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ABSTRACT OF THE THESIS 

 

Chemogenetic and Optogenetic Stimulation of Striatal Myf5 Cells Leads to a  
Formation of Parkinsonian Tremor and Other Motor Function Deficits 

 

by 

Jasmine Soo Bin Yeo 

 

Master of Science in Biology 

University of California San Diego, 2019 

Professor Kuo Fen Lee, Chair 
Professor Yishi Jin, Co-Chair 

 

 

Unraveling a long-standing mystery behind Parkinson’s Disease (PD) has been a great 

interest to scientists over many decades and yet, the mechanisms and causes largely remain 

unknown. Some neuropathological hallmarks were discovered in the past decades, such as the 

accumulation of Lewy bodies and a degeneration of dopaminergic cells in substantia nigra pars 

compacta, and a dysfunction of the basal ganglia has been implicated in the development and 



 xi  

progression of the disease. Specifically, the loss of dopaminergic cells leads to an overactivity in 

the indirect pathway relative to the direct pathway, and this imbalance ultimately causes a 

hyperinhibition of thalamic activities that manifests the most well-known Parkinsonian feature, 

resting tremor.  

In this study, by knocking out a CDK5 gene from the Myf5 cell populations, an animal 

model with Parkinsonian symptoms was generated. The mutant animal was found to display a 

tremor event at 18-20 Hz, whereas wildtype animals showed its peak at 10-12Hz. Also, the 

tremor-displaying animals had a hyperactivity in locomotion, an increase in motor coordination 

and a reduction in muscular strength compared to the wild type animals. Next, a chemogenetic 

approach (DREADD) was used to activate the striatal Myf5 positive neurons, and the excitation 

successfully mimicked a phenotype of resting tremor, the most easily diagnosed and noticeable 

PD symptom, as well as other motor impairments observed in the mutant animals. The study’s 

finding was further strengthened by in-vitro recordings of DREADD-injected, Myf5-Cre positive 

animals and by optogenetics method, confirming that excitatory DREADD increases the 

neuronal excitabilities of the Myf5 cells and that a manipulation of striatal Myf5 cells is enough 

to induce resting tremor. Moreover, mutant animals with CDK5 cKO in Myf5 cells had a higher 

number of hyperactive D1 MSNs than the number of hyperactive D2 MSNs, exhibiting a unique 

ratio of 2:1. Consistent with the previous finding, equivalently exciting D1 and D2 MSNs using 

the DREADD in RGS-Cre animals was not able to generate a Parkinson’s-like motor 

dysfunctions. Here, we elucidated an involvement of striatal Myf5 neurons and the imbalance of 

the direct and indirect pathways in the development of PD-related motor function deficits, and 

these findings will provide clues to investigating the etiology and pathogenesis of Parkinson’s 

disease. 
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Introduction 

 Two centuries have passed since the discovery of Parkinson’s Disease (PD), as it was first 

described in James Parkinson’s “An Essay on the Shaking Palsy.” Worldwide, more than 10 

million people are living with PD and the global percentage of PD patients will increase in the 

future as the incidence of Parkinson’s Disease increases markedly with age (Marras et al., 2018). 

Characterized by numerous motor- and non-motor-function deficits, Parkinson’s Disease is one of 

the most commonly diagnosed neurological disorders, and its slowly progressing symptoms 

significantly lower the quality of life for patients. Clinical manifestations of the PD include the 

four most fundamental and commonly found features: resting tremor, rigidity, 

akinesia/bradykinesia, and postural instability (Jankovic, 2008). However, while mostly associated 

with motor function deficits, PD patients also experience olfactory deficits, sleep abnormalities, 

gastrointestinal disturbances, anxiety/depression, autonomic dysfunction and impaired cognition 

(Bonnet et al., 2012).  

Despite advances over many decades, the causes and mechanisms underlying PD-related 

symptoms remain unclear to researchers. One major discovery occurred when scientists 

determined a major neuropathology of Parkinson’s disease: the degeneration of dopaminergic cells 

and the deposition of Lewy bodies in the substantia nigra pars compacta (SNpc) (Dickson, 2018). 

