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Recent investigations underscore the pivotal role of reactive astrocytes in the pathogenesis of 
Parkinson’s disease (PD). As PD advances, reactive astrocytes lose their ability to degrade α-Synuclein 
(α-Syn) aggregates while concurrently increasing r-aminobutyric acid (GABA) secretion, which 
heightens inhibition of DA neurons and worsens the disease. This study explored optogenetic 
manipulation of reactive astrocytes as a therapeutic strategy. Halorhodopsin (NpHR), a chloride 
pump, was expressed in reactive astrocytes within the substantia nigra pars compacta (SNpc) of an 
A53T α-Syn overexpression PD rat model. Optogenetic stimulation of NpHR led to a 72.6% reduction 
in GABA level (p = 0.0486) and a 67.5% decrease in α-Syn aggregates (p < 0.0001) within the SNpc. 
Furthermore, contralateral forelimb akinesia was significantly improved by 81.4 ± 7.2% (71.6–90.9%) 
post-illumination in the NpHR group compared with the pre-illumination state (p = 0.0002). These 
results suggest that the optogenetic modulation of reactive astrocytes can alleviate astrocytic 
aberrant tonic inhibition of DA neurons, resulting in the revitalization of DA neurons and enhancing 
the degradation of α-Syn aggregates. This mechanism may ultimately ameliorate parkinsonian motor 
symptoms, suggesting a promising novel therapeutic avenue for PD.

Keywords  Alpha-synuclein, GABA, Halorhodopsin, Optogenetics, Parkinson’s disease, Reactive astrocyte

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease and characterized by 
the progressive accumulation of misfolded α-synuclein (α-Syn). This protein aggregates sequentially into 
oligomers and protofibrils, culminating in the formation of Lewy bodies, which are pathognomonic intraneural 
inclusions1–4. These α-Syn aggregates are toxic, compromising the integrity of various microorganelles, 
precipitating synaptic dysfunction and, ultimately leading to progressive neuronal loss5. Dopamine (DA)-
producing neurons are notably susceptible to α-Syn pathologies, and neuronal degeneration underlies the 
cardinal motor symptoms of PD, including resting tremor, bradykinesia, and rigidity6. Deep brain stimulation 
targeting the subthalamic nucleus or globus pallidus is a well-established therapeutic modality that significantly 
ameliorates parkinsonian symptoms in patients with advanced PD by restoring signaling within disrupted 
cortico-basal ganglia-thalamocortical circuits7–9. However, the literature remains inconclusive regarding 
the potential disease-modifying properties of DBS beyond mere symptom relief10,11. Instead, therapeutic 
interventions that directly target α-Syn aggregates, which are considered fundamental to the pathogenesis of PD, 
to antagonize their formation or increase their degradation have been embraced as the main disease-modifying 
strategies5,6. Recently, however, there has been a pivotal shift in focus toward the role of reactive astrocytes in 
initiating and promoting degeneration in PD, as these cells were found to increase r-aminobutyric acid (GABA) 
synthesis and aberrantly release tonic GABA, leading to elevated suppression of DA neurons12–16. An intriguing 
discovery was the existence of dormant DA neurons, which, although functionally inactive and negative for 
tyrosine hydroxylase (TH), remain viable and continue to express DOPA decarboxylase (DDC)16. Given that 
GABA synthesis in astrocytes is facilitated by monoamine oxidase B (MAO-B), the authors of previous study 
administered MAO-B inhibitors such as selegiline and safinamide to animal models of PD induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine and 6-hydroxydopamine. These inhibitors led to a marked decrease in 
the GABA intensity within reactive astrocytes, the correction of the GABAA receptor-mediated excessive tonic 
GABA current in the DA neurons of the substantia nigra pars compacta (SNpc), and an increase in TH expression 
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in TH-/DDC + DA neurons. This restoration of TH expression presents a compelling possibility for reactivating 
quiescent DA neurons, representing a novel avenue for disease-modifying treatment through the modulation 
of reactive astrocyte activity. However, MAO-B is widely expressed in both astrocytes and serotonergic neurons 
throughout the brain—including the striatum, hippocampus, midbrain, cerebral cortex, cerebellum, and white 
matter—limiting the specificity of MAO-B inhibitors for the primary regions of PD pathology and potentially 
resulting in various side effects17. Therefore, in this study, an optogenetic approach was employed to more 
precisely modulate the functions of reactive astrocytes in the SNpc. Given that the resting membrane potential of 
reactive astrocytes is often depolarized (less negative) because of abnormalities in K-channel expression, causing 
them to be in a hyperexcitable state,18–20 we transduced halorhodopsin (NpHR) into reactive astrocytes in the 
SNpc of an A53T α-Syn overexpressing PD rat model. We hypothesized that NpHR stimulation would reduce 
aberrant tonic GABA secretion from reactive astrocytes and alleviate parkinsonian symptoms.

