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Recent advances in genetics have led to the development of novel optogenetic and chemogenetic tools that allow selective and 
remote interrogation of neural circuits using light-sensitive opsins and engineered G-protein-coupled receptors activated by inert drug-
like small molecules. These novel techniques have been rapidly applied to many aspects of neuroscience, including research on learning 
and memory, decision making, and goal-directed behavior. By using specific light-sensitive opsins and DREADDs (designer receptors 
exclusively activated by designer drugs) to monitor the electrophysiological, biochemical, and behavioral outputs of specific neuronal types, 
the links between brain activity and behavior can be better evaluated. Additionally, optogenetics and DREADDs are beneficial in studying 
the pathogenesis of neurological conditions, such as depression, anxiety, pain, drug addiction, as well as neurodegenerative diseases, and 
may ultimately have therapeutic potential. 
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Introduction

Over the past decade, optogenetic and chemogenetic 
tools have enabled detailed mapping of functional 
neuronal circuits and pathways necessary for normal 
sensory, motor, and cognitive function. Understanding 
the network architecture at the level of both local 
microcircuits and distributed macrocircuits may facilitate 
the development of new therapeutic strategies for the 
treatment of various neurological disorders. In this 
review, we present examples of research applications of 
optogenetics and chemogenetics to uncover the specific 
neurological function of the basal ganglia-thalamocortical 
motor circuits in health and disease. Specifically, we 
discuss their contribution to the understanding of motor 
symptomology in Parkinson’s disease induced by 
progressive loss of midbrain dopaminergic nigral neurons 
and ultimate development of exaggerated involuntary 
behavior (dyskinesias) as a result of dopamine 
replacements therapy. The comparative strengths and 
weaknesses of these approaches are reviewed for both 
preclinical and translational applications. 

Parkinson’s disease, basal ganglia circuitry,  
and dopamine 

Parkinson’s disease and motor dysfunction. 
Parkinson’s disease (PD) is a complex and highly 

variable neurodegenerative movement disorder [1]. The 
classical motor symptoms of PD (akinesia, bradykinesia, 
rigidity, tremor, and postural abnormalities) are 
associated with the loss of dopaminergic neurons in the 
substantia nigra pars compacta (SNc) of the midbrain 
and a decline in the caudate-putamen dopamine content. 
The loss of dopaminergic inputs to the striatum has been 
implicated in the induction of basal ganglia (BG) circuitry 
malfunction in PD. The BG is the primary brain system 
affected by PD. BG includes a complex network of nuclei 
in the forebrain, which play critical role in motor control. 
It has been suggested that disorganization of the BG 
may be closely related to various neurodegenerative 
diseases, such as PD [2]. The BG complex, which 
receives inputs from the cerebral cortex and thalamus 
and projects downstream to motor regions that control 
movement, participates in the processing of information 
from the neocortex through several local circuits to 
remote regions, such as superior colliculus, motor 
thalamus, cerebellum, and brainstem pedunculopontine 
nucleus. All of these regions are essentially implicated in 
the control of locomotion [3–5]. 

Dopamine is one of the critical neurotransmitters 
and neuromodulators in the BG circuitry affecting the 
control of motor function [4–6]. Dopaminergic neurons of 
the SNc innervate medium spiny GABAergic projection 
neurons (MSNs) in the striatum [7]. The BG circuitry 
receives information from cortical regions and processes 
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it through parallel and distinct neural circuits connecting 
the two BG input regions, the subthalamic nucleus 
(STN, through the hyperdirect pathway) and striatum, 
to the BG output nuclei. Principal projection GABAergic 
neurons in striatum form two separate pathways. 
The direct (striatonigral) pathway is composed of 
GABAergic medium spiny neurons (dMSNs) that 
predominantly express dopamine D1 receptors (D1Rs) 
and project monosynaptically to the BG output nuclei, 
globus pallidus interna (GPi) and substantia nigra pars 
reticulata (SNr). In contrast, the indirect (striatopallidal) 
pathway predominantly expresses D2 receptors (D2Rs) 
and projects to the globus pallidus externa (GPe), which 
then relays to the BG output nuclei (GPi/SNr). These 
two pathways are thought to create a dynamic balance 
exerting opposing actions on the control of movement, 
cognition, and motivational processes (for review see [5, 
8]). Accordingly, an imbalance between these pathways 
has been postulated for several neurological disorders, 
including PD [9, 10].

Treatment of motor symptoms in Parkinson’s 
disease. Currently, no treatment has been demonstrated 
to terminate or even slow the progression of PD. 
Pharmacological therapy with 3,4-dihydroxyphenyl-L-
alanine (L-DOPA) considerably alleviates the severe 
motor symptoms seen in PD patients [11, 12]. Although 
initially very effective, motor complications in the form of 
L-DOPA-induced dyskinesia (LID) typically occur within 
a few years of starting treatment [13]. 