Moreover, the basal ganglia was identified to be deeply involved in the formation of PD-derived 

symptoms (Dickson, 2018). Consisting of a group of subcortical nuclei, the basal ganglia governs 

execution of voluntary movements, motor learning, motor control, and emotions, and the circuitry 

integrates sensor-motor information from the SNpc to the cortex bypassing a cardinal afferent 

nucleus, the striatum (Blandini et al., 2000).  
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The striatum comprises of 10% interneurons and 90% projection neurons or medium spiny 

neurons (MSNs), which are further differentiated into two subtypes expressing D1 dopamine 

receptors or D2 dopamine receptors depending on their efferent structures (Lanciego et al., 2012). 

Upon signal transmitted from the cortex and SNc, striatal MSNs send inhibitory GABA inputs to 

different target nuclei and undergo two prevailing pathways: a direct pathway and an indirect 

pathway, which have opposing effects in movements. For the direct pathway, D1-expressing 

neurons inactivate the GABAergic globus pallidus pars interna (GPi) neurons, and this allows the 

glutamatergic neurons of the thalamus to gain its normal activities and send projections to the 

cortex (Alexander & Crutcher, 1990). On the other hand, inputs from the D2-MSNs are detoured 

and pass the globus pallidus pars externa (GPe) and the subthalamic nucleus (STN) before reaching 

the GPi neurons (Alexander & Crutcher, 1990). Suppression of the GABAergic Gpe neurons 

restores activities of the glutamatergic STN neurons, and the disinhibited neurons of the STN then 

increase the GABAergic Gpi neurons’ innervation to the thalamus (Alexander & Crutcher, 1990). 

Ultimately, the direct pathway increases thalamic and cortical activity, leading to an action 

initiation whereas the indirect pathway decreases the activities of the same nuclei or a resting state. 

In contrast to a canonical model of the basal ganglia, recent research has shown that both the direct 

and indirect pathways are activated simultaneously during action initiation (Cui et al., 2013), 

raising the importance of the correlation between an imbalance of the pathways and the motor 

dysfunctions of Parkinson’s disease. 

 In Parkinson’s Disease, the entire basal ganglia circuitry from the striatal stimulation to its 

downstream projections is disrupted due to a reduction of the nigrostriatal dopaminergic cells. As 

a consequence of the loss of dopamine-producing cells, neuronal excitability of the striatal MSNs 

is greatly reduced, which then significantly augments activation of the indirect pathway, and in 
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turn, an imbalance between the direct and indirect pathways is created. Excessive excitation of the 

indirect pathway compared to the direct pathway will trigger an aberrant activation of the output 

nuclei, and inordinately inhibited cortical neurons will results in the development of hypokinetic 

motor symptoms, such as tremor and Parkinson’s disease (Calabresi et al., 2014). 

 To study PD-related phenotypes, researchers use many different animal models. 

Commonly used animal models are generated by mutating genes that are thought to be causative 

of disease development (e.g. Alpha-synuclein, PINK1, Parkin, DJ-1 and LRRK2) and by inducing 

animals with pharmacological agents (e.g. reserpine and haloperidol), neurotoxin (e.g. 6-

hyroxydopamine and MPTP), or pesticide (e.g. rotenone and paraquat) (Blesa & Przedborski, 

2014).  In this study, a new genetic model was generated by conditionally knocking out a CDK5 

gene in the Myf5+ cell population and it displayed resting tremor and other PD-related motor 

abnormalities. CDK5, a cyclin-dependent kinase 5, is a neuronal signaling molecule that plays 

crucial roles in neuronal generation and degeneration, neuronal organization, brain development, 

neurotransmitter release and synaptic plasticity (Kawauchi, 2014). Furthermore, CDK5 has been 

implicated in the development of many neurological diseases through its contribution to Tau and 

other skeletal protein aggregations, another major hallmark of Parkinson’s disease and 

