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Abstract 
Parkinson’s disease (PD) arises from the loss of nigrostriatal dopamine (DA) neurons in the substantia nigra pars compacta (SNc) precipitating motor impairments such as tremor, rigidity, and akinesia. DA replacement therapy via levodopa (L-DOPA), though effective, often results in the development of levodopa-induced-dyskinesia (LID), characterized by excessive hyperkinetic choreic and dystonic movements. While a myriad of mechanisms are implicated in LID, maladaptive neuroplasticity within raphe-striatal serotonin (5-HT) neurons appear to influence LID induction and severity. Although prior work has established a link between the 5-HT system and LID, tools utilized have been limited and the mechanism(s) remains elusive. Thus, the current set of experiments implemented a chemogenetic strategy by employing inhibitory DREADD (designer receptors exclusively activated by designer drugs) hM4Di expression specifically in 5-HT neurons of the DRN of hemi-parkinsonian TPH2-CRE transgenic rats, followed by chronic L-DOPA treatment. To assess the influence of DRN 5-HT inhibition on established LID, DREADD ligand C21 (0, 0.5, 3, 6 mg/kg, i.p.) was systemically administered in a within-subjects design in Experiment 1. In Experiment 2, we administered C21 (0, 0.1, 1.0 mM) directly into the DA-lesioned striatum via reverse in vivo microdialysis to determine if local DREADD-mediated 5-HT terminal inhibition per se, altered established LID. Results revealed C21 suppressed LID systemically (Experiment 1) and intrastriatally (Experiment 2) as well as reduced L-DOPA-induced striatal DA release. Post-mortem analyses revealed that nigrostriatal denervation alongside L-DOPA resulted in striatal reorganization of 5-HT innervation, highlighting a key component of raphe-striatal dysfunction in the expression of LID. 
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Significance statement
In patients with Parkinson’s disease, chronic treatment with levodopa often results in disordered hyperkinetic movements, coined levodopa-induced dyskinesia (LID). While LID is prominent and debilitating, the underlying mechanisms by which LID manifests remain not fully understood. Although a myriad of mechanisms underlying LID likely contribute, the influence of raphe-striatal serotonin plasticity and compensation within the basal ganglia are especially promising. Here, we demonstrate that dyskinetic, TPH2-Cre rats bearing the inhibitory designer receptor exclusively activated by designer drugs (DREADD) hM4Di on raphe-striatal serotonin cells display reduced dyskinetic behaviors following systemic and intrastriatal infusion of the DREADD agonist compound 21. Moreover, DREADD activation attenuated extracellular dopamine following levodopa treatment, coinciding with behavioral improvements. Along with evidence of structural raphe-striatal hyperinnervation, these findings highlight the key role of (maladaptive) serotonergic raphe-striatal plasticity in LID and further illuminate this key target for its treatment.












Introduction
	Parkinson’s disease (PD) is the second most common neurodegenerative disease following Alzheimer’s disease (Lebouvier et al., 2009), predominantly impacting individuals over age 50 across all countries and socioeconomic backgrounds (Zhang & Román, 1993). PD is characterized by motor impairments including tremor, rigidity, and akinesia (Politis et al., 2010, Birkmayer & Hornykiewicz, 1998), which result from the degeneration of dopamine (DA) neurons within the substantia nigra pars compacta (SNc; Hirsch, Graybiel & Agid, 1988). These parkinsonian motor impairments are progressive and often severely debilitating for patients, resulting in the need for supplemental DA replacement therapy via levodopa (L-DOPA; Iyer et al., 2021). While L-DOPA remains the gold-standard DA replacement therapy for the treatment of PD, chronic treatment with L-DOPA often results in the development of L-DOPA-induced-dyskinesia (LID), characterized by excessive involuntary movements, such as dystonia, ballism and chorea (Jenner, 2008; Pandey & Srivanitchapoom, 2017). LID eventually affects upwards of 80% of PD patients with a significant subset suffering debilitating LID (Lebouvier et al., 2009, Rylander et al., 2010; Cenci et al., 2020). Despite the impact of LID, the underlying causes remain obscure, hindering treatment. 
While many mechanisms are implicated in the development of LID, such as presynaptic DA dysregulation, extrastriatal monoaminergic dysregulation, changes in DA receptor sensitivity, glutamatergic overactivity and compensation in non-DA circuits (Jenner, 2008, Carta & Bezard, 2011, Crossman, 1990, Herrero et al., 1996, Grace, 1995; Fridjonsdottir et al., 2021), (maladaptive) neuroplasticity within the serotonin (5-HT) system is strongly implicated in experimental models and the clinical population (Cenci, Skovgård, & Odin, 2022; Farajdokht et al., 2020). Neuroanatomically, the 5-HT system possesses direct projections from the dorsal raphe nucleus (DRN) to the basal ganglia (BG), as well as to the frontal cortex and the limbic system (van der & Hattori, 1980). Within the BG, 5-HT projections influence several input and output nuclei such as the striatum (STR), medial globus pallidus (GPm), subthalamic nucleus (STN) and the substantia nigra pars reticulata (SNr), highlighting a potential modulatory role in movement as well as in the symptoms of, and treatment for, PD (Lavoie & Parent, 1990; Fox, Chuang, & Brotchie, 2009). 
In the diseased brain, with progressive DA cell loss in PD, the 5-HT system appears to gain considerable influence modulating motor output (Tanaka et al., 1999; Navailles et al., 2010; Rylander et al., 2010; Dupre et al., 2008; Carta et al., 2007; Carlsson et al., 2007). Indeed, the 5-HT system plays a vital compensatory role within the BG circuit (Di Matteo et al., 2008; Miguelez et al., 2014). As typically >50% of DA neurons are lost prior to onset of PD symptoms (Bernheimer et al., 1973), it is suggested that the 5-HT system gains responsibility for modulating BG activity, particularly within raphe-striatal 5-HT neurons (Carta et al., 2007; Eskow et al., 2009; Miguelez et al., 2014). 5-HT neurons from the DRN project onto medium spiny neurons (MSNs) within the DA-depleted STR (Lanza & Bishop, 2018; Fieblinger et al., 2018; Girasole et al., 2018; Parker et al., 2018) and are hypothesized to play a modulatory role within LID, in part, through dysregulation of direct and indirect pathways of the BG (el Mansari et al., 1994; el Mansari & Blier, 1997).
While growing evidence supports striatal 5-HT hyperinnervation (Rylander et al., 2010; Zeng et al., 2010; Bédard et al., 2011; Pagano et al., 2018; Walker et al., 2020), the robustness of 5-HT neuroplasticity in L-DOPA-related effects has yet to be fully realized. In particular, how compensatory 5-HT changes influence LID development and severity remains a subject of debate. Under normal conditions, these raphe-striatal 5-HT neurons release striatal 5-HT via volume transmission (Mamounas et al., 1991; McQuade & Sharp, 1997). In the PD and LID brain, raphe-striatal hyperinnervation and synaptic reorganization may provide a gain of function for 5-HT neurons (Carta et al., 2008; Eskow et al., 2009; Conti Mazza et al., 2023). The 5-HT system may differentially innervate the STR depending upon the severity of DA cell loss and treatment status (Maeda et al., 2005; Zeng et al., 2010; Bédard et al., 2011; Lee et al., 2015; Pagano et al., 2018). Furthermore, nigro-striatal dopaminergic denervation leads to considerable variability in extracellular 5-HT levels within the STR in both early-stage PD and as a result of chronic L-DOPA treatment (Balcioglu et al., 2003; Maeda et al., 2003; Rozas et al., 1998; Carta et al., 2007). 
While structural 5-HT neuroplasticity in PD and LID remains controversial, or at the very least, findings are heterogeneous, perhaps some of the most intriguing features of 5-HT neuroplasticity in the PD and LID brain are the functional changes. When SNc DA cell loss is severe, and striatal DA terminal loss is nearly complete, L-DOPA remains effective, albeit with high risk of LID. Accumulating evidence indicates a major role of the 5-HT system’s ability to act as a surrogate to the DA system (Arai et al., 1996; Carta et al., 2007; Carta et al., 2008; Sellnow et al., 2019). It is well established that 5-HT neurons possess cellular machinery mechanisms, similar to those of DA neurons, for L-DOPA uptake via the L-amino acid transporter (LAAT), conversion of L-DOPA into DA via aromatic L-amino acid decarboxylase (AADC), and storage of DA via the vesicular monoamine transporter (VMAT; Carta & Tronci, 2014; Carta & Bezard., 2011; Arai et al., 1994; Arai et al., 1995; Arai et al., 1996; Gershanik et al., 1979; Ng et al., 1971) allowing for impulse-dependent release of DA from 5-HT neurons. 
While these 5-HT mechanisms may provide an alternative, yet modest influence over DA synthesis, storage and release; in mid-PD, the burgeoning severity of the DA loss can precipitate maladaptive 5-HT surrogacy of DA release (Arai et al., 1995; Carta & Tronci, 2014). Unfortunately, because 5-HT neurons lack D2 and DA transporter (DAT) autoregulatory mechanisms, DA release can be dysregulated, leading to DA accumulation within the cleft and excessive DA binding on D1- and D2-expressing MSNs (Carta & Tronci, 2014; Navailles et al., 2010; de la Fuente et al., 2004; Parker et al., 2018). While not always linked with 5-HT neuroplasticity, this pulsatile release and overstimulation has been repeatedly implicated in prior literature (de la Fuente et al., 2004; Lindgren et al., 2010; Carta et al., 2007; Eskow et al., 2009; Navailles et al., 2010; Nevalainen et al., 2013). In fact, 5-HT neuronal transplants have been found to exacerbate LID severity, further demonstrating the critical role of 5-HT in DA dysregulation (Carlsson et al., 2007). Recently, virally-mediated ectopic expression of DA-D2 autoreceptors on DRN neurons of hemi-parkinsonian rats, thus reducing DRN activity in the presence of DA agonists, led to a reduced striatal DA release and near complete resistance to LID development when administered L-DOPA at variable doses. These findings provided inviolable evidence of a role of the DRN in dyskinesiogenesis, further emphasizing how regulating pulsatile DA release from the DRN can influence LID (Sellnow et al., 2019). As a result of this abundant release, upregulation of receptor availability by increasing transcription and translation of additional 5-HT proteins like 5-HT1A, 5-HT1B and 5-HT2A receptors, as well as the 5-HT transporter (SERT), ultimately perpetuates structural and functional gain of function of the 5-HT system (Bishop et al., 2004; Maeda et al., 2003; Reader, 1999; Takeuchi et al., 1991; Reader et al., 1995; Mrini et al., 1995; Conti Mazza et al., 2023). Indeed, 5-HT synaptic changes are implicated in PD and subsequent LID development, as preclinical models have demonstrated excitatory post-synaptic potentials (EPSPs) within the STR upon induction via direct stimulation of the DRN (Vandermaelen et al., 1979; Park et al., 1982; Stefani et al., 1990; Wilms et al., 2001). 
While accumulated research has strongly supported the role of 5-HT neuroplasticity in LID, a causal link remains tenuous. Linking raphe-striatal 5-HT projections to L-DOPA’s effects could provide mechanistic attributions that would clarify avenues for future therapeutic intervention. Chemogenetics are promising technological approaches on account of their versatility and utility for in vivo models (English & Roth, 2015). A common chemogenetic technique relies on the use of designer receptors exclusively activated by designer drugs (DREADDs) which can be readily expressed using adeno-associated virus (AAV) vectors. With the availability of many capsid serotypes such as AAV9 or newly engineered variants, all exhibiting high-level and permanent neuronal transduction (Sandoval et al., 2024; Kanaan et al., 2017; Chu et al., 2020), AAVs have become a key neuroscience tool, and is the chief therapeutic gene therapy modality for neurodegenerative diseases such as PD (Manfredsson et al., 2020; Xue et al., 2010; Manfredsson et al., 2009). Moreover, with the incorporation of CRE or Flp-dependent recombinant genomes (e.g. FLEX/DIO; Schnütgen et al., 2003), AAV vectors combined with transgenic rodents, can be used to selectively target distinct neuronal populations (Holder & Neely, 1990). Clearly, such chemogenetic approaches are exceptionally useful for causally linking neurocircuitry to behavior. 
The current study investigated the role of 5-HT on LID expression and striatal DA release using an inhibitory DREADD, hM4Di, in tryptophan hydroxylase 2 (TPH2)-CRE transgenic hemiparkinsonian rats. Upon validation of our hM4-DREADD approach using ex vivo slice physiology, in Experiments 1 and 2, rats were rendered hemiparkinsonian via 6-hydroxydopamine (6-OHDA) and were subjected to chronic systemic L-DOPA (Experiment 1, 12 mg/kg; Experiment 2, 6 mg/kg) priming to establish dyskinesia. In Experiment 1, behavioral tests were implemented, where the DREADD ligand C21 (0, 3, 6 mg/kg, i.p.) and L-DOPA (6 mg/kg, s.c.) were administered systemically and abnormal involuntary movements (AIMs) were assessed. It was hypothesized that C21 would attenuate L-DOPA-induced behaviors, supporting DRN gain-of-function in conveying L-DOPA’s effects in later stage PD. In experiment 2, dyskinetic TPH2-CRE, DREADD-transduced rats received a within-subjects testing paradigm with striatally localized, reverse-dialysized C21 (0, 0.1, and 1 mM) paired with systemic L-DOPA (6 mg/kg), after which rats underwent AIMs testing and striatal in vivo microdialysis ipsilateral to DA lesion. It was hypothesized that applying C21 specifically to raphe-striatal projections would decrease striatal DA release while coincidently attenuating LID. Results of Experiment 1 demonstrated dose-dependent reductions in LID following administration of the DREADD ligand C21. In Experiment 2, direct striatal infusion of DREADD ligand C21 revealed a significant influence on raphe-striatal 5-HT terminals in LID. Finally, a histological analysis showed that nigrostriatal denervation and L-DOPA administration per se, resulted in striatal reorganization of 5-HT innervation and connectivity. Together, this work further corroborates DRN 5-HT gain-of-function contributing to LID persistence and severity while providing support for the STR as a key site for these actions. 


