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Abstract

Background: Long-term use of levodopa for Parkinson’s disease (PD) treatment is often 

hindered by development of motor complications including levodopa-induced dyskinesia (LID). 

The substantia nigra pars reticulata (SNr) and globus pallidus internal segment (GPi) are the 

output nuclei of the basal ganglia. Dysregulation of SNr and GPi activity contributes to PD 

pathophysiology and LID.

Objectives: Determine whether direct modulation of SNr GABAergic neurons and SNr 

projections to the pedunculopontine nucleus (PPN) regulates PD symptoms and LID in a mouse 

model.

Methods: We expressed Cre-recombinase activated channelrhodopsin-2 (ChR2) or halorhodopsin 

(NpHR) AAV2 vectors selectively in SNr GABAergic neurons of Vgat-IRES-Cre mice in a 

6-hydroxydopamine model of PD to investigate whether direct optogenetic modulation of SNr 

neurons or their projections to the PPN regulates PD symptoms and LID expression. The forepaw 

stepping task, mouse LID rating scale, and open field locomotion were used to assess akinesia and 

LID, respectively, to test the effect of SNr modulation.

Results: Akinesia was improved by suppressing SNr neuron activity with NpHR. LID was 

significantly reduced by increasing SNr neuronal activity with ChR2, which did not interfere with 

the anti-akinetic effect of levodopa. Optical stimulation of ChR2 in SNr projections to the PPN 

recapitulated direct SNr stimulation.

Conclusions: Modulation of SNr GABAergic neurons alters akinesia and LID expression in a 

manner consistent with the rate model of basal ganglia circuitry. Moreover, the projections from 
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SNr to PPN likely mediate the antidyskinetic effect of increasing SNr neuronal activity, identifying 

a potential novel role for the PPN in LID.

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder with prominent motor 

symptomatology including akinesia, rigidity, resting tremor, and postural instability. 

Pathologically, progressive degeneration of nigrostriatal dopaminergic neurons and 

projections resulting in loss of striatal dopamine (DA) produces motor symptoms.1–4 

Pharmacotherapy with L-DOPA dramatically alleviates motor symptoms; however, motor 

complications including abnormal involuntary movements (AIMs) termed L-DOPA-induced 

dyskinesia (LID) are noted in up to 80% of patients within 5 years of treatment.5,6 The 

exact mechanisms underlying the development and expression of PD symptoms and LID 

are still not fully understood, but aberrant basal ganglia plasticity likely develops from DA 

denervation in combination with DA replacement therapy.7,8 The basal ganglia integrates 

cortical, thalamic, and brainstem inputs to modulate motor circuits via the primary output 

nuclei, the internal segment of the globus pallidus (GPi) and substantia nigra pars reticulata 

(SNr).9,10 Modulation of basal ganglia output by surgical lesions or high-frequency deep 

brain stimulation (DBS) of the GPi or subthalamic nucleus (STN) are effective neurosurgical 

interventions for alleviating PD symptoms and LID,11 though the precise mechanisms that 

mediate DBS effects remain debated.12

Based on the classic model of basal ganglia connectivity and function, the predicted effect 

of DA loss in PD is to increase the firing rate of GABAergic SNr projection neurons 

which should inhibit thalamic motor output to disallow movement,13,14 though SNr neuronal 

activity has been reported to be increased,15,16 decreased,17 or unchanged by dopamine 

depletion in animal models.17–20 Therapeutic doses of L-DOPA are thought to reduce 

SNr firing to facilitate movement, and during LID these neurons are predicted to be 

excessively inhibited due to sensitized response to DA.21,22 However, the clinical efficacy of 

pallidotomy or thalamotomy in reducing LID contradicts this notion,23 though most studies 

show lower SNr firing rates with L-DOPA treatment.24,25 Few attempts at modulating 

the SNr/GPi in rodent models of LID have been reported,26 although excitotoxic lesion 

of these structures had no effect.27 The SNr is comprised of mostly GABAergic neurons 

but contains scattered dopaminergic, cholinergic,28 and glutamatergic neurons.29 A better 

understanding of the contribution of SNr GABAergic neurons to PD symptoms and LID, 

and their connectivity to downstream target nuclei may elucidate the neural mechanisms 

underlying dysregulated basal ganglia output in PD and LID.