Results
Impact of NpHR stimulation of reactive astrocytes in the substantia nigra on mitigating 
parkinsonism
All animals that received AAV2-CMV-A53T-SNCA-EGFP exhibited contralateral forelimb akinesia 3 weeks 
after virus injection. In the stepping test performed before optical illumination, the adjusting steps of the 
contralateral forelimb significantly decreased to 16.5 ± 6.6% (9.1–26.8%) and 17.8 ± 3.9% (12.9–24.6%) of those 
of the ipsilateral forelimb in the NpHR (p = 0.0002) and control groups (p = 0.0002), respectively. One hour 
after optical illumination at 5 weeks after virus injection, the number of adjusting steps of the contralateral 
forelimb significantly improved, increasing to 89.2 ± 11.3% (65.6–100%) of those of the ipsilateral forelimb in 
the NpHR group (p = 0.0002), an improvement of 81.4 ± 7.2% (71.6–90.9%) compared with the pre-illumination 
state. In contrast, in the control group receiving PBS instead of AAVDJ-GFAP-NpHR-mCherry, contralateral 
forelimb akinesia deteriorated after illumination, with the number of adjusting steps decreasing to 8.5 ± 3.3% 
(3.1–13.2%) of the ipsilateral forelimb, a decrease of 49.5 ± 23.2% (9.3–85.1%) (p = 0.0003) compared with the 
pre-illumination state (Fig. 1).

Characteristics of pathological α-Syn transfection and NpHR transduction in the SNpc
Pathological human α-Syn was expressed in both reactive astrocytes and DA neurons. However, regions 
strongly positive for GFAP and TH tended to exhibit spatial distinctions from α-Syn-positive areas, with GFAP 
and TH signals diminishing in regions characterized by pronounced α-Syn aggregates (Figs. 2 and 3). In the 
control group, approximately 14.2 ± 9.3% (3.1–34.0%) of the GFAP-positive areas exhibited co-localization with 
α-Syn aggregates, whereas approximately 37.7 ± 16.1% (9.7–74.1%) of the TH-positive areas exhibited α-Syn 
accumulation in the SNpc. NpHR was transduced in 30.1 ± 19.5% (0.9–68.2%) of the astrocytes in the SNpc of 
the NpHR group; however, it was also transduced in 30.3 ± 11.6% (11.1–49.6%) of the TH-positive neurons. The 
α-Syn aggregates displayed a mutually exclusive distribution pattern with NpHR, showing reduced accumulation 
in regions where NpHR was expressed, with the colocalization area accounting for only 13.6 ± 11.0% (0.04–
38.0%) of the NpHR-positive area.

NpHR stimulation of reactive astrocytes reduced the amount of α-Syn in A53T-α-Syn 
overexpression PD model
Compared with that in the control group, the quantity of α-Syn aggregates in the SNpc, both in total and on 
average per aggregate, significantly decreased by 67.5% (p < 0.0001) and 69.8% (p < 0.0001), respectively, in the 
NpHR group (Fig. 2).

Effect of NpHR stimulation of reactive astrocytes on GABA
Intriguingly, there was a significant increase in astrocyte density in the NpHR group (p = 0.0052), and the 
total area of GFAP-positive regions tended to increase in the NpHR group compared with the control group 
(p = 0.0674) (Fig. 3A and B). However, the percentage of astrocytes that overlapped with α-Syn aggregates was 

Fig. 1.  (A) Timelines of the experiment. (B) Comparisons of contralateral forelimb akinesia in the 
experimental (NpHR) and control (PBS) groups, as assessed by the percentage of adjusted step numbers of 
the contralateral forelimb to the ipsilateral forelimb. The leftmost bars represent the baseline values before the 
onset of parkinsonian symptoms; the middle and rightmost bars represent 35 days after A53T-SNCA injection, 
pre-illumination and post-illumination, respectively.
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Fig. 3.  (A and B) In the NpHR group, the number of GFAP-positive particles in the SNpc was significantly 
greater than that in the control group, whereas the total area tended to increase. (C and D) GABA levels in the 
SNpc were significantly lower in the NpHR group than in the control group, corresponding to a significant 
reduction in α-Syn accumulation in the SNpc.