Alzheimer’s disease (Kanungo et al., 2009). In addition to being expressed in the presence of 

misfolded proteins, CDK5 is further thought to be involved in disease progression by its production 

in the striatum and its afferent structures: SNpc and neocortex, and by its involvement in both 

dopaminergic and glutamatergic transmission in the striatum (Chergui et al., 2004). Striatal 

dopamine signaling is modulated when CDK5 phosphorylates Thr-75 of DARPP-32, which 

functions as either a kinase or phosphatase inhibitor depending on the phosphorylation state of 

certain amino acids (Bibb et al., 1999). Phosphorylation of DARPP-32 at Thr-75 by CDK5 inhibits 
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PKA activity and halts the voltage-gated Ca2+ channels, ultimately offsetting the dopamine 

signaling (Smith et al., 2004). Moreover, when paired with a protease called calpain, CDK5 

promotes NMDAR degradation, more specifically NR2B degradation (Hawasli et al., 2007). The 

knockdown of CDK5 increases the level of NR2B subunits as well as the overall current caused 

by the glutamate receptors and this signifies the involvement of CDK5 in glutamate signaling 

pathways (Hawasli et al., 2007). Consistent with its role as a negative regulator of neuronal 

signaling, the loss of CDK5 leads to overexcitation of striatal medium spiny neurons and attenuates 

locomotor performance and motor learning (Hernandez et al., 2016).  

Similar to other members of the basic Helix-Loop-Helix superfamily, Myf5, a myogenic 

factor 5, is generally thought to be involved in muscle differentiation or myogenesis, and to initiate 

skeletal muscle development (Yoshida et al., 1998).  Not only found in the muscle where these 

cells were initially expected to be expressed, but Myf5+ cells are also expressed in numerous brain 

regions, including D1 and D2 medium spiny neurons and their projections (Daubas et al., 2000). 

Taken together, when CDK5 was conditionally knocked out in Myf5+ cell populations, an increase 

in activities of D1 and D2 MSNs was observed in parallel to a resting tremor and loss of other 

motor functions. Also, with the depletion of CDK5, the number of hyperactive D1 MSNs far 

exceeded the number of hyperactive D2 MSNs, exhibiting a unique ratio of 2:1 and presenting an 

imbalance in the direct and indirect pathways (G. S. Zhu, 2015).  

 Next, a question arose whether changes in the activity of striatal MSNs, especially Myf5+ 

cells, were responsible for a tremor formation and whether manipulating neuronal activities of 

these cells would be enough to generate or remove a tremor phenotype. To answer this question, 

a chemogenetic approach was employed to control activities of Myf5+ cells and to identify 

circuitry/specific cell types underlying abnormal behaviors. Chemogenetics or DREADD, 
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designer receptors exclusively activated by designer drugs, uses a modified form of human 

muscarinic G-protein coupled receptor that is only activated by an inert drug called Clozapine-N-

Oxide, CNO, with high potency and efficacy (Wess et al., 2013). Two forms of the receptor, 

excitatory and inhibitory, are widely used and upon activation using CNO, excitatory or Gq-

coupled receptors remotely enhance neuronal firing and inhibitory or Gi-coupled receptors inhibit 

neuronal firing (Roth, 2016). Activation of excitatory or inhibitory designer receptors induces a 

calcium influx or efflux, which causes depolarization or hyperpolarization, and this eventually 

leads to a burst firing or a resting state (Sciolino et al., 2016). Taking advantage of the Cre-

dependent property of the DREADD, where the double-floxed inverted open reading frame 

restrictively allows an inversion of the DREADD coding sequences only in Cre positive cells, 

striatal Myf5+ neurons were selectively modulated in vivo in a non-invasive way (H. Zhu et al., 

2016). The viral vectors with sequences encoding either Gq- or Gi-DREADD were bilaterally 

delivered to the dorsal medial striatum (AP 0.5mm, ML +/-1.7mm, DV 2.4mm) which is known 

to be implicated in preceding stages of motor execution (Kreitzer & Malenka, 2008). 

