mice. [START_REF] Quintana | Lack of GPR88 enhances medium spiny neuron activity and alters motor-and cue-dependent behaviors[END_REF][START_REF] Meirsman | Mice lacking Gpr88 show motor deficit, improved spatial learning, and low anxiety reversed by delta opioid antagonist[END_REF] Interestingly, in models of Parkinson disease, inhibition or loss of Rgs4 has been shown to have potent antiparkinsonian effects, [START_REF] Ko | RGS4 is involved in the generation of abnormal involuntary movements in the unilateral 6-OHDA-lesioned rat model of Parkinson's disease[END_REF] notably by restoring longterm depression in iMSN. [START_REF] Lerner | RGS4 is required for dopaminergic control of striatal LTD and susceptibility to Parkinsonian motor deficits[END_REF] However, translation to the clinic of these findings has been impeded by the high risk of adverse effects due to the ubiquitous presence of RGS4. Therefore, targeting GPR88 may constitute a unique strategy for bypassing these limitations, by inhibiting RGS4 with high spatial relevance, because GPR88 is exclusively expressed in the central nervous system and is mostly enriched in the striatum, where its expression levels match the typical pattern of dopamine loss. [START_REF] Van Waes | GPR88: A putative signaling molecule predominantly expressed in the striatum: cellular localization and developmental regulation[END_REF] The 6-OHDA lesion and Gpr88-KD also had contrasting effects on the expression of transcription factor ΔFosB. Although ΔFosB accumulation in Parkinson disease has been linked to the effects of L-DOPA treatment, [START_REF] Lindgren | Putaminal upregulation of FosB/DeltaFosBlike immunoreactivity in Parkinson's disease patients with dyskinesia[END_REF] we also observed an increase in the DLS of the lesioned rats. This unexpected effect could have been due to stimulation of hypersensitive D1 receptors in the DLS, resulting from a "volume transmission" effect from the unlesioned striatum. [START_REF] Taber | Volume transmission in the brain: beyond the synapse[END_REF] In the DMS, however, we found a significant decrease in ΔFosB expression, which was reversed by Gpr88-KD. Interestingly, the antidepressant effect of Gpr88-KD observed in the forced swim test may have been due to its modulation of ΔFosB, because fluoxetine is also known to increase the expression of this transcription factor in the DMS. [START_REF] Vialou | Differential induction of FosB isoforms throughout the brain by fluoxetine and chronic stress[END_REF] The finding that the knockdown of Gpr88 in the associative striatum reduced behavioural deficits and normalized the expression of Rgs4 and ΔFosB must be integrated with our other recent work showing that Gpr88-KD in the dorsal striatum has an antiparkinsonian-like effect in a model of the motor symptoms of Parkinson disease by regulating the expression of Pdyn, Penk and ΔFosB. [START_REF] Ingallinesi | Knock-down of GPR88 in the dorsal striatum alters the response of medium spiny neurons to the loss of dopamine input and L-3-4dyhydroxyphenylalanine[END_REF] Thus, although the models we used are not easily comparable, taken together our results indicate that GPR88 may represent an unique target for treating both the psychiatric and the motor symptoms of Parkinson disease and avoiding some of the shortcomings of current therapies.