 

Fig. 2.  (A) Distinct spatial distribution patterns are evident in the expression of NpHR, exhibiting mutual 
exclusivity from α-Syn aggregates. Remarkably, regions displaying NpHR expression show a notable decrease 
in α-Syn accumulation. Furthermore, the spatial distribution of TH expression is distinct from that of α-Syn 
signals, with TH expression diminishing in regions where α-Syn aggregates are dense. (A and B) Compared 
with the control group, the NpHR group demonstrated a significant reduction in both the size of α-Syn 
aggregates and the overall accumulation of α-Syn in the SNpc, suggesting a notable mitigating effect of NpHR 
stimulation in reactive astrocytes on the clearance of α-Syn aggregates. (A and C) NpHR expression is detected 
in approximately 30% of TH-positive cells, as well as reactive astrocytes, resulting in a reduction in both the 
number and total area of TH-positive cells in the NpHR group compared with those in the control group. 
However, the decrease in α-Syn aggregates in the NpHR group corresponded to a reduction in TH-positive 
cells colocalizing with α-Syn. Notably, there was no difference in the number of net TH-positive cells without 
α-Syn aggregates between the NpHR and control groups.
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significantly lower in the NpHR group than in the control group (5.6 ± 4.9% (0.3–16.6%) versus 14.2 ± 9.3% 
(3.1–34.0%), a decrease of 60.6% (p = 0.0017)).

The number of GABA-positive astrocyte and total GABA-positive area were significantly lower in the NpHR 
group than in the control group by 52.0% (p = 0.0387) and 72.6% (p = 0.0486), respectively (Fig. 3C and D). The 
percentage of colocalization area overlapping with the α-Syn aggregates in the GABA-positive area significantly 
decreased from 31.3 ± 20.4% (1.3–63.2%) in the control group to 9.0 ± 13.7% (0–46.5%) in the NpHR group, a 
decrease of 71.2% (p = 0.0002).

Effects of NpHR stimulation of reactive astrocytes on DA neurons
TH expression was significantly lower in the NpHR group than in the control group, with the TH-positive cell 
count and total area reduced by 27% (p = 0.0132) and 32.2% (p = 0.0151), respectively (Fig. 2). However, the 
percentage of the colocalization area where TH overlapped with the α-Syn aggregates was also significantly lower 
in the NpHR group than in the control group, at 15.2 ± 10.8% (1.3–39.8%) versus 37.7 ± 16.1% (9.7–74.0%), a 
decrease of 59.8% (p < 0.0001). When the DA neurons with pathological α-Syn aggregates were excluded, the 
TH-positive DA neuron count and total area were comparable between the NpHR and control groups, with 
mean values of 78.1 versus 77.7 (p = 0.7549) and 56,669 µm2 versus 58,871 µm2 (p = 0.4211), respectively.

Discussion
The pathological hallmarks of PD are the widespread accumulation of intraneuronal α-Syn aggregates and 
progressive neuronal cell loss. DA neurons of the SNpc are particularly susceptible to α-Syn pathologies, which 
lead to the cardinal motor symptoms of PD, such as resting tremor, bradykinesia, and rigidity, manifesting 
with little as a 30% loss of these neurons1,12,21. Previous studies have suggested that damage inflicted on DA 
neurons by α-Syn is irreversible. However, a recent study revealed that dormant DA neurons, while lacking TH 
expression, remain viable by continuing to express DDC16. The authors demonstrated that these neurons are 
functionally inhibited by nearby reactive astrocytes and can be rescued. Astrocytes that form a tripartite synapse 
with neurons express a diverse array of neurotransmitter transporters and ion channels in their membranes, 
playing crucial roles in maintaining neurotransmitter and ion homeostasis within the tripartite synapse, thereby 
regulating neural activity22–25. Additionally, astrocytes are actively involved in both proinflammatory and anti-
inflammatory responses to a variety of central nervous system insults, such as trauma, infection, stroke, brain 
tumors, and chronic neurodegenerative diseases, with responses varying depending on the nature of the insult14. 
In PD, astrocytes and microglia are pivotal in the clearance of pathological α-Syn. These cells internalize the 
extracellular α-Syn released by neurons through phagocytosis, pinocytosis, and exosomes and take up α-Syn 
through tunnelling nanotubules that connect the cytosol of DA neurons and astrocytes26–28. Compared with 
neurons, astrocytes exhibit a superior proteolytic capacity for α-Syn aggregates. This capacity aids in reducing 
the accumulation of pathological α-Syn within neurons and its propagation throughout the brain, resulting 
in a neuroprotective effect of reactive astrogliosis in the early stages of the disease28. However, as the disease 
progresses, the continued accumulation of α-Syn in astrocytes eventually overwhelms their lysosomal phagocytic 
function, promoting the progression of Lewy body pathology and the secretion of inflammatory cytokines by 
reactive astrocytes, leading to sustained neuronal damage29–33.