In the last decade, deep brain stimulation (DBS) has 
been implicated as an effective treatment to ameliorate 
PD symptoms by stimulating a part of the BG circuitry 
at a high frequency (approx. 120 Hz). While DBS is 
valuable tool in the treatment of PD motor symptoms, 
the precise mechanism of its action has remained 
unclear. Recent therapeutic innovations for the 
treatment for PD include (a) cell transplantation therapy 
with human embryonic stem cells, (b) human induced 
pluripotent stem cells and human fetal mesencephalic 
tissue, (c) immunological and anti-inflammatory 
therapy using antibodies, (d) gene therapy with AADC-
TH-GCH, (e) viral vector-mediated gene delivery, 
(f) RNA interference-based therapy, (g) CRISPR-
Cas9 gene editing system, and alternative methods 
such as optogenetics and chemogenetics. Although 
these methods currently have a series of challenges, 
they seem to be promising techniques for Parkinson’s 
treatment in the future [14].

Animal models of Parkinson’s disease. Animal 
models of PD have been widely used in the past four 
decades to investigate the pathophysiology of this 
neurodegenerative disorder and to evaluate novel 
therapies for motor dysfunction and LID. These models 
have been classically based on the systemic or local 
(intracerebral) administration of neurotoxins, such as 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
or 6-hydroxydopamine (6-OHDA), which are able to 
replicate most of the pathological and phenotypic 

features of PD in mammals (i.e. rodents or primates). In 
the last ten years, the ‘genetic era’ of PD has significantly 
expanded the research possibilities in this field, with the 
development of various transgenic animal models that 
include most of the disease-causing mutations identified 
for monogenic forms of familial PD. Both toxin-induced 
and transgenic classes of animal PD models have their 
own advantages and limitations (for review see [15]).

Excessive synchronization in the motor circuits. 
A hallmark of BG dysfunction in PD is the amplification 
of synchronous, rhythmic activity, particularly in the beta 
frequency range (13–30 Hz) [16–21]. Exaggerated BG 
beta activity is commonly found in patients with PD, and 
the amplitude of such activity has been linked to motor 
impairment and dopaminergic tone [18]. Although some 
clinical data and results from animal models suggest 
that exaggerated beta synchronization in the basal 
ganglia-thalamocortical circuits does not cause motor 
symptoms in PD [22–24], its reduction with dopamine 
replacement therapy and DBS of the STN is correlated 
with symptomatic improvement [25–30]. Therefore, 
understanding how beta oscillations originate and 
propagate and how they can be diminished could be of 
potential therapeutic value. 

Transient pharmacological manipulations, targeted 
surgical ablation, and excitotoxic lesions of selective 
BG nuclei, along with a variety of methods for recording 
neural activity, have provided critical insight into the 
network organization that supports the development 
of motor symptoms and circular synchrony in the PD 
patient and animal models of PD. However, while these 
approaches are powerful, they are limited in terms of 
neuronal specificity and temporal and spatial resolution. 
The complex relationship between the specific cell 
types and neurotransmission in various nodes of motor 
circuits has been difficult to thoroughly characterize. 
The introduction of recent advances in chemogenetic 
and optogenetic methods in neuroscience research [31, 
32] over the past decade has enabled access cell-type 
specificity, real-time bidirectional control of neuronal 
activity, and the ability to manipulate circuits in a 
projection-pathway-specific manner.

Optogenetic and chemogenetic methods  
in neuroscience 

Modulation of neuronal activity has played a key role in 
neuroscience and behavioral research, complementing 
electrophysiological and anatomical experiments to gain 
insight into the functional roles of specific brain regions, 
circuits, and cells. Optogenetics, chemogenetics, and 
novel designer receptors have revolutionized the way 
neuroscientists can interrogate neural circuits. These 
new tools are being rapidly applied to many aspects of 
neuroscience, including the study of PD circuitry and 
therapies [33]. Genetically encoded tools designed for 
acute and chronic manipulation of circuit function are 
now commonly used to assess the contribution of cell 
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type-specific populations and individual neural circuit 
components to animal behavior [34]. 

Optogenetic techniques. Optogenetic methods 
use targeted expression of light-responsive proteins 
(opsins) in specific neurons to manipulate their activity 
[35]. Optogenetics allows identification of the functions 
of individual parts of the brain by rapidly altering their 
activity, whilst minimizing the likelihood that the brain 
will compensate for these changes. Many different 
opsins are available for neuroscientific applications, 
including ion channels and pumps that allow 
depolarization or hyperpolarization of cell membranes, 
and consequent excitation or inhibition of neuronal 
activity, respectively. The most common excitatory 
tools (i.e., depolarizing opsins) include variants of the 
cation channel channelrhodopsin (ChR) [32, 36], while 
commonly used hyperpolarizing opsins are proton or 
chloride pumps, such as archaerodopsin (Arch) [37] 
and halorohodopsin (NpHR) [38]. When illuminated 
with the appropriate wavelength (blue, yellow, green, 
orange and red light), these opsins selectively respond 
with millisecond time courses, allowing precise temporal 
control of neuronal activity with rapid onset and offset of 
excitation or silencing of neuronal activity. This technique 
requires implantation of optic fibers into the brain region 
containing transfected cells or into the target region with 
axonal terminals from the afferent sites. 