Materials and Methods
In vivo experimentation took place at three locations with identical methodologies unless otherwise noted. All postmortem analyses were performed at a single location. 
Animals 
Adult male and female homozygous TPH2-CRE-positive Long Evans rats (200-450g; Envigo, Indianapolis, IN, USA) were utilized throughout all experimentation (Validation of DREADD: 5 rats, Fig. 1; Experiment 1: N=20, 9 or 11/group, 11 male, 9 female, Fig. 2; Experiment 2: N=13, 6 or 7/group; 7 male, 6 female, Fig. 3). Although groups were not adequately powered to assess sex effects, prior studies from our laboratory have not revealed sex-dependent differences with LID (Bishop et al., 2012; Lanza et al., 2018; Lanza et al., 2020). This transgenic model is generated via insertion of (T2A)-CRE immediately before the translational stop codon in the open reading frame of the TPH2 gene (Envigo). Rats were pair-housed for Experiment 1 and were single-housed for Experiment 2 following cannulation, within plastic cages (22 x 45 x 23 cm) and received access to food (Rodent Diet 5001; Lab Diet, Brentwood, MO, USA) and water ad libitum. Rats were kept on a 12-h Light/Dark cycle with lights on at 07:00 h within a temperature-controlled colony room (22-23 deg. Celsius). All rats were maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee of Binghamton University, Barrow Neurological Institute, University of Illinois at Chicago, also following the “Guide for the Care and Use of Laboratory Animals” (Institute for Laboratory Animal Research, National Academic Press 2011).

Surgical Procedure
Unilateral 6-hydroxydopamine Lesion Surgeries 
Prior to lesion surgeries, all rats were handled at least 3 times and received gel cups (NutraGel Complete Nutrition; AIN-93 Bacon; Bio-Serve, LBS Biotechnology, Reigate RH2 9AE, United Kingdom) to acclimate subjects to the procedure and later post-operative care. Thereafter, all rats underwent a unilateral DA lesion with 12 μg of 6-hydroxydopamine hydrobromide (6-OHDA; Sigma, St Louis, MO, USA) infused into the left medial forebrain bundle (MFB). Desipramine was not administered prior to 6-OHDA infusions to model locus coeruleus-derived norepinephrine loss, similar to what is observed in PD patients (Vermeiren et al., 2017). This procedure has been outlined extensively in prior literature and in our laboratories (Deumens et al., 2002; Adu et al., 2019; Smith et al., 2022; Steece-Collier et al., 2019). Briefly, this lesion generates severe DA cell loss of the nigrostriatal tract and DA content in the STR. Prior to surgery, all rats were anesthetized with inhalant isoflurane (2-3%; Sigma), co-administered with oxygen (2.5 L/min). Once sufficiently anesthetized, all rats received an injection of the analgesic Buprenex (buprenorphine HCl; 0.03 mg/kg, i.p.; Hospira Inc., Lake Forest, IL, USA) and then were immediately placed into a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). Upon verification of bregma, the stereotaxic arm was positioned at the following coordinates for 6-OHDA infusion into the left MFB: AP, -1.8 mm; ML, -2.0 mm; DV, -8.6 mm, with the incisor bar positioned at 5.0 mm below the interaural line (Paxinos and Watson, 1998). A drill hole was made through the skull, dorsal to the injection site, above the target coordinates. Following the drilling procedure, a 10 μL syringe attached to a 26-gauge needle containing 6-OHDA was lowered into the left MFB. 12 μg per 4 μL 6-OHDA dissolved in vehicle (0.9% NaCl + 0.1% ascorbic acid) was then injected at a rate of 2 μL/min, for a total of 4 μL over a 2-min duration. In addition, to generate non-lesioned subjects for histological comparisons, a small number of animals (N = 6) received SHAM surgery, receiving the same infusion of vehicle only (0.9% NaCl + 0.1% ascorbic acid). Upon successful injection, the needle remained in place for 5 min to allow for optimal diffusion at the injection site. Thereafter, the needle was lifted from the injection site and the incision was cleansed and closed with surgical staples. Post-surgery, rats were placed in clean, water-bath warmed cages and pair-housed. Two post-operative injections of carprofen (5 mg/kg, s.c.) were administered to each rat; the first dose administered 6-12 h post-buprenex and the second dose administered 12 h post-initial carprofen injection. All rats received daily monitoring over a 10-day post-operative period, receiving softened food pellets, diet gel supplements and 0.9% saline (s.c.) administration as needed. 