The accumulation of pathological α-Syn in reactive astrocytes induces neuroinflammation, oxidative stress, 
and disrupted cellular metabolism, leading to elevated polyamine levels, notably putrescine, which serves as a 
precursor for the synthesis of GABA. Additionally, the expression of MAO-B, a critical enzyme in the GABA 
synthesis pathway, within astrocytes increases concomitantly with astrogliosis in PD17. Consequently, astrocytic 
GABA synthesis becomes abnormally elevated in PD, leading to its aberrant tonic release into the tripartite 
synapse, which functionally inhibits DA neurons. Heo et al. reported that the administration of MAO-B 
inhibitors, such as selegiline and safinamide, resulted in reduced GABA levels and an increased firing rate of DA 
neurons, leading to the recovery of TH expression and nigrostriatal DA release16. These findings indicate that 
targeting reactive astrocytes could be a promising strategy for disease-modifying treatment. However, previous 
study has focused primarily on MAO-B and not the reactive astrocytes themselves. Furthermore, while MAO-B 
is primarily localized in astrocytes, its distribution extends beyond the SNpc to other brain regions, resulting in 
potential secondary effects of MAO-B inhibitors through the inhibition of GABA synthesis in other regions17. 
Therefore, this study employed an optogenetic technique to more precisely modulate the function of reactive 
astrocytes in the SNpc. Optogenetics involves the regulation of cellular activity through light stimulation at 
a specific wavelength via the use of a viral vector to introduce a light-sensitive ion transporter gene, known 
as microbial opsin, into cells34–36. This technique has been utilized primarily in neurons, enabling precise 
temporal and spatial control of neuronal activity. In contrast, the use of optogenetic approaches in astrocytes has 
been limited, with most studies focused primarily on the effects of cation channels such as channelrhodopsin 
under normal physiological conditions36. Astrocytes express multiple ion cotransporters and neurotransmitter 
transporters associated with ion channels, making it challenging to anticipate the effect of modifications of specific 
ion concentrations within reactive astrocytes in the SNpc in PD models. Nevertheless, considering that reactive 
astrocytes are typically depolarized by up to 20 mV because of reduced expression of K-channels, resulting in a 
hyperexcitable state at rest,18–20 we hypothesized that stimulating NpHR, which induces intracellular chloride 
ion (Cl–) influx, in reactive astrocytes would repolarize or hyperpolarize these cells,37 thereby counteracting 
aberrant tonic GABA secretion and alleviating parkinsonian symptoms.

This study, pioneering optogenetic modulation of reactive astrocytes in a PD model, presents compelling 
evidence that one-hour illumination of NpHR expressed in reactive astrocytes within the SNpc effectively 
reduces GABA levels. Furthermore, a significant reduction in α-Syn aggregates was observed in both DA 
neurons and reactive astrocytes. Histopathological examination revealed a distinct spatial distribution pattern 
of NpHR and α-Syn expression, marked by reduced α-Syn deposits in areas with NpHR. In the NpHR group, the 
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α-Syn aggregates in the SNpc decreased significantly by 68% compared with those in the control group, resulting 
in an 81.4% improvement in parkinsonian motor symptoms compared with those in the pre-illumination 
state. These results suggest a potential therapeutic avenue through the modulation of astrocytic activity in PD 
while concurrently prompting a crucial inquiry: Through which biological process does the elevation of the 
intracellular Cl– concentration ([Cl–]i) within astrocytes contribute to the observed findings?