Chemogenetic techniques. Chemogenetic tools 
involve the activation of engineered G-protein-coupled 
receptors that are expressed on target neurons and 
can then be activated by systemic administration of 
biologically inert drugs [39, 40]. The most widely used 
chemogenetic technique relies on the expression of 
designer receptors exclusively activated by designer 
drugs (DREADDs) in transfected neurons. In order to 
determine whether specific neurons drive a particular 
behavior, DREADDs can be expressed by intracerebral 
microinjection into selected cell populations. Two 
groups of selective designer receptors have been 
generated: synthetic variants of the human muscarinic 
acetylcholine receptors coupled to Gi/o, Gq/11, or Gs 
proteins that are activated by clozapine-N-oxide (CNO) 
and a novel inhibitory designer receptor developed from 
the kappa opioid receptor (KORD) that responds to a 
different inert ligand, salvinorin B (SalB) [41]. With two 
different DREADDs, responding to different exogenous 
ligands, it is possible to control the neuronal activity 
in a bidirectional way: exciting a particular neuronal 
population and then rapidly inhibiting it to provide 
conclusive evidence of its involvement in a specific 
behavior. The DREADD technique, developed by Roth 
and colleagues [42–45], has emerged as a powerful 
tool in neuroscience for selective manipulation of 
cellular activity and neuronal circuits. The DREADD 
method allows for manipulation of brain circuits and 
neuron populations that are altered under numerous 
pathological conditions and, thus, has been found to 
be beneficial in biomedical research. Chemogenetic 

agents such as DREADDs have several advantages 
over other pharmacological and nonpharmacological 
treatment modalities, such as targeted lesions and DBS. 
Chemogenetic-based treatment directly increases or 
suppress neuronal excitability and is reversible, much 
less invasive, and better controlled (by adjusting CNO 
or SalB dosage) than the above modalities. Although 
chemogenetic-based treatment requires stereotactic 
injection of the DREADDs-expressing viral vectors 
through a small burr hole, it is less invasive than 
optogenetic stimulation, as it does not require a light 
source to reach the target neurons.

Both optogenetic and DREADD methodologies rely 
on the expression of light-sensitive opsins/designer 
receptors that can be achieved by: (1) viral transduction 
(e.g. via promoter-specific adeno-associated viruses 
(AAV)), (2) animal transgenesis (for example, transgenic 
mice expressing receptors under the TET-off system), or 
(3) a combination of both (for instance, injection of viral 
vectors with the gene reversed and floxed by two pairs 
of lox sites (DIO; double-floxed inverse orientation)) 
into Cre recombinase driver animal lines. The common 
aspects of facilitating cell-type- and pathway-specific 
activation or silencing of neurons have been reviewed in 
detail elsewhere [34, 46–48]. 

In summary, the novel optogenetic and DREADD 
tools have enabled the functional and behavioral 
dissection of many discrete brain circuits with exquisite 
precision [49–51]. Moreover, they can potentially be 
used to enhance existing treatments and generate novel 
therapeutic strategies for neurodegenerative disorders, 
including PD.

Optogenetic and DREADD tools  
to dissect motor circuits in animal models  
of Parkinson’s disease

Our current knowledge of BG circuits and functions 
is strongly influenced by recent advances accomplished 
using optogenetic and chemogenetic methods. These 
techniques have been used to uncover the contributions 
of the direct and indirect pathways to movement and 
reinforcement [52–60], provide new descriptions of 
neuronal heterogeneity within the BG [61–63], explain 
the functional roles of dopamine depletion in striatal 
neurons [64–66], and provide new insights into the 
changes in the plasticity of BG circuits in pathological 
conditions [67–69]. However, advances adopting 
the use of opto- and chemogenetic tools have been 
achieved, primarily, in rodent models, while the use of 
these techniques in non-human primates has remained 
limited.

Motor behavior depends on coordinated activity 
across multiple brain regions. Within such networks, 
the highly connected hub regions are expected to 
disproportionally influence motor behavioral output; 
therefore, malfunctioning of neuronal and circuit activity 
due to progressive degeneration of nigral dopamine 
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neurons could be implemented in the induction motor 
dysfunction in PD.

Impact of the basal ganglia circuits in induction 
of motor symptoms in Parkinson’s disease. The 
generation of movement depends on the integration 
of vast amounts of information in the striatum, the 
major input nucleus of the BG. Changes in information 
processing at the striatal level are assumed to impact the 
activity of downstream BG nuclei, which in turn influence 
brain-wide networks, including the motor thalamus, 
motor cortex, and brainstem inputs. The striatum is 
comprised of two intermixed classes of GABAergic 
projection neurons that exert opposing effects on 
downstream structures. The direct-pathway medium 
spiny projection neurons (dMSNs) express D1 dopamine 
receptors and project directly to the SNr, the main output 
nucleus of the BG. The indirect-pathway projection 
neurons (iMSNs) express D2 receptors and project 
to the SNr indirectly via the globus pallidus external 
segment (GPe). These circuits are believed to have 
opposing effects on movement: iMSNs, whose activation 
promotes movement suppression, become hyperactive, 
whereas dMSNs, whose activation promotes movement 
initiation, become hypoactive in PD state [70–73]. Thus, 
a relative imbalance in the activity of the two pathways 
is thought to play a central role in the induction of 
hypokinetic symptoms in PD. 