In this manuscript, we assess the effects of directly modulating SNr GABAergic neurons 

on akinesia and LID in a mouse model using Cre-dependent expression of activating and 

inhibitory opsins in Vgat-IRES-Cre mice. We show that increasing SNr activity reduces 

LID expression, whereas decreasing SNr activity improves akinesia. Pedunculopontine 

nucleus (PPN) dysfunction has been widely reported in PD. As the selective upregulation of 

cholinergic30,31 and caudal glutamatergic32 PPN neuron activity can improve motor function 

in rodent PD models and PPN neurons show increased markers of activity following 
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LID,33,34 we focused on SNr-to-PPN projections and identify the PPN as a SNr target that is 

sufficient to recapitulate the antidyskinetic effect of optogenetic activation of SNr neurons.

METHODS

Detailed methods are included in the supplementary information.

Mice

To express opsins in GABAergic neurons, we used male and female Vgat-IRES-Cre mice 

(Vgat-Cre; Slc32a1tm2(cre)Lowl/J, Jackson Laboratory)35 at 12–24 weeks of age. Animal use 

followed the National Institutes of Health guidelines and was approved by the Institutional 

Animal Care and Use Committee of New York University.

6-OHDA lesion, AAV injection and optic fiber implantation

Surgery.—Mice were anesthetized with isoflurane and head-fixed in a stereotaxic frame. 

All procedures were conducted during the same surgical session.

Dopaminergic lesions.—We infused 6-hydroxydopamine (6-OHDA; 4.5 μg) targeting 

the left medial forebrain bundle (MFB), with desipramine (25 mg/kg IP) given 30 minutes 

before 6-OHDA infusion.36

Virus injection and optical fiber implantation.—100–200 nl of viral stocks (UNC 

Vector Core) of Cre-inducible AAV vectors encoding channel rhodopsin (ChR2; AAV2-

EF1a-DIO-hChR2(H134R)-EYFP), halorhodopsin (NpHR; AAV2-EF1a-DIO-eNpHR3.0-

EYFP), or eYFP (AAV2-Ef1a-DIO-EYFP) were injected into the ipsilesional SNr. Optic 

fibers (diameter: 200 μm; Thorlabs) were placed above the injected SNr or corresponding 

PPN. After 3–4 weeks of intensive postoperative care, we evaluated limb use asymmetry 

with a supported forepaw treadmill stepping task.36 Only mice exhibiting < 30% steps taken 

with the contralesional paw were kept in the study. In total, 33 mice received 6-OHDA 

lesions, viral injection, and optic fiber implantation. Of these, 4 were excluded for incorrect 

fiber placement and 3 for poor virus expression verified by histology at the end of the study. 

Thus, 79% mice were retained in the final analysis.

L-DOPA treatment and Optogenetic stimulation

L-DOPA methyl ester (3 mg/kg) and benserazide (12.5 mg/kg) were given together by 

IP injection. LID was primed by giving L-DOPA daily for 3 weeks in home cages. For 

optogenetic testing, L-DOPA was only administered once at the start of the experiment.

ChR2 was activated using a 473-nm DPSS blue laser and NpHR using a 589-nm DPSS 

yellow laser (Opto Engine LLC) controlled by a Master-9 pulse stimulator (A.M.P.I. Ltd.). 

For ChR2, the laser was pulsed at 5, 25, 50, and 100 Hz (5 ms square pulse width; 5 mW at 

fiber tip). For NpHR, the laser was applied continuously for the indicated duration (10 mW 

at fiber tip). Mice were tested with only one stimulation frequency per day.
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Behavioral testing

To assess forelimb akinesia, we performed a modified suspended forelimb stepping test on a 

treadmill moving at 5 cm/s.37 Forepaw adjusting steps were counted from video recordings 

from five non-consecutive 30-second cycles that included 10 seconds pre-, during-, and post-

laser stimulation periods, followed by a 60-second laser-off period. Results are expressed as 

% of steps taken by the contralesional paw of total steps taken by both paws.