In PD, reactive astrocytes exhibit aberrant tonic release of GABA, whose synthesis is increased, into the 
tripartite synapse through the Best1 anion channel16,20,25,38,39. The current density of Best1 has been shown 
to be directly proportional to the membrane potential of astrocytes38. Therefore, we speculate that the 
depolarized membrane potential of reactive astrocytes can be repolarized or hyperpolarized by an increased 
[Cl–]i, which, in turn, may reduce the aberrant tonic secretion of GABA via the Best1 channel. Furthermore, 
the accumulated cytoplasmic GABA in reactive astrocytes can enter the tricarboxylic acid cycle via GABA 
transaminase and be readily metabolized, further lowering the overall GABA level in the SNpc39. This reduction 
in aberrant tonic GABA secretion by reactive astrocytes is believed to alleviate the functional suppression of 
DA neurons, thereby restoring neuronal activity. A recent study on Alzheimer’s disease and frontotemporal 
dementia animal models reported that synaptic activation by chronic DBS enhances autophagic–lysosomal 
degradation, facilitating the clearance of tau oligomers40. We speculate that a similar mechanism might underlie 
our results, where reactivation of the degradation systems in disinhibited DA neurons promotes the removal of 
α-Syn aggregates and consequently alleviates parkinsonian symptoms. In advanced PD, the diminished capacity 
for lysosomal acidification in reactive astrocytes is another significant factor that impairs the degradation of 
α-Syn aggregates28,31,32. The [Cl–] in the astrocytic cytosol is crucial for this process25,41–43. Researchers have 
demonstrated that a low cytosolic [Cl–] decreases the lysosomal [Cl–], thereby reducing the activity of the 
V-ATPase proton pump in the lysosomal membrane44. This reduction leads to decreased H+ influx and increased 
lysosomal pH. Therefore, it is plausible that an increase in the cytosolic [Cl–], induced by optogenetic stimulation 
of NpHR, would restore lysosomal acidification and activate lysosomal hydrolase. We hypothesize that NpHR 
stimulation would reduce α-Syn aggregates in reactive astrocytes through this mechanism.

Moreover, in the NpHR group, an increase in the overall density of GFAP-positive cells in the SNpc 
was observed. This finding was unexpected, as it was anticipated that GFAP expression would decrease, 
corresponding with the reduced GABA and α-Syn deposits in reactive astrocytes. GFAP is a commonly used 
marker for identifying astrocytes, with elevated expression often indicating increased astrocyte activity14,45. 
Astrocytes undergo reactive astrogliosis, manifesting in two reactive states: A1 and A214,46. The A1 state is 
neuroinflammatory and releases various complement cascade components, leading to synaptic degeneration 
and neurotoxicity, whereas the A2 state upregulates neurotrophic factors that support neuronal regeneration 
and synapse repair47–49. Enhanced GFAP expression is observed in both reactive states, making it difficult to 
ascertain which astrocyte lineage was activated by optogenetic stimulation of NpHR in this study. Further 
investigation is needed to distinguish between the distinct activation states of reactive astrocytes induced by 
optogenetic NpHR stimulation.

Our optogenetic technique targeted reactive astrocytes using GFAP as the promoter; however NpHR was 
also expressed in a subset of DA neurons. Previous research has demonstrated that the activation of NpHR in 
DA neurons can induce parkinsonism, underscoring the significance of our findings37. Specifically, although 
the total number of TH + DA neurons in the SNpc decreased, NpHR activation in reactive astrocytes resulted 
in (1) a significant reduction in GABA levels in the SNpc, (2) a decrease in the amount of α-Syn aggregates 
in DA neurons, and (3) a reduction in the amount of α-Syn aggregates in reactive astrocytes. These changes 
culminated in substantial alleviation of parkinsonian motor symptoms. These findings suggest that the 
functional impairment of TH + DA neurons associated with α-Syn accumulation is critical and that a reduction 
in the amount of α-Syn aggregates is more pivotal for functional recovery rather than a reduction in the absolute 
number of TH + DA neurons. To validate our findings, future electrophysiological studies are essential to assess 
changes in the membrane potential, GABA currents via Best1 in reactive astrocytes, and the firing rates of 
DA neurons in response to in the stimulation of NpHR in reactive astrocytes in a PD model. Fine-tuning the 
optogenetic parameters and stimulation protocol to establish an optimal level of [Cl−]i for restoring Parkinson’s 
pathophysiology without inducing cellular dysfunction will be necessary and warrants additional investigation. 
Furthermore, a comprehensive exploration of the biochemical mechanisms underlying the reduction in the 
amount of α-Syn aggregates in both DA neurons and reactive astrocytes is needed.