Experimental validation of this classical model in 
awake behaving animals was not possible with the use 
of traditional methods. The most conclusive evidence 
for motor antagonism between these pathways has 
come from rodent optogenetic studies, which showed 
increased and reduced locomotion during selective 
optogenetic stimulation of the direct and indirect 
pathway, respectively, in BAC transgenic mice selectively 
expressing ChR2 in dopamine D1, D2, or adenosine A2A 
receptor-expressing striatal projection neurons [53, 55]. 
Kravitz et al. [55] demonstrated restoration of normal 
motor function in mice with bilateral 6-OHDA lesions by 
optogenetic bilateral stimulation of dorsomedial striatal 
direct pathway neurons (dMSNs). At the neuronal 
level, Ryan et al. [74] provided evidence that chronic 
dopamine loss bidirectionally affects the firing of direct 
and indirect pathway neurons in the striatum. Using 
optogenetically labeled striatal single-unit recordings in 
dopamine-depleted mice, the authors evaluated circuit 
dysfunction in parkinsonism and found that following 
dopamine depletion, iMSN firing was elevated, while 
dMSN firing was dramatically and persistently reduced. 
These findings provided key insights into the circuit 
mechanisms underlying parkinsonism with possible 
implications for developing targeted therapies for PD. 
However, other studies that used a series of state-
dependent optogenetic manipulations to examine the 
activity of these projection pathways during the initiation 
of natural movements or learned action sequences have 
revealed that both the direct and the indirect striatal 
pathways are concurrently active during sequence 

initiation [52, 59, 75–77]. Moreover, the two pathways 
regulate movements by acting in a complementary 
supportive and permissive manner, rather than through 
opposing hyperkinetic and akinetic effects [60, 77]. 

Taken together, these findings suggest that novel 
interventions that preferentially recruit the striatal direct 
pathway may represent a possible therapeutic strategy 
for the treatment of motor symptoms in PD. 

Striatal cholinergic interneurons. The ability of 
nicotinic and muscarinic cholinergic receptors to regulate 
striatal dopamine release makes the cholinergic system 
a critical player in modulation of the output of D1 and D2 
striatal MSNs and BG function. Cholinergic interneurons 
(CINs) represent only 1–2% of striatal neurons, but they 
densely innervate the principal striatal MSNs. CINs 
control and integrate multiple striatal synaptic inputs 
and outputs to regulate motor activity under normal 
physiological conditions. However, the complicated 
balance between dopaminergic and cholinergic 
neurotransmission in the striatum has been difficult to 
characterize with traditional methods. In PD, the loss 
of innervation of nigral dopaminergic neurons in the 
striatum leads to alteration in striatal cholinergic signaling 
and increased striatal CINs excitability [78]. In a recent 
study that combined optogenetics with behavioral and 
electrophysiological approaches in transgenic ChAT-
Cre mice, Maurice et al. [79] showed that optogenetic 
inhibition of CINs reduces parkinsonian motor signs 
in PD mouse models, providing direct demonstration 
of their role in parkinsonian motor dysfunction. At 
the neuronal level, this study provides evidence 
that inhibition of striatal CINs in parkinsonian mice 
differentially impacts the excitability of striatal D1 and 
D2 MSNs, enhances cortically evoked inhibition in SNr, 
normalizes pathological bursting activity in the main BG 
output nucleus, and potentiates the direct striatonigral 
pathway in cortical information processing. By contrast, 
CIN inhibition in nonlesioned mice does not affect 
locomotor activity and does not modify spontaneous or 
cortically driven activity in the BG output, suggesting that 
the role of these interneurons in motor function is highly 
dependent on dopamine tone.