LID was tested in a 35.5 cm diameter clear cylinder open field. Laser light was delivered 

starting at 20 minutes after L-DOPA injection for 5 cycles of 30-second laser-on and 

60-second laser-off periods. Limb and axial dyskinesias were scored separately by a blinded 

observer with a previously described rating scale over each 30 second laser-on or laser-off 

period.38 Following LID testing at 40 minutes post L-DOPA injection, we tested stepping 

to assess whether ChR2 stimulation altered stepping improvement by L-DOPA. We did not 

score orofacial AIMs due to the inability to accurately assess them in our videos, especially 

in the larger open field arena (Video 1) and since changes in orofacial AIMs scores mirror 

limb AIMs when D1- or D2-dopamine receptors are blocked during LID.39

The same cohort of mice were used to assess akinesia improvement and LID modulation 

in the L-DOPA naïve and chronic L-DOPA states (Figs. 1–3). These mice were assessed 

on Day 0 for akinesia without L-DOPA followed by LID in the L-DOPA naïve state, and 

were tested again on Days 21–24 for LID after daily L-DOPA treatment (Fig. 1A). The same 

eYFP mice served as controls for ChR2 and NpHR groups by application of blue or yellow 

laser light, respectively.

Open field mouse tracking and trajectory analysis

Animals were tracked in the open field with overhead videos from the LID tests and were 

analyzed with DeepLabCut for markerless pose estimation.40 Trajectories were generated 

from the body center and analyzed using a custom R script (R Project) to assess distance 

travelled, ipsi- and contralesional rotations, and net cumulative rotation angle. See details in 

supplemental information. Code available upon request.

Immunohistochemistry

Upon study completion, mice were perfusion fixed with 4% paraformaldehyde and brain 

tissue processed for fluorescence immunohistochemistry as previously described.34 20 μm 

free-floating sections were labeled with chicken anti-GFP (1:2000, abcam) and rabbit anti-

TH (1:2000, Pel-Freez) antibodies followed by Alexa Fluor-conjugated secondary antibodies 

(1:500, Thermo Fisher), and scanned with an Olympus VS120 slide scanner.

Statistical analysis

Data are expressed as the mean ± standard error of mean and were analyzed with 

GraphPad Prism v9.4 (GraphPad Software). The effect of laser stimulation and virus on 

behavioral outcomes were tested with two-way repeated measures (RM) ANOVA followed 

by Bonferroni’s multiple comparison posttest. This parametric test allows testing for 

interaction between two factors for subject-matched data, which is not readily available 

as a nonparametric test. The effect of one factor RM was tested by the Friedman 
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test (nonparametric), followed by Dunn’s multiple comparison posttest. Additionally, the 

Friedman and Dunn’s tests were run on each factor of two-way analyses separately, which 

were generally concordant with the parametric test. All statistical analyses are reported in 

Supplementary Table S1. P < 0.05 was considered statistically significant.

RESULTS

Optogenetic inhibition of SNr GABAergic neuron activity ameliorates akinesia in 6-OHDA 
lesioned mice.

Based on the classical rate model of basal ganglia function, striatal DA depletion is 

predicted to increase the activity of SNr neurons, which inhibits motor output leading to 

PD-related akinesia.13,14 To determine whether direct modulation of SNr neurons alters 

akinesia after DA-depletion, we used a well characterized mouse model of parkinsonism 

induced by unilateral 6-OHDA infusion targeting the MFB,38,41 which results in severe loss 

of substantia nigra pars compacta (SNc) dopaminergic neurons and their striatal terminals 

(Fig. 1A–B). Accordingly, akinesia manifests contralateral to the DA lesion, which we 

assay by counting supported treadmill forepaw adjusting steps (stepping).36 We modulated 

SNr GABAergic neuron activity by delivering Cre-dependent AAV2 vectors into the SNr 

ipsilateral to DA lesions in Vgat-Cre mice from which ChR2 or NpHR is expressed to 

increase or decrease neuronal activity, respectively. Our injections strongly transduced dorsal 

GABAergic SNr neurons adjacent to the SNc, with sparser labeling of ventral neurons. 