AAV Generation
CRE-dependent pAAV-hSyn-DIO-hM4D(Gi)-mCherry was a gift from Bryan Roth (Addgene plasmid # 44362; http://n2t.net/addgene:44362; RRID:Addgene_44362; Krashes et al., 2011) and a control genome encoding GFP was generated in house. Genomes were packaged into AAV9 as described previously (Sandoval et al., 2019). Briefly, 293T cells were triple-transfected with plasmids encoding recombinant genomes, capsid gene, and helper functions. Viral particles were PEGylated from media 3 days after transfection and mixed with harvested cell lysate (Benskey et al., 2016). Particles were purified using an iodixanol gradient and concentrated using buffer exchange with modified PBS. Titers were determined using ddPCR and normalized to 1x1012 vector genomes (vg)/ml using balanced salt solution.
Inhibitory DREADD CRE-dependent AAV viral vector infusion surgeries
Upon successful post-operative recovery from 6-OHDA lesioning, 3 weeks later, rats underwent a secondary stereotaxic surgery for delivery of inhibitory DREADD or control vectors to the DRN. 
All rats followed the same pre-surgery protocols as outlined in unilateral 6-OHDA lesion surgeries. Upon verification of bregma, the stereotaxic arm was positioned at the following coordinates for the proceeding viral vector infusion into the DRN: AP, -7.8; ML, 0.0; DV, -6.4, with the incisor bar positioned at 5.0 mm below the interaural line (Paxinos and Watson, 1998). Using a small-bore drill bit attached to a Dremel, a hole was made through the skull, dorsal to the injection site. Following the drilling procedure, a 10 μL syringe attached to a 26-gauge beveled needle siliconized with Sigmacote (Benskey & Manfredsson, 2016), containing the respective viral vector, was lowered into the DRN at the coordinates AP, -7.8; ML, 0.0; DV, -6.8. Once the needle was lowered into the DRN, the needle was held at this location for 1 min. Following this 1 min wait period, the needle was retracted up to the DV -6.4 coordinate, where the viral vector was injected at a rate of 0.5 μL/min, for a total of 2 μL over a 4-min duration. After the infusion, the needle remained in place for 7 min to allow for optimal diffusion at the infusion site. After 7 min, the needle was lifted from the injection site and the incision was cleansed and prepped for closure in Experiment 1, or striatal cannulation in Experiment 2. Post-surgery, rats underwent a secondary 10-day post-operative recovery period. Experimentation began 4 weeks post-surgery to allow for optimal viral transduction.

Striatal Cannulation
During the aforementioned AAV surgeries in Experiment 2, rats underwent striatal cannulation for in vivo microdialysis. Once the viral vector had been successfully delivered into the DRN, rats remained in the stereotaxic apparatus to be fitted with microdialysis cannulae. Rats received unilateral implantation of microdialysis guide cannulae (probes and cannula: Synaptech; Marquette, Michigan) within the medial STR at coordinates relative to Bregma (AP +1.0; ML -2.5; DV -3.5; Paxinos & Watson, 2006). Dummy probes were inserted into the guide cannulae to maintain integrity. Screws were inserted into the skull at 5 different locations surrounding the cannula to provide an anchor for the cannula caps to attach to. Cannula caps were made from a mixture of liquid and powder dental acrylic (Lang Dental, Wheeling, IL) and were used to cement the guide cannula to the screw anchors. Following dental acrylic solidification, rats were removed from the stereotaxic apparatus and were placed in a clean, warmed cage. Rats underwent a secondary 10-day post-operative recovery period, where they received supplemental softened food and saline (s.c.) as needed, as well as enrichment.      

Behavioral Analyses 
Cylinder Testing (Experiment 1)
The cylinder test of spontaneous forepaw use during vertical exploration is well established for the reduction in paw use contralateral to a nigrostriatal lesion (Gombash et al., 2013). Rats were placed in a plexiglass cylinder surrounded by mirrors and recorded for 5 minutes. Touches were enumerated (left, right, both) and reported as [(contralateral + ½ both)/(ipsilateral + contralateral +both)] x 100 (Sellnow et al., 2020).

Forepaw Adjusting Steps (FAS; Experiment 2)
FAS is a validated behavioral test that has been utilized for measuring changes in motor performance as a consequence of lesion and L-DOPA treatment (Chang et al., 1999; Eskow et al., 2007, Conti et al., 2014). To implement the FAS test, rats were lightly held by the experimenter in a restrained position, with 1 forepaw placed firmly on a table. Rats were positioned at an 80° angle, with their face pointed downwards. Rats were then dragged laterally across the table at a rate of 90 cm/10 sec. Both forelimbs underwent 3 consecutive trials of forehand and backhand testing while the other forelimb remained restrained. Upon completion of the 3 consecutive trials, scores were averaged for each forelimb to acquire a relative total-step average for each rat. Forepaw steps and total steps were compared to backhand steps and total steps from baseline to generate a percent-intact score, which yielded a relative comparison between motor deficit and restoration, as a consequence of the lesion and treatment. 

Abnormal Involuntary Movements (AIMs) and Rotations
The AIMs test is a reliable assay that has been implemented in prior literature as a validated method for quantifying dyskinesia severity following PD treatment (Dekundy et al., 2007; Bishop et al., 2012; Lindenbach et al. 2015). For tests, rats were administered L-DOPA (s.c.) and were immediately placed into clear plexiglass cylinders containing woodchip bedding. Ten min post-L-DOPA injection, rats were rated by a trained experimenter who was blind to the experimental condition. Further detail on this experimental protocol has been extensively outlined in prior literature (Bishop et al., 2012; Lanza et al., 2021). The experimenter rated each rat on the quality of their axial, limb and orolingual (ALO) behavioral manifestations, of which were converted on a 0-4 scale of severity. For Experiment 1, all rats were rated for 1 min, every 20 min, for a total of 180 min, whereas in Experiment 2, all rats were rated for 1 min, every 10 min, for a total of 180 min. In Experiment 1, all behaviors were assessed through video recordings. In Experiment 2, behaviors were rated live, in real time.
Axial AIMs were characterized by torsion of the trunk, contralateral to the lesion, with the right shoulder positioned adjacent to the left shoulder. Limb AIMs were typified by abnormal shaking or purposeless repetitive motion of the forelimb contralateral to lesion. Movements that were characteristic of the limb subcategory typically involve uncontrollable gripping of the right forepaw, jerking of the left forelimb that is redundant, as well as hyperextension of the right forepaw. Orolingual AIMs were characterized by asymmetric abnormal tongue protrusions, as well as atypical movements of the lower jaw. All AIMs behaviors previously mentioned must occur entirely independent from normal grooming, chewing, or relative activity and these behaviors must demonstrate a relative lapse in time between normal behavior for the abnormality to qualify. Each behavior was ranked temporally based upon a 0-4 point scale. Scale qualifications are as follows: 0 (absent), 1 (present for less than 30s), 2 (present for more than 30s and contains interruptive bouts of voluntary control or intermittent normal behaviors), 3 (present for 60s but is interrupted with a startle stimulus), 4 (present for 60s and is not interrupted by a startle stimulus) (Lanza & Bishop, 2018). 