Globus pallidus externa. The external globus 
pallidus (GPe) is a key contributor to motor suppressing 
pathways in the BG, although the neuronal heterogeneity 
of this BG nucleus has long remained an unexploited 
resource for therapeutic interventions. Dopamine 
deficiency in PD is suggested to shift the balance 
between the BG pathways, enhancing the activity of 
the striatal indirect pathway to the GPe; therefore, 
the activity of the inhibitory GPe nucleus is expected 
to be largely decreased in the parkinsonian state [80]. 
Remarkably, the study of Mastro et al. [81] demonstrated 
that optogenetic interventions that dissociate the activity 
of two neuronal populations in the GPe, elevating the 
activity of parvalbumin-expressing neurons (PV-GPe, 
projecting to the STN and SNr) over that of neurons 
expressing Lhx6 (Lhx6-GPe, projecting back to the 
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striatum), induces long-lasting recovery of movement 
in dopamine-depleted mice and attenuates pathological 
activity in the BG circuit, despite the permanent loss of 
dopamine. Additionally, selective optogenetic inhibition 
of Lhx6-GPe neurons substantially restores movement 
in dopamine-depleted mice. In contrast, cell-type 
nonspecific optogenetic excitation of the GPe does not 
improve movement in dopamine-depleted mice. These 
results establish the behavioral relevance of functionally 
distinct neuronal subpopulations in the GPe and suggest 
their potential as therapeutic nodes for the long-term 
restoration of movement in PD. A recent study by Assaf 
and Schiller [82] reported that enhancement of total 
activity in the GPe nucleus with excitatory DREADDs 
was sufficient to considerably improve all aspects of 
motor behavior in both hemiparkinsonian and bilaterally 
dopamine-lesioned mice.

Basal ganglia output. Hypokinetic disorders, such 
as PD, are hypothesized to result from a complex series 
of changes in the activity of striatal projection neuron 
subpopulations resulting in an increase in BG output 
(GPi/SNr). Specifically, dopamine deficiency in PD is 
expected to shift the balance between the BG pathways, 
enhancing the activity of the indirect and reducing the 
activity of the direct pathway, which, in turn, is expected 
to enhance the activity of the inhibitory output nuclei, 
GPi and SNr, and reduce the cortical drive in the BG-
thalamocortical circuit [83–85]. Using a chemogenetic 
approach to express inhibitory DREADDs in the GPi/SNr 
and various motor behavioral tasks in 6-OHDA-induced 
parkinsonian mice, Assaf and Schiller [82] were able to 
show significant improvement in motor performance by 
suppressing the activity of the BG output nuclei. Another 
study [86] reported similar improvement in motor 
behavior in hemiparkinsonian rats using optogenetic 
approaches. The authors showed that optogenetic 
inhibition of activity in the entopeduncular nucleus, an 
analog of the primate GPi, in the hemiparkinsonian rat 
increased thalamic output and improved parkinsonian 
behavior (contralateral forelimb akinesia), while 
optogenetic excitation of the entopeduncular nucleus did 
not have an effect.

As already noted, the BG orchestrate complex 
motor behavior, including action selection, patterning, 
and coordination, by modulating downstream motor 
areas such as the motor thalamus, motor cortex, 
and brainstem inputs. Striatal MSNs, modulated by 
dopamine, receive excitatory inputs from several brain 
regions, including the cortex, thalamus, and feedback 
from brainstem motor regions. The striatum is thought 
to control movement, integrating dopaminergic and 
glutamatergic inputs from sensorimotor cortical regions 
and motor thalamus [87–89]. 

Cortex and impact of cortico-subthalamic 
pathway. Functional deficits in cortical circuits 
are thought to be implicated in a number of 
neurodegenerative motor disorders [90, 91]. The motor 
cortex is one of the final cortical outputs to downstream 

spinal motor neurons, and it is fundamental for controlling 
voluntary movements [92, 93]. The motor cortex is 
widely credited with expanding the behavioral repertoire 
of mammals by enabling the acquisition and execution of 
new motor skills, but its specific contributions have been 
difficult to identify. 

Coordinated motor behaviors involve performance of 
sequential patterns of distinct movements in a specific 
order, which is thought to require synaptic plasticity 
within corticostriatal circuits that route information 
through the BG. Rothwell et al. [94] used genetically 
and anatomically targeted manipulations of specific 
circuit elements in mice to isolate the source and target 
of a corticostriatal synapse, thereby demonstrating that 
serial order performance is regulated by a monosynaptic 
pathway linking the secondary motor cortex (M2) to 
striatal cells that form the direct pathway (dMSNs) 
through the BG. These monosynaptic connections 
between M2 and dMSNs are selectively strengthened by 
experience-dependent and serial order learning, shifting 
the balance of striatal output in a manner that is critical 
for performing a behavioral routine.

Based on the classical model of BG function in PD, the 
motor cortex is thought to be hypoactive in PD [9, 71, 84, 
95]. Despite the hypothesized importance of this model, 
however, it has been difficult to definitively demonstrate 
which properties of cortical function are disrupted in 
PD. As mentioned above, abnormal activity patterns 
in the motor circuit are correlated with the appearance 
of parkinsonism. Evidence from multiple studies has 
suggested that the cortico-subthalamic hyperdirect 
pathway plays a key role in patterning pathological 
activity in the STN in PD. The motor symptoms of PD are 
linked to abnormally correlated and coherent activity in 
the cortex and STN [96–101]. However, the results from 
MPTP-treated parkinsonian monkeys provide strong 
evidence for a partial loss of the hyperdirect cortico-
subthalamic projection in PD [102]. Consistent with 
this, cortico-STN transmission strength was found to be 
diminished by 50–75% in parkinsonian mice through the 
loss of axo-dendritic and axo-spinous synapses and was 
incapable of long-term potentiation and less effective at 
patterning the STN activity. Optogenetic, chemogenetic, 
genetic, and pharmacological interrogations have 
all suggested that downregulation of cortico-STN 
transmission in PD mice was induced by increased 
striatopallidal transmission, leading to disinhibition of the 
STN and increased activation of STN NMDA receptors. 
Together, these studies suggest that loss of dopamine 
generates a maladaptive shift in the balance of synaptic 
excitation and inhibition in the STN, which contributes to 
parkinsonian activity and motor dysfunction [103].