Optical fibers were implanted over the ipsilateral SNr, allowing us to manipulate neuronal 

activity at the soma of SNr GABAergic neurons (Fig. 1C and Fig. S1A–C). ChR2 was 

activated using blue laser light at 5, 25, 50, and 100 Hz, which was previously shown to 

increase the spiking activity of SNr GABAergic neurons.42,43 Optogenetic stimulation did 

not affect akinesia of the contralesional forepaw of DA depleted animals or the number of 

steps taken by the intact ipsilesional forepaw (Fig. 1D, S2A). By contrast, when we inhibited 

SNr neurons with constant yellow laser light delivered to NpHR-transduced DA-depleted 

mice, they increased contralesional forelimb use both as a percentage of total steps taken by 

both limbs (Fig. 1E) and total steps taken (Fig. S2C). As a control, we tested application of 

blue or yellow laser light in DA-lesioned animals expressing an AAV-eYFP vector, which 

did not alter forelimb akinesia (Fig. 1D–1F, S2B). The anti-akinetic effect of NpHR was 

entirely dependent on laser stimulation as akinesia quickly reemerged when the laser was 

turned off; akinesia improvement was stable across cycles of light stimulation (Fig. 1F).

Regulation of LID by optogenetic upregulation or inhibition of SNr GABAergic neuron 
activity.

The classical rate model also stipulates that LID results from excessive inhibition of the 

SNr and GPi due to hyperactivity of striatonigral spiny projection neurons.5,6,44 We next 

investigated whether direct manipulation of SNr neuron activity could alter LID in our 

mouse model.38,41 We induced dyskinesia in the same mice expressing ChR2 or NpHR 

from the akinesia studies by administering L-DOPA (3 mg/kg, IP) daily for 3 weeks, which 

caused the development of AIMs characteristic of this well-studied model of LID (Fig. 

1A).45 Total AIMs scores peaked at 20 minutes post L-DOPA injection and lasted beyond 60 

minutes, consistent with the typical 80–120 minute duration of LID in our hands and others 
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using this dose of L-DOPA (Fig. S3C).39,46 We found that increasing SNr neuron activity 

in ChR2-mice with blue laser light at 25–100 Hz significantly suppressed AIMs scores (Fig. 

2A and Video 1). Because stimulation at both 50 Hz and 100 Hz were equally effective (Fig. 

2A, 50 vs. 100 Hz; P=0.1135 Bonferroni’s posttest following two-way RM ANOVA) and 

a study showed that SNr neurons could reliably follow 50 Hz stimulation with spike trains 

at the same frequency (and not at 100 Hz) with this opsin,42 we used 50 Hz stimulation of 

ChR2 for the remainder of our studies. Importantly, the reduction of LID was dependent on 

ChR2, as AIMs scores were unchanged by the same laser stimulation in mice expressing an 

eYFP control vector, indicating that onset of laser light did not serve as sensory stimulus 

to interrupt dyskinesia expression (Fig. 2A, 2C, 2D). Pre-stimulation AIMs scores remained 

stable across the 4 consecutive days of ChR2 stimulation, indicating that LIDs were not 

permanently altered by daily optostimulation (Fig S3B).