Validation of hM4-DREADD activity using ex vivo slice physiology
Rats were anesthetized with 8% chloral hydrate (400 mg/kg, i.p.) before brains were rapidly removed and coronal slices were obtained using a Vibratome (Pelco 102, Ted Pella, Redding, CA) as previously described (Heng et al 2011). Specifically, 300 μm-thick sections containing the DRN were obtained in ice-cold artificial cerebrospinal fluid (aCSF) under constant oxygenation with 95 % O2–5 % CO2 containing (in mM): 122.5 NaCl, 3.5 KCl, 25 NaHCO3, 1.0 NaH2PO4, 0.5 CaCl2, 3 MgCl2, 20 glucose, 1.0 ascorbic acid (pH 7.40–7.43, 295–305 mOsm). Dorsal raphe containing slices were then incubated at 33–35 °C in aCSF (95 % O2–5 % CO2) for at least 1 h before transferring to the recording chamber. CaCl2 was increased to 2.5 mM and MgCl2 was decreased to 1 mM in the recording aCSF (95 % O2–5 % CO2) that was delivered to the recording chamber at the rate of ~2 mL/min. All recordings were conducted at 33–35 °C using borosilicate glass patch electrodes (5–8 MΩ) obtained with a horizontal puller (P-97, Sutter Instrument Co., Novata, CA) and filled with a potassium-based internal solution containing 0.125 % neurobiotin and (in mM): 115 K-gluconate, 10 HEPES, 20 KCl, 2.0 MgCl2, 2.0 Mg-ATP, 2.0 Na2-ATP, 0.3 Na2-GTP (pH 7.23–7.28, 280–282 mOsm). 
DRN 5-HT neurons were visualized using infrared-differential interference contrast (IR-DIC) video microscopy with a 40× water-immersion objective (Olympus BX51-WI) connected to an IR-sensitive CCD camera (DAGE-MTI) and displayed on a monitor. Whole-cell patch-clamp recordings were performed with MultiClamp 700B, digitized (Digidata 1440), and acquired with Axoscope 10.1 (Axon instruments/Molecular Devices) at a sampling rate of 10 kHz. The liquid junction potential was not corrected, and electrode potentials were adjusted to zero before obtaining the whole-cell configuration. All recordings were conducted in current-clamp mode and bath application of the DREADD ligand C21 (2.5 µM or 5.0 µM, 10 min) was delivered into the recording chamber after 5-10 min of stable baseline activity. For each neuron, changes in spontaneous activity, resting membrane potential, and action potential firing evoked by somatic current injections (10-30pA, 30s duration) were compared before and after bath application of C21 (Fig. 1).  

Experimental Design
Experiment 1: DREADDs influence on L-DOPA efficacy and LID
As shown in Fig. 2, for behavioral characterization, TPH2-CRE positive rats (N=20; 9 or 11/ group; 11 male, 9 female) underwent unilateral 6-OHDA left MFB lesioning (as described above). Following a 3-week post-operative recovery period, rats underwent post-lesion cylinder testing in order to assess lesion severity prior to implementing the secondary surgery. Once assigned to equally lesioned groups, rats underwent AAV-surgeries of which half received the control AAV-GFP infusion and the other half received the inhibitory AAV-hM4Di DREADD infusion into the DRN. Post AAV-surgery, rats were allowed 4 weeks for optimal viral transduction (Reimsnider et al., 2007) and received frequent handling. Thereafter, rats underwent a 14-day treatment regime with L-DOPA methyl ester (12 mg/kg; s.c.; Sigma, Lindenbach et al., 2015) + DL-serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride (benserazide; 15 mg/kg; Sigma) dissolved in Vehicle (0.9% NaCl+0.1% ascorbic acid) hereafter called L-DOPA to establish LID stability (Lundblad et al., 2002, Taylor et al., 2005). Following one week of daily priming, rats were assayed for baseline AIMs. Thereafter, C21 (DREADD agonist; 0, 3 and 6 mg/kg, i.p.) was administered 5 min prior to L-DOPA (6 mg/kg, s.c.) in a within-subjects counterbalanced design. C21 was used in place of CNO for behavioral tests due to its potential metabolism into Clozapine and 5-HT2A receptor affinity (Jendryka et al., 2019; Thompson et al. 2018). On testing days, all rats underwent AIMs with at least 2/3-day washout in between testing days. Following behavioral testing, rats were euthanized with sodium pentobarbital, followed immediately by transcardial perfusion with Tyrode’s solution followed by 4% paraformaldehyde (PFA) in 0.1 M Phosphate Buffered Saline (PBS). Brains were thereafter removed, postfixed in 4% PFA for 24 hours, and cryoprotected in 30% sucrose until saturated. Brains were thereafter sectioned serially into 40µm coronal sections using a sliding microtome and stored in -200C until further use. 

Experiment 2: effects of local striatal DREADD on DA and 5-HT release after L-DOPA
As shown in Fig. 3, TPH2-CRE positive rats (N=24) underwent unilateral 6-OHDA left MFB lesioning. Following 6-OHDA lesioning post-operative recovery, all rats were assigned to equally lesioned groups using FAS scores. Thereafter, rats received an infusion of inhibitory AAV-hM4Di (or control) into the DRN followed by the insertion of a unilateral striatal cannula, ipsilateral to lesion. Then, all rats underwent a 4-week waiting period to reach asymptotic transgene expression (Reimsnider et al., 2007). Once complete, all surviving rats  (N=17; 8 or 9/group; 9 male, 8 female underwent a 14-day within-subjects priming period, where they received L-DOPA treatment (6 mg/kg, s.c.; Conti et al., 2014) and underwent AIMs testing on days 1, 7 and 14 to track LID development. Following LID establishment, all rats who had met ALO sums > 20 were included and underwent an acute within-subjects paradigm, where rats (N=13; 6 or 7/group; 7 male, 6 female) were randomly assigned to counterbalanced striatal infusions of C21 (0, 0.1, 1.0 mM) and L-DOPA (6 mg/kg, s.c.). C21 was administered via reverse infusion through striatal microdialysis probes to target 5-HT terminal projections from the DRN to the STR. Concentrations were selected based on prior literature surrounding compound translatability and implemented methods (Scofield et al., 2015; Vazey & Jones, 2014; Mahler et al., 2014). During testing, rats underwent simultaneous in vivo microdialysis and AIMs testing to observe condition-dependent LID severity. Rats received 2/3-day washout periods between acute testing days. Prior to microdialysis days, probes (5 mm Brain Microdialysis Probe with 3 mm Membrane; Synaptech; Michigan; SKU: S-5030) designed to extend 3 mm beyond the cannulae into the dorsal STR were attached to inlet and outlet tubing and were primed with artificial cerebral spinal fluid (aCSF; 128 mM NaCl, 2.5 mM KCl, 1.3 mM CaCl2, 2.1 mM MgCl2, 0.9 mM NaH2PO4, 2.0 mM Na2HPO4, 1.0 mM glucose, pH 7.4) overnight at a rate of 0.25 μL/min for 10-12 h. During testing, probes were inserted into the striatal cannulae and rats were placed within plexiglass cylinders. With a flow rate set at 2 μL/min, samples were collected every 20 min throughout the entirety of the experiment. Rats were initially habituated to aCSF for 1 h to regulate flow, followed by a 1-h baseline aCSF collection period. At 45 min into baseline, aCSF flow was halted briefly for a few seconds and was replaced by a mix of aCSF and C21 (0, 0.1, 1.0 mM), after which flow was immediately restored, followed 15 min later by a single injection of systemic L-DOPA (6 mg/kg, s.c.) 5 min after C21 reached the STR. Ten min post-L-DOPA injection, rats were rated on AIMs every 10 min for 180 min, with dialysate samples being collected every 20 min for 3 h throughout AIMs testing. Following acute testing, rats were euthanized with sodium pentobarbital and brain tissue was harvested for immunohistochemical analyses (Fig. 3). Animals were perfused and the posterior portion of the brain containing the DRN and SNc was collected for histological postmortem analyses as described for Experiment 1. Dialysate collected from each day of microdialysis was analyzed by HPLC to assess extracellular striatal monoamine levels. 