Moreover, this study's findings may also provide insights into the etiology of the psychiatric symptoms of Parkinson disease. Indeed, although psychiatric symptoms have been linked to alterations in multiple neurotransmitter systems, [START_REF] Qamar | Presynaptic dopaminergic terminal imaging and non-motor symptoms assessment of Parkinson's disease: evidence for dopaminergic basis?[END_REF] clustering studies of de novo patients suggest that the loss of striatal dopamine in particular may play an important role in their emergence. [START_REF] Moccia | Dopamine transporter availability in motor subtypes of de novo drug-naive Parkinson's disease[END_REF] This idea is further supported by studies in rodent models, which have consistently shown that inducing extensive dopamine loss throughout the striatum could induce representative behavioural deficits. [START_REF] Magnard | What can rodent models tell us about apathy and associated neuropsychiatric symptoms in Parkinson's disease?[END_REF] Nevertheless, these models have not necessarily accounted for the frequent premotor appearance of these symptoms, when dopamine loss is limited mainly to the sensorimotor areas of the striatum. [START_REF] Brooks | Imaging biomarkers in Parkinson's disease[END_REF] In this regard, our results show that such a restricted loss of dopamine is in itself sufficient to reproduce these behavioural alterations in an animal model. However, these psychiatric aspects of Parkinson disease have typically been associated with dopamine dysfunction in associative networks (DMS), [START_REF] Qamar | Presynaptic dopaminergic terminal imaging and non-motor symptoms assessment of Parkinson's disease: evidence for dopaminergic basis?[END_REF] which are relatively preserved in the early stages of the disease, as well as in our model. Nevertheless, the overexpression of neuronal activity markers that we observed in the DMS suggests possible interactions between striatal areas. Interestingly, some functional MRI studies in people with Parkinson disease have also found that although functional connectivity decreased in the dopaminedeprived sensorimotor networks of the basal ganglia, it was increased in associative networks. [START_REF] Bell | Dopaminergic basis for impairments in functional connectivity across subdivisions of the striatum in Parkinson's disease[END_REF][START_REF] Helmich | Spatial remapping of corticostriatal connectivity in Parkinson's disease[END_REF] These increases are thought to reflect early Parkinson disease allostatic mechanisms, by which associative networks expand or strengthen their connectivity to compensate for the loss of dopamine in sensorimotor territories. Although the underlying mechanisms are currently unknown, recently characterized striatonigrostriatal cellular pathways may provide a system for such lateral transfer of information. [START_REF] Lerner | Intact-brain analyses reveal distinct information carried by snc dopamine subcircuits[END_REF] However, because of the resulting overlap of networks within limited striatal computational resources, it has been suggested that this compensatory mechanism could lead to a "neural bottleneck" or "overload" of associative networks, and an impairment in related behaviours. [START_REF] Redgrave | Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease[END_REF][START_REF] Helmich | Spatial remapping of corticostriatal connectivity in Parkinson's disease[END_REF] This hypothesis could explain the emergence of psychiatric deficits relating to cognition and motivation during the earliest stages of Parkinson disease and in the striatal 6-OHDA focalized-lesion model of Parkinson disease, before the loss of dopamine affects associative networks.

Although such imbalances in DMS/DLS dynamics are emerging as key players in the pathophysiology of basal ganglia disorders such as addiction [START_REF] Belin | Addiction: failure of control over maladaptive incentive habits[END_REF] and obsessive-compulsive disorder, [START_REF] Burguiere | Striatal circuits, habits, and implications for obsessive-compulsive disorder[END_REF] this study is, to our knowledge, the first to enquire into this concept in a rodent model of Parkinson disease.

Limitations

Several factors need to be investigated further. For instance, behavioural tests assessing specific cognitive and motivational parameters are needed to better characterize the effects of the lesion and of Gpr88-KD. Because the model reproduced aspects of early-stage Parkinson disease, it will also be necessary to assess the effects of the Gpr88-KD in models of advanced Parkinson disease, presenting more extensive dopamine loss and alterations in other neurotransmitter systems. Furthermore, although molecular experiments have provided some clues about the mechanisms involved, additional in-depth studies are required, because little is known about the signalling pathways regulated by GPR88 in different striatal cell types (dMSN/iMSN/interneurons).

Conclusion

Although the restricted expression of GPR88 makes it an ideal therapeutic target, no antagonist has so far been developed for this orphan receptor. It is thus crucial to develop lead identification efforts. Nevertheless, gene-therapy approaches have shown successful applications in Parkinson disease. [START_REF] Palfi | Long-term follow-up of a phase I/II study of ProSavin, a lentiviral vector gene therapy for Parkinson's disease[END_REF] Based on our findings, GPR88 gene therapy could constitute a highly relevant non-dopaminergic strategy for treating the psychiatric and the motor symptoms of Parkinson disease through striatal-level modulation of allostatic basal ganglia function. 
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  time interaction on the motor parameters measured by the actimeter, Gpr88-KD in the DMS reversed the deficit in rearing behaviour at the 15-minute time point (p = 0.020, Dunnett post hoc multiple comparison test; Fig.4A). It also increased sensorimotor gating without affecting startle amplitude (2-way ANOVA, effect of treatment on % prepulse inhibition, F2,78 = 9,79, p < 0.001; Dunnett post hoc test miR-Gpr88-DMS v. miR-neg, 70 dB p = 0.010 and 75 dB p = 0.025; Fig.4B).