Both axial and limb AIMs scores were similarly reduced (Fig. 2C), and LID improvement 

was reproducibly time-locked to the period of laser stimulation in ChR2-expressing mice 

(Fig. 2D). In our PD/LID model, L-DOPA improves akinesia of the impaired contralesional 

forelimb.47 We next asked whether increasing SNr GABAergic neuron activity interfered 

with this therapeutic effect by evaluating the improvement in forepaw stepping after L-

DOPA administration at a time point after peak LID (40 minutes) since AIMs interfere 

with performance of the stepping task. Contralesional forepaw use was nearly normalized 

by L-DOPA, which is unaltered by stimulation of ChR2 at frequencies that improved LID 

(Fig. 2B, S3D), indicating that our stimulation protocol improves LID while preserving the 

anti-akinetic effects of L-DOPA. This was also evident in the open field as mice transitioned 

from AIMs to more linear locomotion upon the onset of ChR2 laser stimulation even during 

peak LID, signified by decreased contralesional turning while maintaining the same distance 

travelled as evident in their trajectories (Video 1, Fig. S4A–C, S4K–M).

Based on these findings, we predicted that inhibition of SNr neurons with NpHR would 

worsen LID. As with the ChR2 studies, we induced LID in NpHR-transduced mice and 

found that yellow laser stimulation modestly increased AIMs scores, similarly increasing 

both limb and axial AIMs (Fig. 2F). This effect was confined to the duration of laser light 

application (Fig. 2G) and did not alter L-DOPA-mediated improvement in contralesional 

forelimb stepping (Fig. 2E, S3E).

In mouse models of severe DA depletion, LID is induced even by the first dose of L-DOPA 

and increases by priming with repeated dosing (Fig. S3B).45 We found that modulating SNr 

neuron activity with ChR2 decreased LID and NpHR potentiated LID induced by the first 

L-DOPA dose (Fig. 3). The magnitude of this effect was similar to that in primed animals, 

though overall AIMs scores were lower as is expected for unprimed animals (Fig. 2, 3, S3B).

Optogenetic stimulation ChR2 of SNr terminals in the PPN terminals suppresses LID.

As the primary rodent basal ganglia output nucleus, the SNr is interconnected with 

numerous nuclei including the PPN, a midbrain region critical for locomotion.48,49 We 

and others have shown that markers of neuronal activity are increased in the PPN following 

L-DOPA administration in rodent LID models.34,50 As such, we tested whether suppression 

of LID by ChR2 activation in the SNr was mediated through their projections to PPN. A 
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new cohort of 6-OHDA lesioned mice received infusions of AAV-ChR2 in the SNr, while an 

optical fiber was implanted above the ipsilateral PPN (Fig. 4A). Expression of ChR2 in SNr 

projection fibers and proper optical fiber placement were verified by immunofluorescence 

(Fig. 4B and Fig. S1D). We tested blue laser light stimulation at 5, 25, 50, and 100 Hz 

applied to SNr-PPN fibers and found that 50 and 100 Hz stimulation reduced AIMs scores 

in L-DOPA primed mice (Fig. 4D and Video 2) similar to SNr stimulation. Likewise, 

AIMs were only suppressed during laser stimulation with both limb and axial AIMs 

scores similarly reduced (Fig. 4E–F). Stimulation of SNr-PPN fibers alone neither altered 

contralesional forepaw akinesia (Fig. 4C) nor interfered with L-DOPA-mediated akinesia 

improvement (Fig. 4G, S3D), and was effective in reducing LID with the first L-DOPA 

dose (total AIMs: 6.3 ± 0.44 laser-off, 3.6 ± 0.83 laser-on; p<0.01). Together, the similarity 

between ChR2 stimulation at SNr neuronal soma and SNr-to-PPN fibers support that LID 

improvement from increasing SNr neuronal activity is mediated though its projections to the 

PPN.

DISCUSSION

To our knowledge, this is the first study to selectively modulate SNr GABAergic neurons 

with optogenetics in a rodent PD/LID model. Our data indicate that decreasing SNr 

GABAergic neuron activity ameliorates PD symptoms, which supports the classical model 

stating that basal ganglia output hyperactivity is associated with PD akinesia.21,22 We also 

show that increasing SNr GABAergic neuron activity suppresses LID while preserving 

the effect of L-DOPA in improving supported contralesional forepaw stepping, supporting 

the classic understanding of LID pathophysiology where dopamine triggers excessive 

SNr/GPi inhibition.21,22 Notably, mice transition from AIMs to nearly normal locomotion 

upon optogenetic stimulation of ChR2 (Video 1, Fig. S4), which suggests that our 

stimulation paradigm does not suppress motor activity in total as is the case with some 

other antidyskinetic approaches.33,51,52 Importantly, we reproduced this by stimulating SNr 

projection fibers in the PPN, identifying a potential SNr target that mediates LID. As these 

SNr projections are GABAergic, increasing SNr activity likely decreases the activity of 

target neurons, supporting that hyperactivity of PPN neurons may arise from DA-depletion 

and chronic L-DOPA treatment.