Postmortem Analyses 
High Performance Liquid Chromatography (HPLC) for Quantifying Monoamine Levels in Dialysate 
Dopamine release following in vivo microdialysis was quantified via reverse-phase HPLC (EiCOM HTEC-510; Amuza Inc.; San Diego, California). The system employed consisted of an AMUZA AS-700 autosampler (San Diego, CA, USA) which was continuously maintained at 4°C, coupled with an HPLC-ECD system (EiCOM HTEC-510). A precolumn (PC-03 3mm, AMUZA, San Diego, CA, USA) was situated immediately downstream of the autosampler and immediately upstream of the monoamine separation column maintained at 25°C (EiCOMPAK CAX, 3.0 id x 100 mm; AMUZA, San Diego, CA, USA). Mobile phase (distilled water containing 0.1 M ammonium acetate, 0.1 M acetic acid, 30% HPLC grade methanol, 0.71% sodium sulfate, .001% ethylene-diamine N, N, N’, N’ tetraacetic acid) was used as a medium to chromatographically separate samples via the separation column at a flow rate of 250 µL/min. Samples were then passed through a graphite working electrode (WE-3G; AMUZA) at an applied potential of +450 mV vs. Ag/AgCl with a time constant of 3.0 seconds. Upon contact with the graphite electrode of the electrochemical detection cell, neurotransmitters were oxidized, generating a spike in measured current. The measure of electrical current over time was recorded and analyzed via Clarity software (version 8.7; Data Apex, Tucson, AZ, USA). The limit of detection is 10-10M for monoamines. Final oxidative current values were then plotted on a standard curve with known concentrations varying from 10-6 to 10-9M, and then adjusted according to tissue weights. Dopamine levels are expressed as pM of dialysate. All calibrations consistently meet linearity r-squared > 0.999 with all analytes falling on the concentration curve (Conti et al., 2014).

Immunostaining
All immunostaining was performed on free-floating 40 μm brain sections, as described in detail elsewhere (Sandoval et al., 2024). Briefly, for brightfield staining, sections were quenched in 0.3% hydrogen peroxide (H₂O₂), blocked in the appropriate normal serum, and incubated overnight with primary antibodies against tyrosine hydroxylase (TH; Millipore, AB152, 1:4000) or serotonin transporter (SERT; Synaptic Systems, 340–004, 1:10000). The following day, sections were incubated with the appropriate biotinylated secondary antibody, followed by amplification using an avidin–biotin complex kit (Vector ABC Kit, PK-4000), per the manufacturer’s instructions. Visualization was achieved with 3,3′-diaminobenzidine (DAB; Sigma Aldrich, D4293-50SET) and 0.03% H₂O₂ in Tris buffer. Sections were mounted and coverslipped using Cytoseal 60 (Epredia, Cat# 8310-16).
For immunofluorescence (IF), sections were similarly blocked in the appropriate serum and incubated overnight with primary antibodies against SERT (Boster Biological Technology, PB9438, 1:1000), mCherry (Rockland, 600–401-P16, 1:1000 or LS Bio #C204207 1:1000), 5-HT (Immunostart Cat#20080, 1:5000), HuC/D (Invitrogen Cat#A2127, 1:2000). The next day, sections were incubated with the appropriate fluorescence-conjugated secondary antibodies (anti-rabbit Alexa Fluor 488, anti-mouse Alexa fluor 594, anti-mouse Alexa fluor 647, anti-goat Alexa fluor 594; Thermo Fisher Scientific, 1:500), followed by nuclear counterstaining with DAPI. All sections were mounted on subbed slides and dehydrated through graded ethanol solutions followed by xylene. Brightfield slides were coverslipped with Cytoseal 60, and immunofluorescence slides were coverslipped using DPX mounting medium (Sigma, Cat# 06522).

Confocal imaging of transduction 
Fluorescent images were acquired using a Nikon A1R HD25 confocal microscope equipped with a 60× oil-immersion objective (NA 1.4; Fig. 6G-L; Fig. 9). Z-stack images were collected at 0.75 μm intervals across the full thickness of the tissue section. Image processing was performed using NIS-Elements software (Nikon Instruments Inc.).

Quantitation of striatal serotonergic innervation
Sections stained for SERT immunohistochemistry were imaged on a Nikon Eclipse Ni microscope equipped with a Lumenera LT665RC-MBF camera using MicroBrightField Stereo Investigator software (MBF Bioscience, VT, USA). Dorsal (D), ventral (V), medial (M) and lateral (L) striatal subregions of interest (DL, DM, VL, VM) were initially delineated at low magnification (2X objective). We sampled and analyzed seven coronal sections per animal, starting at approximately Bregma +2.0 mm according to the Paxinos and Watson rat brain atlas (Paxinos and Watson, 1998)  and sampled sections every 240 μm. The “Fractionator” probe was used to implement systematic random sampling within each section, with a counting frame of 125 × 125 μm and a sampling grid of 550 × 550 μm. Z-stacks were acquired throughout the mounted thickness using a 1 μm step size, a 3 μm top guard zone, and a 5 μm disector height.
Z-stack images were analyzed using Neurolucida 360 (MBF Bioscience, VT, USA) by a blinded observer. SERT+ fibers were traced using the “Tree” module, and varicosities were detected with automated parameters (minimum thickness ratio = 1.4, maximum length ratio = 3, image sensitivity = 100). Quantification was performed using Neurolucida Explorer (MBF Bioscience, Williston, VT, USA), generating measurements of total fiber length and varicosity count (Figs. 7,8).

AI-based enumeration of nigral TH cell loss
Unbiased quantification of TH immunoreactive (THir) cells was performed as previously described on all animals in the study (N = 39). Briefly, high resolution brightfield micrographs of TH-stained slides (complete series of sections (1/6) throughout the rostrocaudal axis of the SN) were acquired on a ZEISS Z1 Axioscanner. Nigral images were uploaded onto AIforia cloud (AIforia Technologies; Helsinki, Finland), substantia nigra region were outlined for both hemispheres, and the total number of THir cells were enumerated using a previously validated AI algorithm (Penttinen et al., 2018; Sandoval et al., 2024; Fig. 4A-C), and values were normalized to the contralateral side for each animal. In order to validate the enumeration we also performed additional stereology on a handful of animals (N = 16 randomly selected) and performed a correlation analysis.

Statistical Analyses 
All nonparametric AIMs data (expressed as median + median absolute deviation; M.A.D) were assessed using nonparametric statistics. Between-subjects designs were analyzed using a Kruskal Wallis H ANOVA followed by Dunn post-hoc analyses to observe treatment effects. Within-subjects designs were analyzed using Friedman’s ANOVAs followed by a Wilcoxon post-hoc analyses when appropriate to observe treatment effects. All FAS data (expressed as mean percent intact + standard error of the mean; S.E.M) were analyzed using mixed-model repeated-measures ANOVAs, with a within-subjects factor of paw/percent intact and a between-subjects factor of viral condition (GFP vs. DREADD). All HPLC monoamine data collected from dialysate (expressed as pM + S.E.M) was assessed using a repeated-measures ANOVA, followed by Fisher’s LSD post-hoc analyses when appropriate. 
Paired t-tests were used to compare changes in spontaneous activity and resting membrane potential before and after bath application of CNO in physiological validation recordings. For experiment 1, AIMs data collected during acute testing was analyzed with a within-subjects factor of C21 treatment (0, 3, 6 mg/kg). Cylinder test data were analyzed using independent-samples t-tests with Cohen’s d measures of effect size to assess between-subjects mean differences between GFP and DREADD viral condition. For experiment 2, AIMs data was analyzed with a within-subjects factor of C21 treatment (0, 0.5, 3, 6 mg/kg). FAS test data were analyzed using independent-samples t-tests with Cohen’s d measures of effect size to assess between-subjects mean differences between GFP and DREADD. HPLC monoamine and metabolite dialysate was analyzed using a repeated-measures ANOVA with a within-subjects factor of monoamine concentration (0, 0.1, 1mM) and a between-subjects factor of viral condition (GFP vs. DREADD). SERT innervation analyses were initially performed with a 2-way ANOVA and following the merging of SHAM groups, all relevant comparisons were performed using a 1-way ANOVA, followed by Tukey’s post-hoc analysis. Analyses for all experiments were performed utilizing SPSS software (Chicago, IL, USA) or GraphPad Prism (Boston, MA, USA) with alpha set at p < 0.05. 