Motor thalamus. The motor thalamus is considered 
to have an important role in the circuitry that generates 
movement disorders. Indeed, bradykinesia and 
hypokinesia in PD have been attributed to increased 
activity in BG output nuclei and subsequent reduction 
in the thalamocortical excitatory drive to motor and 
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premotor areas [9, 71, 84, 95]. The mechanisms of 
pathological functioning of the motor thalamus in PD 
remains unclear. Increased inhibition of thalamic neurons 
is capable of generating low-threshold bursts through 
the activation of T-type Ca2+ channels, thereby inducing 
a strong post-synaptic motor cortex response. A recent 
study by Kim and Kim [104] employed an optogenetic 
approach to control the activity of specific inhibitory 
inputs to the ventrolateral thalamus, and showed that 
increase in rebound burst firing in the ventrolateral 
thalamic neurons can trigger PD-like motor abnormalities 
in wild-type mice, while reduction of rebound excitability 
of thalamic neurons rescues normal motor function 
in dopamine-depleted mice. These findings suggest 
that an inhibitory synaptic mechanism mediates motor 
dysfunction by generation of rebound excitability in the 
thalamocortical pathway and possible recruitment of 
abnormal muscle tension, which may lead to whole-body 
rigidity and tremor. 

Among other motor thalamic nuclei, the CM/Pf 
complex, the caudal intralaminar region of the thalamus, 
receives inhibitory input from BG and provides the main 
source of thalamic inputs to the striatum and STN [105–
107]. Evidence of extensive cell loss in this nucleus 
[108, 109] and therapeutic antiparkinsonian effect of 
DBS of the CM/PF in PD patients and PD rats [110, 
111], as well as the reported hyperactivity of thalamic Pf 
neurons in 6-OHDA-lesioned rats [112], have implicated 
this nucleus in the pathophysiology of parkinsonism 
[113, 114]. Thalamostriatal axon terminals of CM/
Pf origin form axodendritic synapses with both direct 
and indirect striatal MSNs and predominantly with the 
cholinergic interneurons (for review see [114]). Alteration 
of synaptic plasticity at corticostriatal terminals has been 
suggested to contribute to changes in striatal neuron 
activity in PD. Using opto- and chemogenetic methods, 
Parker et al. [115] reported that striatal dopamine 
depletion in PD mouse models altered the synaptic 
strength of thalamostriatal but not in corticostriatal 
inputs. Both optogenetic and chemogenetic inhibition 
of the thalamostriatal pathway reverses motor deficits 
in parkinsonian mice [115] and hemiparkinsonian rats 
[116]. 

These studies support the notion of thalamic 
involvement in BG circuit dysregulation and in PD 
pathophysiology. In addition to providing new detailed 
information about the interplay between different brain 
circuits in the control of movement, the findings may 
offer a potential therapeutic approach in restoring normal 
motor behavior in PD.

Brainstem motor regions. The BG project down 
to the mesencephalic locomotor region (MLR), a 
brainstem region that controls locomotion. In mammals, 
it comprises the pedunculopontine nucleus (PPN) and 
the cuneiform nucleus. In humans, damage to the MLR 
is associated with locomotor deficits [117]. The MLR has 
been explored as a target for DBS to improve locomotor 
function in parkinsonian patients.

To investigate the locomotor function of MLR cell types 
and their control by BG circuitry, Roseberry et al. [118] 
combined cell-type-specific optogenetic manipulations, 
in vivo single-unit recording from identified cells, viral-
based circuit mapping, and high-resolution behavioral 
assays to explore how signals from the BG control 
locomotion through the MLR. Their results highlighted 
the functional differences among cell types in the MLR 
and the specificity of BG-brainstem projections and 
demonstrated that the BG can initiate or suppress action 
by specific modulation of neuronal sub-types associated 
with a motor program.

The cholinergic PPN was reported as one of the 
brain structures with neuronal loss in PD patients [119]. 
Neurodegeneration of the PPN was also shown in an 
animal PD model based on proteasome inhibition [120]. 
Proteasome inhibition, discovered for the first time post 
mortem in the SNc of PD patients in 2001, successfully 
became an attractive model that mimics PD in animals 
with a high degree of construct and expression, 
recapitulating almost all biochemical and behavioral 
PD features [121, 122]. Using transgenic rats that 
express Cre recombinase in cholinergic neurons (ChAT-
Cre), Pienaar et al. [123] showed that chemogenetic 
excitation of the rat PPN analogue, the nucleus tegmenti 
pedunculopontine (PPTg), reverses motor deficits in 
the PD rat/mouse model based on unilateral intranigral 
proteasome inhibition by the irreversible proteasome 
inhibitor lactacystin. Interestingly, despite almost 40% 
neuronal loss in the PPTg of the lesioned hemisphere 
(compared to the intact hemisphere), DREADDs-
mediated cholinergic stimulation of the remaining 
neurons recovered or significantly improved motor 
performance, highlighting the therapeutic potential of 
PPN modulation in late phases of the disease.