Following the DREADD injection, a series of behavior assessments were performed to test 

if regulating a group of certain cells was able to alter animal behavior. Surprisingly, behavior 

testing results confirmed that changes in the neuronal activities of striatal Myf5+ cells are one of 

the factors that contribute to the formation of many Parkinson’s Disease-related motor 

dysfunctions, and that the striatum alone has a capability of generating a Parkinsonian tremor. In 

addition, the activities of striatal Myf5+ neurons were further regulated optogenetically using 

excitatory Channelrhodopsin-2. This optogenetic approach also showed a generation of a tremor, 

to the same extent as the chemogenetic approach, strengthening the involvement of the 

dorsomedial striatum and Myf5 cells in motor functionality. Lastly, the importance of the 
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imbalance in hyperactive D1 and D2 MSNs in generation of resting tremor was highlighted by 

genetically and chemogenetically manipulating an animal model to exhibit a normal ratio of 1:1.  
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Materials and Methods 

Animals 

A tremor-displaying mouse model (Myf5-Cre positive, CDK5 F/F) was generated by 

inserting a Cre recombinase sequence under the Myf5 (myogenic factor 5) promoter, which then 

deleted the sequences of CDK5 (cyclin dependent kinase 5) in all Cre positive cells. All mice 

used in the study were created under a C57BL/6 background and were between 2-6 months of 

age. The mice were housed in standard laboratory cages in the Salk Institute animal facilities 

under a 12-hour light, dark cycle with food and water ad libitum. All experimental procedures 

were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC). 

 

Stereotaxic Injection 

Gi-coupled DREADD (pAAV-hSyn-DIO-HA-hM4D(Gi)-IRES-mCitrine), Gq-coupled 

DREADD (pAAV-hSyn-DIO-HA-hM3D(Gq)-IRES-mCitrine), and Channelrhodopsin2 

(AAVDJ-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-pA) were prepared and provided by the 

Gene Transfer, Targeting, and Therapeutics Core at the Salk Institute. 

Mice were deeply anesthetized with isoflurane gas throughout the procedure, and they 

were placed in a stereotaxic apparatus. 2.0 ul of the virus was bilaterally injected into the 

dorsomedial striatum using a nanoinjector (Drummond Scientific), with automatic infusions of 

the viral vector at a rate of 1 nl/sec. Coordinates used to target the striatum was +0.5 mm AP, +/-

1.7 mm ML, and -2.3 mm DV relative to animals’ bregma location. The syringe remained in 

position for another 20 minutes to allow diffusion. After the surgical procedures, the mice were 

administered with buprenorphine SR-LAB (1ul/g of body weight) as an analgesic and they were 

given a recovery period of at least three weeks before behavior testing. 
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Drug Preparation 

Clozapine-N-oxide (CNO), from Sigma Aldrich (C0832), was dissolved in DMSO and 

was diluted in 0.9% NaCl saline to have a final concentration of 1.0mg/ml. Clozapine, from 

Sigma Aldrich (C6305), was prepared in the same way. A control group (non-DREADD Myf5-

Cre+ animals and mutant animals) and an experimental group (DREADD injected Myf5-Cre+ 

and mutant animals) were administered with 5.0 mg/kg of CNO, 0.7mg/kg of clozapine or the 

same volume of 0.9% saline via IP injection before behavioral assessments.  

 

Optogenetics 

Three weeks post viral injection (AAV-Channelrhodopsin2), mice underwent an optic 

fiber implantation. First, the brain surface of the mice was primed using a dental bonding agent 

called All-in-One OptiBond (Kerr) to improve the adhesion of the optic fiber to the brain surface. 

Made with a bare optical fiber and a ceramic ferrule, the optic fiber was implanted bilaterally to 

the same coordinates as those used for the viral vector injection and the length of the fibers was 

modified in advance to reach the target region. After the insertion, the optic fiber was fixed using 

a dental filing material (Ivoclar Vivadent). 

The mice were allowed to recover for 10 days before conducting any behavior testing. 