Results
Validation of hM4-DREADD activity using ex vivo slice physiology
TPH2-Cre rats expressing hM4Di-DREADD in the DRN were used to validate the inhibitory effect of the DREADD receptor using the DREADD ligand C21 (Fig. 1A). Ex-vivo whole-cell patch-clamp recordings were performed to assess changes in resting membrane potential and somatic current-evoked action potential firing before and after bath application of the DREADD ligand C21 (Fig. 1B-D). Following bath application of C21, the membrane potential of DRN 5-HT neurons became more hyperpolarized (p < 0.0005; Fig. 1B,D), an effect that was accompanied by a reduction in firing rate (p < 0.0005; Fig. 1C,D). Collectively, these results show that stimulation of the hM4Di-DREADD with C21 effectively inhibits DRN 5-HT neuronal activity.
Establishment of Lesion and LID across GFP and hM4Di Groups: Experiments 1-2
To assess development of LID, all rats received 2 weeks of daily treatment with L-DOPA (12 mg/kg, s.c. Experiment 1; 6 mg/kg s.c. Experiment 2) prior to receiving systemic injections of C21 (0, 3, 6 mg/kg, i.p.) in Experiment 1 (N = 20) or intrastriatal infusions of C21 (0, 0.1, 1.0 mM) in Experiment 2 (N = 13). Of the total rats (N = 58) that received surgery (n = 31, 17 male, 14 female Experiment 1; n = 27, 13 male, 14 female; Experiment 2), 52 went on to chronic L-DOPA priming (N = 30, 16 male, 14 female Experiment 1; N = 22, 12 male, 10 female Experiment 2). Of all rats that entered the priming phase, 37 of 52 met inclusion criterion (ALO Sum > 20 by baseline day 14; N = 20, 11 male, 9 female Experiment 1; N = 13, 7 male, 6 female Experiment 2). Non-parametric Kruskal-Wallis H ANOVAs demonstrated no significant main effect of viral condition (GFP vs. hM4Di) on baseline ALO AIMs or sums between groups in Experiment 1 (all H(1) ≤ 1.373, all n.s.; Fig. 4E,G) or Experiment 2 (all H(1) ≤ 3.086, all n.s.; Fig. 4F,H), demonstrating equivalency in baseline dyskinetic features for subsequent testing.  

Assessment of DA lesion efficacy across GFP and hM4Di Groups: Experiments 1-2
With the intention of inducing hemi-parkinsonism across all rats in Experiments 1 and 2, all rats received unilateral injections of 6-OHDA to the left MFB. Thereafter, to validate a functional nigrostriatal lesion, and to assess any effect of gene therapy on function, animals underwent post-lesion cylinder testing (Experiment 1; N = 20; 9 = GFP; 11 = hM4Di; Fig. 4D) or forepaw adjusting steps test (Experiment 2; N = 13; 6 = GFP; 7 = hM4Di; Fig. 4I,J). In Experiment 1 independent-samples t-test analyses demonstrated no significant differences in touches contralateral to lesion as a percentage of total touches between GFP (7.4%) and hM4Di (8.5%) groups on the cylinder test (t(18) = 0.339, n.s.; Fig. 4D).
In experiment 2, repeated measures ANOVA analyses demonstrated a significant main effect of paw (F(1,11) = 489.941, p < 0.05; Fig. 4J), with no significant effects of viral condition on number of steps in the FAS test. Consequentially, post hoc analyses revealed a significant reduction in stepping in the lesioned (RIGHT) side vs. the intact (LEFT) side (p < 0.05; Fig. 4J). Additionally, repeated-measures ANOVA analyses demonstrated a significant main effect of intact score (Total Percent Intact [TPI%] vs. Forepaw Percent Intact [FPI%]; F(1, 11) = 51.867, p < 0.05; Fig. 4I) on percent steps from control, with no significant effects of viral condition in the FAS test. As shown in Fig. 4I, independent-samples t-tests indicated no significant main effect of viral condition (GFP vs. hM4Di) on total percent intact (TPI%; n.s.) or forepaw percent intact (FPI%; n.s.) in the FAS test. This indicates that both GFP and hM4Di groups displayed no differences in number of stepping, as well as relative intact scores between experiments 1 and 2 prior to AAV infusion (Fig. 4D,I,J).
To confirm that all animals exhibited appropriate nigrostriatal denervation (Fig. 4A,B) we utilized an established AI algorithm to enumerate the total population of nigral TH IR cells (Fig. 4A-C) on serial sections and data was normalized to the intact hemisphere. Animals in Experiment 1 and 2 exhibited 92.2% and 91.3% depletion, respectively (Fig. 4C). No lesion was seen with SHAM operated animals. Stereological cell counting of nigral TH IR was also performed on randomly selected animals in order to validate the AI-based approach, and a linear regression analysis showed a that the data from the two approaches were highly correlated (R2 = 0.96, p < 0.0001; Sup. Fig. 2).

Experiment 1: Systemic administration of C21 on L-DOPA-induced Motor Changes
With the intention of directly manipulating DRN 5-HT neurons to assess their contributions in LID, rats received systemic C21 at 0, 3 and 6 mg/kg (i.p.) prior to L-DOPA (6 mg/kg, s.c.) in a within-subjects, counterbalanced design, and were assessed for AIMs (Fig. 5). 
In the hM4Di condition, Friedman’s ANOVA analyses revealed a significant main effect of C21 dose on median ALO sums in rats who had received a AAV-hM4Di (χ2(4) = 25.302, p < 0.05), as shown in Fig. 5B, Wilcoxon post hoc analyses demonstrated significant differences between Baseline (median = 35) and C21 at all doses (medians = 21-23, respective to decreasing dose; all p < 0.05; Fig. 5B), as well as C21 vehicle (median = 29) and all other doses of C21 (p < 0.05; Fig. 5B). Importantly, when assessing differences in ALO sums as a consequence of C21 dose within the GFP group, statistical analyses revealed no significant main effects of C21 dose on median ALO sums for rats in the GFP condition between baseline (median = 32) or any of the doses of C21 (χ2(4) = 2.443, n.s.; Fig. 5D). 
When assessing the effects of C21 dose on dyskinesia in the hM4Di group alone, Friedman’s ANOVA analyses revealed significant main effects of C21 dose on ALO AIMs at timepoints 80 and 100-140 min (all χ2(3) ≥ 9.155, all p < 0.05), as shown in Fig. 5A. When comparing within timepoint across all doses of C21, Wilcoxon’s post hoc analyses revealed significant differences between C21 vehicle vs. C21 at 3 mg/kg at time points 100 (median = 3 vs. 5, respectively) and 120 min (median = 4 vs. 1, respectively; both p < 0.05, Fig. 5A) and C21 at 0.5 mg/kg vs. C21 at 3 mg/kg at time points 80-140 min (medians = 3-4 vs. 0-4, respectively; all p < 0.05, Fig. 5A). Additionally, Wilcoxon’s post-hoc analyses revealed significant differences between C21 at 0.5 mg/kg vs. C21 at 6 mg/kg at time points 80 (median = 4 vs. 3, respectively) and 120 min (median = 4 vs. 2, respectively; both p < 0.05). When assessing the effects of C21 dose on dyskinesia in the GFP group, analyses revealed a significant main effect of treatment on ALO AIMs at timepoint 140 min (χ2(3) = 8.684, p < 0.05), as shown in Fig. 5C. When comparing all doses of C21 at timepoint 140 min, Wilcoxon’s post hoc analyses revealed no significant differences between C21 dose at 140 min (n.s.) indicating no influence of GFP on dyskinesia trajectory following systemic C21 with L-DOPA (6 mg/kg, s.c.; Fig. 5C). 