FiguresFig. 1 :

 1 Figures

Fig. 2 :

 2 Fig. 2: Stereotaxic injections induce a restricted loss of nigrostriatal dopaminergic projections and an efficient knockdown of Gpr88 expression in discrete striatal areas. (A) Representative images of 6-OHDA-lesioned striata. Coronal sections stained for TH by immunofluorescence (+1.2 to +0.2 mm anterior to the bregma), superimposed on the Paxinos and Watson rat brain atlas for anatomic reference.22 (B) Quantification of the extent of TH signal loss in the DLS, DMS and VS (nsham + miR-neg = 7-8; n6-OHDA + miR-neg = 10). (C) Schematic

Fig. 3 :

 3 Fig. 3: Dopamine loss in the dorsolateral striatum reproduces psychiatric symptoms of Parkinson disease. (A) Horizontal, stereotyped and rearing behaviours measured during 3 consecutive 5-minute segments with the actimeter test 4 weeks after the 6-OHDA lesion (nsham + miR-neg = 14; n6-OHDA + miR-neg = 10). (B) Effects of the 6-OHDA lesion on the startle amplitude in response to a loud stimulus (110 dB) and on percent of prepulse inhibition at all tested prepulse intensities (70, 75 and 80 dB; nsham + miR-neg = 14; n6-OHDA + miR-neg = 7-10). (C) The 6-OHDA lesions did not alter the percent preference for the sucrose solution (nsham + miR-neg = 6; n6-OHDA + miR-neg = 7). (D) The 6-OHDA lesions did induce depressive-like behaviour in the forced swim test, as suggested by

Fig. 4 :Fig. 5 :

 45 Fig. 4: Gpr88 knockdown in the dorsomedial striatum reverses behavioural deficits. Effects of Gpr88 knockdown on the following: (A) horizontal, stereotyped and rearing behaviours in the actimeter test; (B) startle amplitude and percent of prepulse inhibition; (C) sucrose preference; (D) latency and immobility count in the forced swim test; (E) social interaction and novelty preference; (n6-OHDA + miR-neg = 10; n6-OHDA + miR-Gpr88-DLS = 9-11; n6-OHDA + miR-Gpr88-DMS = 8-10, except in the sucrose preference test, where n = 7-10 throughout the groups). Data are presented as mean ± standard error of the mean. For reference, a dashed horizontal line indicates the values from the control group (Sham + miRneg) that were presented in Figure 3. When we compared the 3 groups for 6-OHDA, we

Fig. 6 :

 6 Fig. 6: Gpr88 knockdown modulates markers of neuronal activity, signalling and transcription. (A) Expression of Pdyn, Penk, Gad67 and Rgs4. (B) Expression of ∆FosB in the DLS and DMS after Gpr88 knockdown (n6-OHDA + miR-neg = 12-14, n6-OHDA + miR-Gpr88 = 8-10. Values were normalized to those of the control group (Sham + miR-neg; shown in Fig. 5) and expressed as percent change. Data are presented as mean ± standard error of the mean, and were compared using multiple t tests with Holm-Sidak corrections. **p < 0.01, ***p < 0.001, ****p < 0.0001. ∆FosB = truncated splice variant of FosB; 6-OHDA = 6-hydroxydopamine; DLS = dorsolateral striatum; DMS = dorsolateral striatum; miR = micro RNA; miR-neg = micro RNA negative; miR-Gpr88 = micro RNA against Gpr88.
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