After one-hour acclimation on a test day, the mice were habituated inside the testing chamber for 

5 minutes and then the dorsomedial striatum of Myf5-Cre+, ChR2-injected animals was 

illuminated using a laser source (LRS-0473 DPSS Laser System, Laserglow Technologies). The 

equipment yielded 5mW of a 473nm blue laser light into each fiber over 1 minute. The Pulser 

device from Prizmatix was used to control a light stimulation pattern (10ms of pulse duration and 

40ms of pulse interval) at 20 Hz which was the normal firing pattern of mutant animals. Tremor 



   9 

activities of these animals were monitored and recorded for the 5-minute session with no light, as 

well as for the subsequent 1 min sessions of laser-on and -off periods.  

 

Behavioral Subjects 

All behavioral testing described below was conducted on healthy, viable animals. If any 

surgical processes had taken placed, all animals had a sufficient recovery period of at least 3 

weeks. The equipment used in the behavioral testing described below was provided by the 

Behavior Testing Core at the Salk Institute.  

 

Behavior Testing: Tremor Analysis 

The behavior testing for tremor analysis was performed using the Tremor Monitor from 

San Diego Instruments. The mice were acclimated to a testing environment for an hour prior to 

assessment. Then, the mice were placed into a testing chamber (Plexiglas cylinder with 14” 

diameter) and their ambulation/tremor movements were recorded for a 15-minute period 

following a 5-minute habituation period.  

The procedure described above was repeated for 6 days (3 days of standard habituation 

and 3 days of habituation with needle sticking) to minimize any factors that may alter the testing 

result such as the environment difference, a handling and restraint of animals and a constant 

movement between the chamber and the home cage.  On day 7 and 8, the mice were 

administered with saline and CNO or clozapine, respectively, via IP injection and allowed to rest 

for 30 minutes. The tremor/ambulatory movements of mice were recorded for 5 runs, each run 

followed by a 30-minute rest period in their home cages. 



   10 

A spectral analysis which identifies a dominant frequency and the amplitudes of each 

frequency (in dBV) was created by the Tremor Monitor software using a Fast Fourier transform 

method. The exported data was then used for further analysis. 

 

Open Field Assay 

Following one hour of habituation, the mice were placed in an open containment 

environment (10.75” x 10.75” x 8”) and their real-time activity was collected and analyzed by 

the Med Associates and Activity Monitor. The animals’ locomotion was recorded using the pre-

installed infrared transmitters and receivers that are attached to the four walls of the chamber. At 

the beginning of each run, the mice were freed into the chamber and their locomotor 

performance was tracked in a 60-minute period. Of many different parameters the software 

recorded, animals’ average velocity, ambulatory episodes, ambulatory distance, ambulation time, 

stereotypic time, and freezing time were used for analysis. Ambulation represented the animals’ 

movement outside of a pre-defined size of square considered as actively moving, stereotyping 

represented any other movement that was not an ambulation, and freezing represented a state that 

was completely free of movement. 

 

Rotarod  

The San Diego Instruments’ rotarod equipment consisted of a closed container with four 

lanes (4.5” length) and a rod (3.2 cm in diameter) that is elevated 18” above the protectant. 

Before the test day, the mice underwent a training session; animals were placed on the rod which 

rotated at a constant speed of 3 RPM for 60 seconds and runs were repeated for two additional 

times if the mice fell off the rod before the session completed.  On test days, the mice were 
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placed on the gradually accelerating rod from 0 to 30 RPM over a maximum of 300 seconds and 

the falling of each mouse was detected and recorded by the photobeam that was installed in the 

container. Four runs were conducted for all animals and the best three trials were used for 

analysis. 

 

Grip strength 

An acrylic platform, metal grid panels, and digital devices from San Diego Instruments 

were used to measure the grip strengths of animals. When a mouse grips the panel, the tension 

and compression of the animal’s forelimb and hindlimb were measured in gram force (GF) by 

the apparatus. For each animal, muscular strength of both forelimb and hindlimbs were measured 

five times and the best three were used for analysis.  

 

Histology/3D Image Modeling 

The mice were perfused with 0.1M sodium phosphate buffer (PBS) until the animals’ 

liver cleared and were fixed using 4% paraformaldehyde (PFA) in 0.1M PBS. Brains were 

collected and stored in the 4% PFA solution, and transferred and kept in 20% sucrose. Frozen 

brains were coronally cut into 40 um using a microtome (Leica Biosystems) and sections were 

preserved in a cryoprotectant solution (5 0.05 M PBS: 3 ethylene glycol: 2 glycerol). 