Though DBS of the STN and GPi are effective and widely used interventions to improve 

motor symptoms and reduce dyskinesia in PD, the precise mechanisms by which DBS is 

effective remain unsettled, especially whether the therapeutic actions result from increasing 

or decreasing the activity of targeted neurons and/or passing fibers.53 Further, improvement 

of LID following surgical STN or GPi lesions, which should eliminate output from these 

structures, is inconsistent with the classical rate model prediction that LIDs are caused by 

excessive suppression of SNr/GPi activity.23 Alternatively, DBS may disrupt aberrant firing 

patterns that pervade the cortical-basal ganglia-thalamic motor loop in PD, including in 

the SNr.54–57 Indeed, altered firing patterns following DA-depletion (increased burstiness, 

oscillatory activity, and synchrony) are consistently reported in the SNr, despite disparate 

findings regarding changes in firing rate.24,25 Our data show that direct modulation of SNr 

neurons in a manner to counteract the predicted changes in firing rate in PD and LID 

improves akinesia and reduces LID as predicted by the classic rate model, and suggests 
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that the threshold for LID improvement by increasing SNr firing rate is lower than that 

needed to cause akinesia. Whether DBS ultimately works to improve LID by increasing 

SNr/GPi output to select targets such as the PPN as reported in nonhuman primates58 

or whether our optogenetic manipulations also normalize aberrant firing patterns remains 

to be elucidated. Our manipulations of SNr activity equally decreased LID with the first 

dose and in primed animals, suggesting they reduce the expression of LID independent of 

the mechanisms that sensitize response to DA, perhaps downstream of changes to basal 

ganglia plasticity that occur from priming by chronic L-DOPA treatment in the DA-depleted 

state.59,60 That both axial and limb AIMs scores were similarly reduced is consistent with 

our manipulations being downstream of the striatum where preferential modulation of D1- 

or D2-receptor mediated pathways can show differential effect on AIMs subtypes, including 

orofacial dyskinesias that were not scored in our study.39,47

In this study, we considered the mouse SNr to be functionally analogous to the GPi in 

humans,61 though the mouse entopeduncular nucleus (EP) is the anatomical GPi analog.62 

Neuromodulation of the EP can also improve parkinsonism and LID in rodent models.26,63–

65 These two structures serve as the output nuclei of the basal ganglia, and though 

are often considered one unit, are likely involved in unique processes.9,66 Though we 

specifically targeted SNr GABAergic neurons, understanding whether the regulation of LID 

is segregated among these nuclei and how this maps to humans will be necessary to move 

forward for clinical application.

Our finding that optogenetic stimulation SNr fibers in the PPN decreases LID indicates 

that this region may facilitate hyperkinesia following L-DOPA administration. Retrograde 

tracing studies show that the majority of SNr fibers in this midbrain region target the 

PPN (versus the CnF), suggesting that the PPN likely mediates the effect of SNr cell 

body and fiber stimulation in our study.67 Containing glutamatergic, GABAergic, and 

cholinergic neurons, the PPN integrates diverse inputs68 and projects to numerous ascending 

and descending target regions.69 PPN dysfunction has received significant attention for PD-

associated akinesia30–32 and LID50 in animal models, and has been proposed as a target for 