In summary, our study highlights that modulating the activity of reactive astrocytes, including the [Cl–]i levels 
in these cells, represents a promising strategy for modifying PD, despite the practical limitations of optogenetic 
techniques. Consequently, more feasible approaches, such as chemogenetic approaches, should be considered 
for the targeted modulation of reactive astrocytes to treat PD in the future.

Methods and materials
Experimental animals
Sixteen male Wistar rats (Orient Bio, Inc., Seongnam, South Korea), each weighing between 250 and 300 g and 
aged 8 weeks at the start of the study, were kept in an environment that simulated a 12-hour light and dark cycle, 
while being allowed free access to food and water. All experimental protocols were reviewed and approved by the 
Animal Care Committee of the Asan Institute for Life Sciences (approval No. 2020-13-343), Seoul, South Korea. 
Animal handling, housing, and experimental procedures were performed in accordance with the committee’s 
approved protocol and with relevant institutional guidelines and regulations for the care and use of laboratory 
animals.
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Study design
To investigate the effects of the modulation of reactive astrocytes on the recovery of parkinsonism and elucidate 
the underlying mechanisms, we transduced NpHR into astrocytes in animal PD models using an adeno-associated 
virus engineered to contain the glial fibrillary acid protein (GFAP) gene as a promoter in the experimental 
group. The adequacy of PD model establishment and improvement in parkinsonism were evaluated through a 
stepping test. The timelines of the experiments are summarized in Fig. 1. This study is reported in accordance 
with ARRIVE guidelines.

A53T α-synuclein overexpression model
To establish the animal PD model, the viral vector AAV2-CMV-A53T-SNCA-EGFP, which overexpresses human 
mutant A53T α-synuclein, was used (Korea Institute of Science and Technology (KIST) virus facility (Seoul, 
South Korea); viral titer, 1.16 × 1013 GC/mL). The animals were sedated through an intraperitoneal injection of 
35 mg/kg Zoletil and 5 mg/kg Rompun® and were secured in a stereotactic apparatus. A total of 2 µL of the AAV 
vector was injected unilaterally into the dorsal border of the right SNpc, with coordinates at anteroposterior 
(AP) − 5.4 mm, mediolateral (ML) + 2.0 mm relative to the bregma, and dorsoventral (DV) − 7.5 mm from the 
dura. The virus was infused at a rate of 0.3 µL per minute via a 33-gauge Hamilton syringe connected to an 
automated microinjection pump. Following the injection, the needle was retained in position for an additional 
5 min to avoid any backflow of the solution.

NpHR transduction
The viral vectors AAVDJ-GFAP-NpHR-mCherry (viral titer, 1.54 × 1013 GC/ml) was manufactured at the KIST 
virus facility (Seoul, South Korea), with the aim of selectively transducing NpHR in astrocytes. Two weeks after 
the injection of AAV2-CMV-A53T-SNCA-EGFP, 2 µL of AAVDJ-GFAP-NpHR-mCherry was stereotactically 
injected into the experimental group (n = 8) under general anesthesia via the same method described above with 
the same target. In the control group (n = 8), 2 µL of phosphate-buffered saline (PBS) was injected.

Optical fiber insertion and light stimulation
Two weeks following the NpHR transduction, all the animals were subjected to general anesthesia and secured 
in a stereotactic frame for the implantation. After making a scalp incision, four burr holes were carefully drilled 
for screw placement in the skull. The optical fiber (flat tip, 245 μm in diameter; Doric Lenses, Québec, QC, 
Canada) was inserted through a stereotactic cannula holder into the right SNpc, aligned with the coordinates 
used for the viral injection. It was then firmly affixed to the skull with screws using dental cement (Vertex, Zeist, 
The Netherlands). One week after fiber insertion, illumination was conducted on all animals using a 590 nm 
wavelength at a frequency of 50 Hz and a pulse duration of 10 ms for one hour, regulated by a pulse generator 
(Berkeley Nucleonics Corp., San Rafael, CA, USA). During the light exposure, the animals were allowed to move 
freely within glass cylinders (20 cm in diameter, 40 cm in height). The optical fiber was connected to a light 
source (Doric lenses) through a rotatory fiberoptic joint37.