Due to the expression of reporter genes, no further immunohistochemical labeling was 

needed besides DAPI staining which detects nuclei by binding to AT-rich regions of DNA. After 

a three-time wash in phosphate buffer, free-floating sections were placed in DAPI working 

solution (1:2000 dilution in 1x TBST) for 10 minutes, followed by an additional wash in PBS. 

Next, brain sections were mounted onto glass slides and covered with a coverslip using a 
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mounting medium. Images of brain tissues were taken with a confocal microscope from 

Olympus (Fluoview FV 1000) and were stitched by a software called ImageJ or FIJI. 

 

Patch-Clamp Electrophysiology.  

Three weeks following either excitatory or inhibitory DREADD injection, mice (9-10 

weeks) were decapitated under deep anesthesia with ketamine/xylazine mix and perfused with a 

cold cutting solution (NaCl 87, KCl 2.5, NaH2PO4•2H2O 1.25, MgCl2 7, NaHCO3 25, glucose 

10, CaCl2•2H2O 0.5, sucrose 75, in mM. 320mOsm, pH =7.4). Using a vibrating microtome 

(Leica VT 1200s), brains were coronally sectioned into 300µm and the brain slices were 

preserved in a holding chamber at 34 °C until ready to record. 

Electrophysiological recordings of specific neurons were done in oxygenated artificial 

cerebrospinal fluid or ACSF (NaCl 125, KCl 2.5, NaH2PO4 1.25, NaHCO3 25, glucose 25, 

MgCl2 1, CaCl2 2, in mM. 310 mOsm, pH= 7.4). Target neurons expressing EGFP and TFP 

were visualized using an Olympus BX51W1 microscope with a DIC-IR video camera (Q-

imaging). Using a Flaming-Brown puller (model PC-10, Narishige), a borosilicate glass (Harvard 

Apparatus) was modified as a recording pipette and it was filled with a solution which consisted 

of 146.5K-gluconate, 3 KCl, 2 MgCl2, 2 Na2ATP, 0.3 Na-GTP, 1.1 EGTA, 5 HEPES, and 10 

phosphocreatine, in mM (340 mOsm, pH=7.2–7.4). With resistances of 6–8 MΩ, the pipettes 

were then utilized for the whole-cell and cell-attached recordings using commonly used 

techniques.  

Supra-threshold current injection to the target neurons led to a burst firing and the 

number of action potentials were used as way to measure neuronal excitability. Each current 

pulse lasted for a 1 second and there was an interval in the range of 60–90 seconds before the 
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following pulse injection took place. The intensity of the current pulse ranged from 100 to 

300pA with increments of 50 pA. 

To record the neurons’ response before and after addition of the CNO, the solution was 

simply switched from a standard ACSF to an ACSF with CNO (1.0mg/ml). Firing frequencies 

for both conditions were identified using Clampfit 9.2 (Axon Instruments), and the results such 

as the number of action potentials were exported and then analyzed by Prism.  
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Results 

Observation of tremor in mice with CDK5 conditional knockout in Myf5-Cre positive cells 

 The mice used for experiments were created through genetic modification: homozygous-

floxed CDK5 animals were crossed with animals expressing Cre recombinase under the Myf5 

protein promoter, and the progenies from this breeding had a conditional knock-out of the 

CDK5. Although this global knockout led to an apparent resting tremor throughout the whole 

body of the animal, the most severe shaking was observed in the limbs, especially in the 

hindlimbs (Supplementary Videos 1 and 2).  

 

Tremor-displaying mutant mice feature changes in tremor frequency, locomotion, muscular 

strength and motor coordination.  

 To determine the behavioral characteristics of the tremor-displaying mouse model, 

several behavior assays were conducted. Since the most obvious change in animal’s behavior 

was the emergence of resting tremor, dominant tremor frequencies of wild type animals and of 

mutant animals were identified via tremor analysis testing. Wild type animals displayed their 

dominant tremor frequency at 10-12 Hz whereas the mutant animals displayed at 18-20 Hz 

(Figure 1). The tremor frequency peak varied among animals, but the values for all wild-type and 

mutant animals fell within the corresponding ranges. These frequency values will be repeatedly 

used as a means of determining tremor formation or removal.  