DBS.70,71 Indeed, chemogenetic upregulation of PPN cholinergic neurons in a lactacystin 

partial lesion PD model improved measures of akinesia,30,31 while both chemogenetic and 

optogenetic activation of caudal PPN glutamatergic neurons rescued motor deficits caused 

by acute loss of dopamine signaling from D1- and D2-dopamine receptor antagonists.32 This 

suggests that parkinsonian akinesia may result from abnormal activity of these PPN neurons, 

which may arise from increased GABAergic output from the SNr,32 consistent with our 

observed improvement of akinesia by SNr inhibition (Fig. 1E). We will address this in future 

studies by inhibiting SNr terminals in the PPN with other inhibitory opsins that overcome 

limitations of NpHR for presynaptic terminal silencing.72

That PPN neurons are hyperactive during LID is supported by increased expression of 

activity markers following L-DOPA administration in primed rodents as we and other 

previously reported,33,34 and increased firing rates of PPN neurons recorded in vivo 

following 6-OHDA lesions in rodents.73 Selective optogenetic activation of PPN neuron 

types in dopamine-intact animals has yielded varying results, though short duration 

stimulation of GABAergic PPN neurons consistently slowed ongoing locomotion.74,75 
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However, the activation of PPN cholinergic neurons has been reported to increase 

spontaneous movement,76 or increase75 or decrease74 speed only of ongoing locomotion. 

Likewise, stimulation of glutamatergic PPN neurons can initiate locomotion or increase the 

speed of ongoing locomotion,32,74,75,77 or inhibit movement,67,77 highlighting the functional 

heterogeneity of this population of neurons defined by anatomical location within the 

PPN and downstream targets (i.e., to the spinal cord, brainstem, basal ganglia).67,74,77 

It is tempting to speculate that the population of locomotion-activating glutamatergic 

PPN neurons become hyperactive during LID and are suppressed by increasing GABA 

release from SNr terminals in our study; however, determining which neuron type(s) are 

dysregulated during LID will be paramount for understanding how SNr modulation of 

PPN neurons decreases LID. It is worth noting that targeted ablation of cholinergic PPN 

neurons yielded only modest changes in LID,78 supporting a role for the glutamatergic 

or GABAergic population. While we showed that stimulation of SNr to PPN fibers was 

sufficient to reduce LID, we have not excluded contributions of other SNr targets.

In summary, we show that optogenetic inhibition of SNr activity improved akinesia while 

optogenetic stimulation reduced LID and allowed normal locomotion. Stimulation of SNr 

fibers in the PPN recapitulated the antidyskinetic effect of somatic stimulation, identifying 

this region as a potential target for LID management. These results will help us to further 

understand the circuit dysregulation that underlies LID and may provide new approaches for 

PD treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Optogenetic inhibition of SNr GABAergic neurons rescues forelimb akinesia in 6-
OHDA-lesioned mice.
(A) Experimental timeline. Mice received unilateral 6-OHDA injections targeting the medial 

forebrain bundle, followed by AAV2 injection and optic fiber implantation in the ipsilesional 

SNr. (B) Tyrosine hydroxylase (TH) immunofluorescence (purple) of coronal sections 

showing the striatum (CPu, left image) and substantia nigra compacta (SNc, right image) 

from mice with 6-OHDA lesion of the left hemisphere; scale bar = 500 μm. (C) eYFP 

immunofluorescence (green) of the SNr (white dashed region) and optic fiber location 

(yellow dashed region) in mice injected with AAV2-eYFP vector; scale bar = 500 μm. Insets 
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show labeling of GABAergic neuron soma in ventral regions of the SNr; scale bar = 50 μm. 