Experiment 2: Intrastriatal infusion of C21 on L-DOPA-induced Motor Changes
With the intention of increasing circuit specificity by isolating raphe-striatal influences on LID, dyskinetic rats in our two viral groups received intrastriatal infusion of C21 at 0, 0.1 and 1.0 mM (2 uL/min) in tandem with systemic treatment with L-DOPA (6 mg/kg, s.c.) and were assessed for AIMs. 
[bookmark: OLE_LINK1]In the subjects with hM4Di, analyses revealed a significant main effect of C21 dose on ALO sums (χ2(3) = 14.206, p < 0.05), as shown in Fig. 6B. Post hoc analyses demonstrated significant differences between Baseline vs. C21 at 0.1 mM (median = 50 vs. 35, respectively), or C21 at 1.0 mM (median = 35; both p < 0.05), as well as C21 vehicle vs. C21 at 0.1 mM (median = 44 vs. 35, respectively), or C21 at 1.0 mM (median = 35; both p < 0.05; Fig. 6B). When assessing differences in ALO sums as a consequence of C21 dose within the GFP group, statistical analyses revealed no significant main effect of C21 dose on ALO sums (χ2(3) = 2.940, n.s.; Fig. 6D). 
When assessing trajectory of dyskinesia in the hM4Di group, analyses revealed significant main effects of treatment on ALO AIMs at timepoints 50-60, 90-110 and 160 min (all χ2(2) ≥ 7.300, all p < 0.05), as shown in Fig. 6A. When comparing within timepoint across all doses of C21, post hoc analyses revealed significant differences between C21 vehicle (aCSF) vs. C21 at 1.0 mM at time points 60 (timepoint median = 3 vs. 4, respectively) and 90-110 min (timepoint medians = 4-4 vs. 2-3, respectively; all p < 0.05, Fig. 6A) as well as C21 at 0.1 mM vs. C21 at 1.0 mM at time points 90-100 (timepoint medians = 4-4 vs. 2-3, respectively) and 160 min (median = 1 vs. 0, respectively; all p < 0.05, Fig. 6A). Additionally, Wilcoxon’s post-hoc analyses revealed significant differences between C21 vehicle (aCSF) vs. C21 at 0.1mM at time points 50-60 min (timepoint medians = 3-4 vs. 2-3, respectively; both p < 0.05). When assessing trajectory of dyskinesia in the GFP group, analyses revealed no main effect of treatment on ALO AIMs at any time (all χ2(2) ≤ 3.800, all n.s.), as shown in Fig. 6C. 
When assessing striatal dialysate in the active hM4Di group, analyses revealed significant main effects of time (F(9,7) = 4.406, p<0.05; Fig. 6F) and C21 dose (F(2,7) = 3.960, p < 0.05; Fig. 6F) on concentrations of DA within striatal dialysate, where post hoc analyses revealed significant differences between C21 vehicle (aCSF) vs. 1.0mM C21 at peak timepoint 1 (timepoint mean = 3357.26% vs. 101.06%, respectively; p < 0.05). In the control GFP group, analyses revealed a significant main effect of time (F(9,91) = 7.444, p < 0.05; Fig. 6E) with no effect of treatment (F(2,8) = .02622, n.s.; Fig 6E). 
Validation of transduction
Immunofluorescence paired with confocal imaging was performed to validate the fidelity of transduction. hM4Di (in the form of mCherry) expression was seen confined to SERT IR terminals in the striatum (Fig. 6 G-L) and serotonergic neurons in the DRN (Fig. 9 A-F).
Nigrostriatal denervation and L-DOPA administration increase striatal 5-HT innervation
To assess the influence of nigrostriatal denervation and subsequent L-DOPA treatment, and potential differences of striatal subregions, on DRN innervation we performed a histological analysis of SERT immunoreactive fibers and varicosities in 4 subregions of the striatum (dorsolateral (DL), dorsomedial (DM), ventrolateral (VL), and ventromedial (VM); Fig. 7). Using StereoInvestigator-mediated random sampling we generated images analyzed using Neurolucida 360 (Fig. 7) from 4 groups: Lesion-Saline (n=3), Lesion-L-DOPA (n=16), Sham-saline (n=3), Sham-L-DOPA (n=3)). 
Striatal SERT fiber density is increased with nigrostriatal lesion and L-DOPA treatment
[bookmark: OLE_LINK4]An initial analysis of total striatal innervation using a two-way ANOVA showed a significant effect for the main effect of lesion (F(1, 21) = 6.32, p < 0.05, Fig. 8) but not treatment (L-DOPA/Saline). Sham-operated animals exhibited no difference regardless of subsequent treatment (SHAM; p = 1.0) and these subjects were collapsed to a single group for subsequent analyses by a one-way ANOVA (Fig. 8). Lesion-L-DOPA animals (Fig. 8A,C-F) exhibited a much denser SERT+ axonal network (0.072 µm/µm³; p < 0.005 versus SHAM (0.042 µm/µm³). Lesioned animals subsequently receiving saline in lieu of L-DOPA showed no difference in striatal serotonergic innervation (0.054 µm/µm³) versus SHAM. No difference was observed between the lesion groups (p = 0.15). 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]When divided into striatal subregions a similar pattern of SERT innervation emerged (Fig 8, Table 1). DM (Fig. 8D): Lesion-L-DOPA: 0.071 µm/µm³ (p < 0.01 vs SHAM), Lesion-saline: 0.058 µm/µm³, SHAM: 0.038 µm/µm³. DL (Fig. 8C): Lesion-L-DOPA: 0.072 µm/µm³ (p < 0.01 vs SHAM), Lesion-saline: 0.053 µm/µm³, SHAM: 0.045 µm/µm³. VL (Fig. 8E): Lesion-L-DOPA: 0.075 µm/µm³ (p < 0.01 vs SHAM), Lesion-saline: 0.052 µm/µm³, SHAM: 0.044 µm/µm³. VM (Fig. 8F): Lesion-L-DOPA: 0.072 µm/µm³ (p < 0.01 vs SHAM), Lesion-saline: 0.052 µm/µm³, SHAM: 0.041 µm/µm³. No regional differences were observed within either treatment group. 
Striatal serotonergic axon varicosities increase in concordance with innervation
[bookmark: _Hlk217905343][bookmark: OLE_LINK5]Although we observed a change in the total number of varicosities in the Lesion-L-DOPA group (0.012 Var/µm³) normalized to sampled volume compared to SHAM (0.008 Var/µm³; Lesion-saline: 0.009 Var/µm³; Fig. 8B), we did not find any differences in the concentration of SERT+ varicosities per SERT fiber length between any condition: Lesion-Saline: 0.1583Var/µm; Lesion-L-DOPA: 0.1661Var/µm, SHAM: 0.2038Var/µm (Table 1). These relative data were reflected across the striatal regions sampled (Table 1). 
No relationship between histological findings and LID severity
Given the relatively wide distribution of data in our Lesion-L-DOPA treated animals we performed a series of regression analyses comparing total ALO scores severity to various histological outcomes. No relationship was seen with total striatal SERT fiber density (R2 = 0.031), total varicosities (R2 = 0.008), or varicosities/SERT fiber length (R2 = 0.008). 