 Moreover, an open field assay was performed to analyze the different level of locomotor 

activities in the mutant animals. Of the many different parameters, average velocity (cm/s), 

number of ambulatory episodes or movement initiation, distance traveled (cm), and percent spent 

in ambulation, stereotyping and resting were used to verify altered motor functions. Compared to 
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the wild type animals, the tremor-displaying model with CDK5 cKO in Myf5-Cre cells showed 

an increase in average velocity (23.38 ± 0.7421 cm/s for wildtype animals and 27.23 ± 0.9869 

cm/s for mutant animals), a slight decrease in the number of ambulatory episodes (16.57 ± 1.413 

and 14.46 ± 1.705, respectively) and an increase in ambulatory distance (1216 ± 118.7 cm and 

1517 ± 305.8 cm, respectively) (Figure 9A-C). No changes were observed in time spent in different 

categorical periods (42.05% for ambulation, 6.776% for stereotyping, and 51.18% for resting in 

wildtype animals, and 39.83%, 5.108% and 55.06% in mutant animals, respectively) (Figure 9D). 

 To further identify abnormal behaviors in the mutant mouse model, grip strength assays 

were carried out. Expectedly, the tremor-displaying mice exhibited a weaker grip strength in 

both forelimbs (61.64 ± 5.16 Gram Force or GF) and hindlimbs (63.80 ± 11.49 GF) compared to 

the normal animals (75.63 ± 9.67 GF and 80.58 ± 5.19 GF) (Figure 10). Using fear of falling as a 

motivation, animals’ balancing skill was also measured and the mutant animals showcased an 

enhanced level of motor coordination compared to that of the wild type animals. For tremor 

animals, average distance traveled before falling was 169.25 ± 139.52 cm whereas for wild type 

animals was 78.48 ± 28.38 cm (Figure 11A). Similarly, the tremor animals took more time to fall 

(128 ± 55.78 secconds) than wild type animals (90.08 ± 16.39 seconds) and they also fell at a 

faster speed of the rotating rod (12.88 ± 5.55 RPM) than wildtype animals (9.11 ± 1.64 RPM) 

(Figure 11B-C). Overall, the Myf5-Cre+, CDK5 F/F animals displayed a dominant tremor 

frequency at 18-20 Hz and an altered motor functionality, which resemble the characteristics of 

Parkinson’s disease. 

 

Excitation of Myf5 cells generates a tremor phenotype as well as other reduced activities in 

Myf5-Cre positive animals 
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 Motor dysfunctionalities of mutant animals brought the role of Myf5 neurons into 

question and eventually, it led to a modulation of Myf5 neurons in the dorsomedial striatum. To 

reveal the relationship between Myf5 cellular activities and animal behaviors, an excitatory 

DREADD was injected into the striatum of Myf5-Cre positive animals. However, before doing 

any behavior assays with DREADD-injected animals, a synthetic ligand or Clozapine-N-Oxide 

must be proven to be inert such that there is no effect in changing tremor frequencies when the 

ligand has been possibly reverse-metabolized into its parent compound, clozapine. In other 

words, a clozapine administration should not cause any changes in animal behavior when 

injected to animals in order to reinforce the results of behavior testing on CNO-activated 

DREADD animals. Fortunately, when 0.7mg/kg of clozapine was injected into wild-type 

animals, the animals maintained the dominant tremor frequencies at 10 Hz throughout all five 

runs, just as when saline was injected (Figure 2). 