Mechanisms of deep brain stimulation treatment 
with optogenetics in Parkinson’s disease

Deep brain stimulation (DBS) is a therapeutic option 
for intractable neurological and psychiatric disorders, 
including PD and major depression. Because of the 
heterogeneity of brain tissues at the site of electrode 
placement, it has been challenging to elucidate the 
relevant target cell types and underlying mechanisms 
of DBS. Since STN is the target of DBS, it had been 
assumed that its action is on the nucleus itself. However, 
the therapeutic effects of DBS are accomplished by 
inducing fluctuation in the pathological neuronal activity 
over time, and the spatial specificity of the technique is 
still limited [124]. Optogenetic approaches present an 
opportunity to achieve cell-type-specific control with high 
temporal specificity on a large enough scale resolution 
to effectively repair network-level dysfunction.

Deisseroth and colleagues [32] demonstrated the 
potential for high-fidelity temporal control of individual 
neuronal spikes using an optogenetic approach. These 
initial exciting results have been followed by studies 
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that sought to modulate circuits in freely behaving 
animals to further elucidate the pathophysiological role 
of specific brain structures and specific types of neurons. 
Models of PD were among the first to benefit from such 
an approach. Adopting the DBS protocol and using 
optogenetics to systematically drive or inhibit an array 
of distinct circuit elements in freely moving parkinsonian 
rodents, Gradinaru et al. [125] found that the therapeutic 
effects of DBS within the STN can be accounted for by 
direct selective stimulation of afferent axons projecting to 
this region. Surprisingly, neither direct NpHR-mediated 
optogenetic inhibition of the STN (via light-activated 
chloride pump), which reduced neuronal spiking in the 
STN by 80% nor high-frequency optogenetic stimulation 
(via channelrhodopsins light-activated cation channels, 
ChR2) delivered locally to the STN area, affected PD 
behavioral symptoms. Subsequent experiments revealed 
that similar motor improvement could also be achieved 
by optical stimulation of layer 5 projection neurons 
in the motor cortex, suggesting that the hyperdirect 
cortico-subthalamic pathway is critical in mediating the 
positive effects of stimulation on motor function in the 
rodent model of PD. Moreover, the effect of stimulation 
of afferent fibers to the STN was frequency-specific; 
optogenetic stimulation at 20 Hz worsened pathological 
motor activity, which is consistent with the reported role 
of exaggerated beta band oscillations in parkinsonian 
motor impairment. 

Recently, Sanders and Jaeger [126] used a dual 
virus transfection technique that produces specific opsin 
expression in M1-STN projections to demonstrate that 
high frequency optogenetic stimulation (100–130 Hz) of 
cortico-subthalamic projections is sufficient to ameliorate 
bradykinesia in 6-OHDA-lesioned mice and to reduce 
pathological synchronization in the M1-STN pathway. 
In addition to orthodromic and antidromic effects, 
stimulation of cortico-subthalamic neurons may induce 
wide-spread increased glutamatergic activity due to 
collaterals that project to the thalamus and other brain 
regions in the motor-impaired hemisphere, thereby 
allowing increased locomotion. Given that the results 
were achieved through AAV injections in non-transgenic 
mice, it is possible that this approach may be applied to 
specific targeting of M1-STN projections in PD patients 
to ameliorate parkinsonian motor symptoms.

Optogenetics and DREADDs  
to explore the neural circuitry  
underlying levodopa-induced dyskinesia 

While dopamine replacement with levodopa 
may restore normal motor function, the induction of 
involuntary movements (LID) affects up to 80% of PD 
patients within 10–15 years of starting treatment, which 
significantly limits therapeutic efficacy. Aberrant activity 
in the striatum has been hypothesized to cause LID 
[127]. Until recently, LID pathology was largely presumed 
to reside within dMSNs and be associated with abnormal 

synaptic plasticity [128]. However, new data highlights 
the importance of functional coordination between 
iMSN and dMSN circuits and the complications that 
arise when the balance between the two is perturbed. 
Understanding the neural network mechanisms that 
form the basis of LID is essential for designing effective 
therapeutic strategies [129]. 

Alcacer et al. [130] recently reported the use of cell 
type-specific chemogenetics to investigate the role 
of dMSNs and iMSNs in models of parkinsonism and 
LID and revealed that direct and indirect pathways 
have opposing effects on whole-body movements and 
modulate both the therapeutic and dyskinetic responses 
to L-DOPA. Together, these results challenge the view 
that dMSN overactivity alone can explain LID, showing 
that fully-emerged dyskinesias can only be achieved by 
interventions that mimic the action of L-DOPA on both 
pathways. 