Discussion
Mechanisms underlying LID development and expression in PD are complex and many have remained speculative despite advances in the field. While traditional mechanisms surrounding facets of BG dysfunction highlight DA dysregulation and DA receptor sensitivity (Jenner, 2008, Carta & Bezard, 2011, Crossman, 1990, Herrero et al., 1996, Grace, 1995; Fridjonsdottir et al., 2021), there is increasing evidence suggesting that (maladaptive) neuroplasticity within the 5-HT system in particular may drive the formation of LID (Lanza & Bishop, 2018; Cenci, Skovgård, & Odin, 2022). Consequentially, various manipulation strategies targeting 5-HT circuity have shed light on its potential role in LID (Carlsson et al., 2007; Lanza & Bishop, 2018; Politis et al., 2014; Sellnow et al., 2019). That said, clarity surrounding the nature of the raphe-striatal 5-HT circuitry in LID has not been fully actualized as historically this work has employed permanent lesion strategies or pharmacological manipulations of the 5-HT system. To address this crucial gap in knowledge, the current set of experiments employed circuit-specific chemogenetics to investigate impact of the 5-HT raphe-striatal circuit in LID expression. 
[bookmark: _Hlk216361278][bookmark: _Hlk216361310]	In Experiment 1, we sought to clarify the overall role of DRN 5-HT projections on the established LID. Systemically administered DREADD ligand C21 significantly attenuated both LID severity and trajectory (Fig. 5A, 5B) implicating 5-HT circuit modulation as a necessary component to these effects. Interestingly, the anti-dyskinetic effects of systemically administered C21 at the high dose (6 mg/kg, i.p.) did not significantly differ from that of the moderate dose (3 mg/kg, i.p.) at any timepoint (Fig. 5A) suggesting there may be a limit to systemic chemogenetic inhibition of established moderate to severe LID. In fact, activation of the hM4Di-DREADD with C21 hyperpolarizes DRN 5-HT neurons (Fig. 1), an inhibitory effect that may simulate some facets of serotonergic compounds with high affinity at inhibitory 5-HT1A and 5-HT1B receptors, without their full effects (Budrow et al., 2023; Politis et al., 2014). As such, complete suppression of LID using systemically administered DREADD ligands may not be obtainable. Moreover, as our electrophysiological results show that activation of the inhibitory DREADD does not completely abolish neuronal firing regardless of the concentration tested (Fig. 1). Alternatively, an activity-independent, non-vesicular mechanism that is insensitive to 5-HT neuronal hyperpolarization may also contribute to sustaining LID (Miguelez et al., 2014).
One likely factor contributing to the reduction of LID with chemogenetic inhibition is the underlying structural 5-HT neuroplasticity reported in raphe-striatal terminal regions (Rylander et al., 2010; Zeng et al., 2010; Bédard et al., 2011; Pagano et al., 2018; Walker et al., 2020). When assessing SERT as a marker of 5-HT innervation, we found that regardless of which area of the striatum was assessed, and regardless of the severity of dyskinesia, a profound increase in serotonergic fibers and varicosities was observed in 6-OHDA, L-DOPA-treated rats (Fig. 7, 8). This suggests an overall increase in perisynaptic connectivity within the striatal postsynaptic compartment that emerges with nigrostriatal denervation and subsequent establishment of stable LID. While the stimuli that precipitate this hyperinnervation remain an open question, there is evidence that neurotrophic factors such as brain-derived neurotrophic factor (BDNF) promoted by chronic L-DOPA may sculpt the striatal micro-architecture (Rylander et al., 2010; Tronci et al., 2017).
	While the systemic chemogenetic approach allowed us to inhibit all transduced raphe-projecting 5-HT neurons, it did not rule out extrastriatal mechanisms. For instance, regions such as the SNc receive DRN 5-HT projections, of which remaining nigrostriatal projections modulate BG activity and are likely to be pro-dyskinetic (Sgambato-Faure & Cenci, 2012). Thus, circuit specificity was optimized in Experiment 2 to better characterize the relationship between raphe-striatal 5-HT projections, specifically, in the expression of LID. To do so, we directly interrogated striatal contributions using local infusion of C21 into the STR to inhibit presynaptic 5-HT terminals from the DRN. The decision to target this site was informed by prior reports of neuroplasticity within the raphe-striatal circuit in LID models (Carta & Tronci, 2014; Kannari et al., 2006; Maeda et al., 2005), as well as findings that modulation of this pathway reduces LID severity (Conti et al., 2014; Eskow et al., 2007; Politis et al., 2014; Sellnow et al., 2019). Our results clearly support the role of raphe-originating 5-HT terminals in LID expression. We found C21-induced, concentration-dependent decreases in dyskinesia (Fig. 6A, 6B). While both doses of C21, when administered through striatal cannulae, reduced LID, the higher dose attenuated LID more robustly at later timepoints during the testing session. Like systemically administered C21, this effect was not complete, reducing AIMs by ~40% compared to vehicle, but this was to be expected as  preliminary work from our lab using reverse dialysis, indicated that intra-striatal infusion of C21 only reaches 15-20% of DRN projections to the dorsal STR despite very strong transduction of hM4di in the DRN and striatum (Fig. 6G-L; Fig. 9). 
Important to our investigation was the coincident use of in vivo microdialysis to temporally tie L-DOPA and chemogenetic effects to extracellular DA in STR. Given the timecourse of L-DOPA in this model, we were able to collect DA samples and monitor AIMs during the same 20 min epochs (Bhide et al., 2015; Sellnow et al., 2019). Dysregulated striatal DA remains a hallmark of LID, where striatal DA denervation and subsequent intermittent usage of L-DOPA can promote hyperkinetic AIMs of the trunk, head and limbs in animal models, as representative of the clinical population (Lundblad et al., 2002; Cenci, 2010). Neurochemically, the expression and severity of AIMs are well akin to enhanced extracellular striatal DA concentrations in both animal models (Tanaka et al., 1999; Carta et al., 2007; Lindgren et al., 2010; Navailles et al., 2010) and in PD patients (Cenci, 2010; Politis et al., 2014). As 5-HT raphe-striatal DA surrogacy remains a critical component of this work, we aimed to extricate this key neurocompensatory role of DRN 5-HT cells. For the first time, we show that local inhibition of striatal 5-HT terminals by intrastriatal infusion of C21 significantly reduced extracellular DA in our hM4Di group at peak dyskinesia (timepoint 1, Fig. 6F) as a function of percent change from baseline, an effect that is not observed in our control GFP group (timepoint 1, Fig. 6E), highlighting that observed behavioral effects correspond with striatal DA concentrations contingent on DRN-inhibition. 
When considering the phasic functional changes that arise from selective presynaptic inhibition of DRN 5-HT neurons, certainly DA release from 5-HT terminals is a primary effector. However, actions downstream likely reverberate throughout the BG. For example, reducing extrasynaptic concentrations of DA that bind postsynaptically onto D1-expressing MSNs (Politis et al., 2014; Parker et al., 2018) would certainly dampen downstream D1 MSNs modulating pro-dyskinetic transcription factors such as ΔFosB and immediate early genes (IEGs) like Zif268 (Andersson et al., 1999), and pro-dyskinetic intracellular signaling pathways including but not limited to ERK1/2 MAPK phosphorylation and cAMP/PKA–DARPP-32 signaling (Santini et al., 2007; Feyder, Bonito-Olivia & Fisone, 2011). In fact, many of the 5-HT acting compounds known to reduce LID act at least indirectly on these LID markers of direct striatonigral activation (Bishop et al., 2009; Meadows et al., 2018; Altwal et al., 2020).	
Although the current work implicates a causal link between raphe-striatal neuroplasticity in the expression of LID, there are several limitations of this work that will require future study. First, the present experiments focused on modulation of established dyskinesia. Given treatment-induced neuroadaptations that occur with chronic L-DOPA, we have yet to fully understand how the brain’s BG circuits first recruit the 5-HT system to serve as a DA surrogate. Pharmacological studies using 5-HT compounds have provided clues, demonstrating that LID can be prevented in rodent models of PD (Eskow et al., 2007; Conti et al., 2014; Meadows et al., 2018), indicating aberrant neuroplasticity may be prevented. In further support, Sellnow et al. (2019) expressed ectopic D2 autoreceptors on raphe-projecting cells and by resupplying autoregulation of DA on putative 5-HT neurons, nearly completed blocked LID development. Second, the use of transgenic rat models poses both advantages and disadvantages for our work. Experiments 1 and 2 employed TPH2-CRE Long Evans rats. On one hand, this facilitated precise and specific viral transduction within TPH2-expressing 5-HT neurons of the DRN (Robke et al., 2025). Yet, there are risks as inbreeding can unintentionally select for traits that influence behavior (Jager et al., 2018; Chenouard et al., 2021). However, as transgenic CRE-recombinase models allow for unparalleled specificity of circuit manipulation, they have paved the way for significant contributions within several disciplines (Chenouard et al., 2021; Robke et al., 2025) and have not influenced LID development or expression in prior literature using rodent models (Lanza et al., 2021; Castela et al., 2023; Lipari et al., 2023; 2024). Third, it will be crucial to consider how targeting DRN 5-HT neurons may influence pro-motor benefits of L-DOPA treatment. In the literature, some 5-HT compounds, particularly full 5-HT1A agonists, have been found to reduce efficacy of L-DOPA, potentially because of squelching pro-movement raphe-striatal DA and/or corticostriatal glutamate release (Dupre et al., 2011; Lindenbach et al., 2015). For extensive review on 5-HT pharmacological strategies, please reference Lanza and Bishop, 2018. In the present investigation, we did monitor drug-induced rotations following L-DOPA and systemic C21. Interestingly, while AIMs were reduced by chemogenetic suppression in subjects expressing hM4Di, rotations were not (Supp. Fig. 1). Given that efforts to translate 5-HT strategies have been hampered by alterations in L-DOPA efficacy (Fidalgo et al., 2015; Al-Kassmy et al., 2025), investigating these motor-efficacy questions with circuit-specific chemogenetics may provide insight on raphe-striatal involvement in optimizing and translating 5-HT approaches to the PD population. Ultimately, the current work helps to elucidate components of raphe-striatal involvement that may be most promising as targets for their anti-dyskinetic efficacy. 
Finally, we must acknowledge the importance of 5-HT neuroplasticity and its modulation in other facets of PD. While this remains an underdeveloped area of research, prior literature suggests that LID is paralleled by widespread monoaminergic dysregulation that may trigger non-motor related symptomology (Fridjonsdottir et al., 2021). The DRN supplies extensive serotonergic input to the forebrain, most notably the STR, amygdala and prefrontal cortex (Jacobs & Azmitia, 1992; Hornung, 2003; Lipari et al., 2023), which readily position 5-HT neurons to act in DA denervated regions beyond the STR, aberrantly regulating neurotransmitter release and plasticity associated with L-DOPA treatment (Navailles & De Deurwaerdère, 2012). This widespread influence suggests that DRN contributions not only influence the development of LID via ectopic DA release (Carta et al., 2007; Rylander et al., 2010), but also non-motor symptoms such as depression, anxiety, and cognitive dysfunction in PD (Politis & Loane, 2011; Martínez‐Fernández et al., 2016; Lipari et al., 2023). In support, serotonergic fluctuations and dysfunction have been reported in patients with PD, which may constitute non-motor symptoms only partially attributable to DA loss (Qamhawi et al., 2015). Ultimately, the culmination of this work supports the emergence of DRN 5-HT circuitry as a key contributor to both motor and non-motor fluctuations in PD.
In summary, the current set of experiments reveal a strong contribution of the 5-HT raphe-striatal system to LID expression via chemogenetic modulation. Both functional and structural features convey these effects. While the compensatory mechanisms that initiate the aberrant 5-HT plasticity require further investigation, these findings highlight key, distinguishable attributes of the raphe-striatal circuit that confirm its promise as a target for the protection against the deleterious consequences of long-term L-DOPA treatment. 
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