(D and E) Forelimb akinesia was assessed with the supported treadmill stepping task in mice 

expressing AAV2-delivered ChR2, NpHR, or eYFP to measure the number of steps taken 

with the impaired (contralesional) forelimb. (D) Stepping was unaltered by delivery of blue 

laser light at 5–100 Hz in mice expressing ChR2, but (E) was rescued during application of 

continuous yellow laser light in mice expressing NpHR (**** P < 0.0001 vs. pre-laser; P < 

0.0001 vs. eYFP stim). (F) Akinesia improvement was time-locked to the delivery of yellow 

laser light and durable over repeated trials. N=6 mice for ChR2, N=7 mice for NpHR and 

N=7 mice for eYFP.
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Figure 2. Optogenetic modulation of LID in L-DOPA-primed mice.
6-OHDA-lesioned mice were given L-DOPA once daily (3 mg/kg, IP) for 3 weeks to 

induce stable dyskinesia. On the day of the LID test, mice were injected with L-DOPA 

and scored for AIMs starting at 20 minutes post injection. 30s of blue laser light at the 

indicated frequencies or 30s continuous yellow laser light was applied to stimulate ChR2 

and NpHR, respectively. (A) Stimulation of ChR2 decreased total AIMs scores starting 

at 25 Hz (**** P < 0.0001 vs. laser-off and vs. eYFP at the same frequency), and (B) 

did not alter the efficacy of L-DOPA in normalizing adjusting forelimb steps. (C) Total 

AIMs and axial and limb subscores were decreased by ChR2 stimulation (tested at 50 Hz; 

**** P < 0.0001 vs. pre-laser, P ≤ 0.001 vs. eYFP stim). (D) Reduction in AIMs scores 
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occurred only during laser-on periods and returned to baseline levels immediately following 

laser-offset. (E) NpHR inhibition of SNr GABAergic neurons did not alter the efficacy of 

L-DOPA in normalizing forelimb adjusting steps. (F) Total AIMs scores and axial and limb 

subscores were modestly potentiated by stimulation of NpHR with yellow laser light (G) 

during laser-on periods (* P < 0.05, ** P < 0.01 vs. pre-laser; P > 0.05 vs. eYFP stim). 

Supported forelimb adjusting steps were tested at 40 minutes post L-DOPA injection. ns: P > 

0.05, N=6 mice for ChR2, N=7 mice for NpHR and N=7 mice for eYFP.
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Figure 3. Optogenetic modulation of LID in L-DOPA naïve mice.
Following recovery from 6-OHDA lesion, mice were injected with L-DOPA and scored 

for AIMs starting at 20 minutes post injection. 30s of blue laser light at 50 Hz or 30s of 

continuous yellow laser light was applied to stimulate ChR2 and NpHR, respectively. (A) 

Stimulation of ChR2 decreased total AIMs scores, including axial and limb subscores (B) 

only during laser-on periods, returning to baseline levels immediately follow laser-offset 

(**** P < 0.0001 vs. pre-laser, P < 0.0001 vs. eYFP stim). (C) Total AIMs scores and the 

axial subscore were modestly potentiated by stimulation of NpHR with yellow laser light 

(D) during laser-on periods (* P < 0.05, Dunn’s posttest following Friedman test, ns: P > 

0.05). N=6 mice for ChR2, N=7 mice for NpHR and N=7 mice for eYFP.
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Figure 4. Optogenetic stimulation of ChR2 in SNr to PPN fibers attenuates LID.
Mice received unilateral 6-OHDA lesion and (A) injection of AAV2-ChR2 in the 

SNr and optic fiber implantation in the PPN ipsilateral to the DA lesion. (B) eYFP 

immunofluorescence (green) of SNr fibers in the PPN (red dashed region) and optic fiber 

location (yellow dashed region); scale bar = 500 μm. (C) Stimulation of ChR2 from SNr 

fibers in the PPN with blue laser light does not alter forelimb akinesia, but (D) decreased 

total AIMs scores at 50 and 100 Hz (* P < 0.05, ** P < 0.01 vs. pre-laser, Dunn’s 

posttest following Friedman test). (E-F) Both axial and limb subscores and total AIMS were 
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reduced reproducibly during 50 Hz blue laser-on periods (* P < 0.05 vs. pre-laser, Dunn’s 

posttest following Friedman test). (G) Stimulation of SNr fibers in the PPN did not alter 

L-DOPA-mediated improvement in forelimb adjusting steps measured at 40 minutes post 

L-DOPA injection (ns: P > 0.05 vs. pre-laser).
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