Stepping test
All animals underwent stepping tests one week prior to the viral injection of AAV2-CMV-A53T-SNCA-EGFP, as 
well as 3 weeks and 5 weeks (immediately before and after illumination) following the procedure. The tests were 
conducted on a treadmill to a speed of 1.8 m every10 seconds. During the test, one forelimb was permitted to 
contact the moving treadmill, while the examiner restrained both hindlimbs and the opposite forelimb. Test were 
carried out for both the contralateral and ipsilateral forelimbs, and videos recordings were made to facilitate the 
counting of adjusted steps for one minute by the forelimb under observation. Each animals repeated the stepping 
test twice during each session, and the step counts from the two trials were averaged for analysis37.

Tissue processing
Following the completion of the stepping test conducted one hour after the illumination, the animals were 
euthanized under general anesthesia through the intraperitoneal injection of Zoletil at a dosage of 35 mg/kg 
and Rompun® at 5 mg/kg. Subsequently, a transcardiac perfusion was performed using a solution of 0.9% saline 
mixed with 10,000 IU of heparin (Hanlim Pharm, Seoul, South Korea), and this was succeeded by a perfusion 
of 4% paraformaldehyde in PBS. After decapitating the animals, the optical fibers were carefully taken out, and 
the brains were extracted and subsequently fixed in 4% paraformaldehyde for 12 h. They were dehydrated in a 
30% sucrose solution until they descended to the bottom. Using a microtome (Thermo Scientific), the brains 
were sectioned coronally at a thickness of 40 μm, ranging from AP -4.8 to -6.0 mm. The brain slices were then 
preserved in a free-floating manner in a solution of 0.08% sodium azide in PBS at 4 °C37.

Immunohistochemical staining
Serial coronal sections of the SN underwent immunohistochemical staining for TH, GFAP, and GABA. Initially, 
the brain sections were rinsed in 0.5% bovine serum albumin (BSA; Bioworld) dissolved in PBS and then treated 
with a blocking solution (BSA, Triton X-100, sodium azide in PBS). Each section was then incubated overnight 
with specific primary antibodies: mouse anti-TH (1:2,000, Sigma), rabbit anti-GFAP (1:100, Sigma), and guinea 
pig anti-GABA (1:500, Sigma) in 0.5% BSA in PBS. Following this, the sections were treated with a secondary 
antibody (Alexa Fluor® 647 anti-mouse IgG (1:1,000; Invitrogen)) for 2 h. The labeled tissues were subsequently 
mounted using a fluorescent mounting medium (DAKO, Glostrup, Denmark).
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Imaging and Stereological assessment
Fluorescence imaging was carried out utilizing a confocal microscope (Carl Zeiss, Oberkochen, Germany) and 
ZEN software (Carl Zeiss), employing three excitation wavelengths: 633 nm for TH, GFAP, and GABA, 561 nm 
for NpHR, and 488 nm for α-Syn. Three coronal sections containing the SNpc were selected for quantitative 
analysis based on their immunohistochemical staining of TH, GFAP, and GABA. MetaMorph® software 
(BioVision Technologies, Pennsylvania, USA), which provides image analysis features with a semiautomated 
quantification method, was utilized to evaluate the level of pathological human α-Syn, alongside NpHR, TH, 
GFAP, and GABA expression, in both experimental and control groups. The area of the SNpc was delineated 
manually using MetaMorph®, and the numbers, total area (µm2), and average area (µm2) positive for α-Syn, 
NpHR, TH, GFAP, GABA were computed.

Statistical analysis
Statistical analyses were conducted utilizing Prism Software (GraphPad, La Jolla, CA, USA). To evaluate the 
variation in the temporal patterns of the stepping test, we utilized a two-way repeated-measures analysis of 
variance along with the Bonferroni correction. The Mann–Whitney U test was applied for comparing the image 
quantification results of α-Syn, NpHR, TH, GFAP, and GABA between the two groups, considering a significance 
threshold of p < 0.05.

Data availability
available when requested.
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