A recent study by Girasole et al. [131] employed 
optogenetically labeled striatal single-unit recordings and 
targeted recombination in active populations (TRAP), a 
method to manipulate dyskinesia-associated neurons, to 
assess circuit dysfunction in experimental parkinsonism 
and LID and to establish a direct link between striatal 
activity and dyskinesia. They provided evidence that 
TRAPed cells are comprised of a specific subset of 
sensorimotor striatal neurons, predominantly from 
the direct pathway (dMSNs). Reactivation of TRAPed 
striatal neurons induces dyskinesia in the absence of 
levodopa. Conversely, inhibition of TRAPed cells, but 
not a nonspecific subset of direct pathway neurons, 
ameliorates LID. These results establish that a distinct 
subset of striatal neurons is causally involved in LID 
and indicate that successful therapeutic strategies for 
treating LID may require targeting functionally selective 
neuronal subtypes. In addition, in studies [74, 132] there 
was identified a subset of direct pathway neurons that 
exhibits levodopa-evoked abnormal increase in firing 
rates correlated with dyskinesia severity. 

Several recent reports have implicated elevated 
striatal cholinergic neurotransmission in the motor 
complications induced by chronic L-DOPA therapy 
[133–137]. The induction of LIDs has been linked to 
enhanced ERK phosphorylation of striatal cholinergic 
interneurons (CINs) following repeated L-DOPA 
treatment, while selective ablation of CINs has been 
shown to attenuate LIDs in dyskinetic parkinsonian mice 
[133, 135]. Additional work by Aldrin-Kirk et al. [137], 
utilizing two transgenic Cre-driver rat lines, a choline 
acetyltransferase ChAT-Cre transgenic rat and a novel 
double-transgenic tyrosine hydroxylase TH-Cre/ChAT-
Cre rat, demonstrated that selective and reversible 
activation of CINs using chemogenetic (DREADD) 
receptors increases locomotor function in intact rats, 
potentiates the therapeutic effect of L-DOPA in rats with 
loss of nigral dopamine, and intensifies LIDs. 

These findings provide key insights into the circuit 
mechanisms underlying parkinsonism and LID, with 
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implications for developing targeted therapies that could 
be more precise and effective than levodopa alone.

Chemogenetic applications  
in dopamine-cell replacement therapy

The DREADD technique has been utilized in studies 
to evaluate new therapeutic approaches, such as cell 
replacement therapy. Currently available therapeutic 
strategies against PD (mostly pharmacological) 
are ineffective in altering disease progression and 
demonstrate only temporary alleviation of motor 
symptoms, with significant side effects. Therefore, 
strategies like cell grafting or viral gene transfer that aim 
to restore proper BG function via tissue regeneration are 
gaining popularity. Chemogenetic methodologies provide 
a powerful tool for remote modulation of graft activity, 
allowing for better understanding of molecular and 
systemic processes supporting transplant integration 
into host tissue and, more importantly, for temporary 
enhancement of motor performance in dopamine-
depleted animal models. As seen in a series of studies 
in animal models of PD [138–141], cell grafting itself 
can enhance motor performance in dopamine-depleted 
animals (consistent with human studies [142]), while 
chemogenetics enables remote bimodal tuning of 
behavioral outputs depending on needs. Although 
many aspects of DREADD technology use in human 
graft modulation needs to be considered, its potential 
for translational application in the field of biomedicine is 
enormous.

Conclusion
Both optogenetics and DREADD methodology 

have greatly advanced our understanding of the 
relative contributions of distinct brain regions, cell-
types, and individual neural circuit components to 
animal motor behavior in normal and disease states, 
such as Parkinson’s disease. These approaches 
have conferred a previously unattainable level of 
spatiotemporal precision to the experimental design 
for monitoring and manipulating neuronal and circuit 
activity in PD animal models. Despite the complexity of 
the remodeling neural circuitry underlying progressive 
motor neurodegenerative disorders, the potency of the 
modulatory effects can be replicated between different 
species and with very different techniques. In addition, 
the ability to remotely modulate neural activity with 
these techniques minimizes the effect of stress-related 
factors on the outputs of sensitive behavioral tasks. 
Multiple studies provided evidence that interrogation 
of brain circuitry using optogenetic and chemogenetic 
approaches can successfully rescue motor impairments 
in animal models of PD, and an adjustable closed-loop 
design of DBS could be used to adaptively stimulate 
aberrant circuits. Optogenetics or chemogenetics can 
be combined with gene therapy and stem cell transfer, 

and DREADD methodology can provide a powerful 
tool for remote and non-invasive modulation of graft 
activity to support transplant integration into host tissue. 
Among the different viral vectors currently used for 
gene therapy in humans, AAV is reported to be safe for 
therapeutic application. All these technical developments 
hold promise for the use of optogenetics and 
pharmacogenetics in the clinical setting for the treatment 
of a variety of human diseases affecting the CNS.
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