 Next, to make sure that the results of subsequent DREADD-induced experiments were 

caused by the activation of DREADD, the Myf5-Cre+ animals were given 5.0mg/kg of 

Clozapine-N-Oxide or CNO. No difference in tremor peak was observed when the animals were 

treated with saline or CNO (Figure 3). Cleared from experimental constraints, excitatory or Gq-

DREADD was activated in Myf5-Cre+ animals using CNO. Manually increasing the activity 

level of the Myf5-Cre neurons did have impacts in a tremor pattern, changing the dominant 

frequency from 10 Hz to 20 Hz (Figure 4). Compared to the saline-treated animals, CNO 

administered animals showed a decrease in 10 Hz peak and an increase in 20 Hz peak over 

repeated trials, and the dominant peak shifted in run 5. The difference between the ratio of 18 

Hz/12 Hz in run 1 and run 5 was statistically significant (*p=0.0185) and this result solidified the 

notion that changes in tremor pattern was not attributed to chance.  
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 Furthermore, additional behavioral assays were performed to see if the excitation of Myf5 

cells could also induce changes in other motor functions. Stimulation of the target cells decreased 

the average velocity (72.08 ± 1.131 cm/s for saline and 45.69 ± 5.823 cm/s for CNO) and 

ambulatory episodes (45.16 ± 4.757 and 27.67 ± 2.954, respectively) and increased ambulatory 

distance (619.7 ± 142.7 cm and 952.3 ± 72.8cm, respectively) (Figure 9E-G). The percent of time 

the animals spent in ambulation, stereotyping and resting period remained unchanged regardless 

of the Myf5 cell activation (19.38% in ambulation, 14.36% in stereotyping, and 66.26% in freezing 

for saline treated runs, and 18.76%, 13.69% and 67.55%, for CNO treated runs) (Figure 9H). In 

addition, the activation of the excitatory DREADD decreased grip strength of both forelimbs 

(78.25 ± 5.721 GF for saline and 62.46 ± 3.716 GF for CNO) and hindlimbs (89.71 ± 4.517 GF 

and 71.55 ± 11.66 GF, respectively) of Myf5-Cre positive animals (Figure 10). However, the 

hyperactive Myf5 animals failed to exhibit a change in motor coordination. Besides the increase 

from motor learning, CNO treatment of Myf5-Cre+, Gq-DREADD injected animals showed little 

or no changes in latency to fall (100.87 ± 17.91 seconds for saline-treated and 110.72 ± 5.02 

seconds for CNO-treated), distance to fall (96.28 ± 32.34 cm and 113.56 ± 10.01 cm, respectively) 

and speed at fall (10.17 ± 1.79 RPM and 11.13 ± 0.52 RPM, respectively) (Figure 11). Altogether, 

the excitation of Myf5-cre populations successfully mimicked the behavioral characteristics of the 

tremor-displaying mutant animals emphasizing the role of striatal Myf5 neurons in the impairment 

of motor functions. 

 

Examining the correlation between virus expression location and altered behaviors 

 Following the completion of the above behavior assays, the brains of the Gq-DREADD 

injected, Myf5-Cre+ animals were collected, and the location and pattern of virus expression was 
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analyzed. Indeed, there was a correlation between the virus expression distribution and the extent 

of changes in motor functions (Figure 5). A development of shaking phenotype was restricted to 

animals which showed viral expression in both sides of the dorsomedial striatum with an 

adequate number of infected cells. In figure 5A-B, animals satisfying all criteria showed an 

increase in the ratio of 18Hz/12Hz, a way of measuring a degree of tremor (0.99, 1.13, 1.22, 

1.40, 1.39 for run 1 through 5 and 0.77, 0.83, 1.01, 0.75, and 0.95, respectively). In contrast, 

animals with only one side of viral expression had the 18Hz/12Hz ratio of 0.96, 1.08, 0.98, 0.91, 

0.88 and ones with an insufficient number of infected Myf5 neurons had the ratio of 0.89, 0.93, 

0.88, 0.91, 0.92 (Figure 5C-D). Along with the behavioral evidence, histology results further 

demonstrated the relationship between striatal Myf5 populations and motor dysfunctionality. 

 

Optical stimulation of striatal Myf5 positive cells leads to a tremor formation  

 To further confirm that behavior changes were due to the neuronal excitability changes of 

striatal Myf5 cell populations, optogenetics was performed on the Myf5-Cre+ animals. Similar to 

the previous experiments using chemogenetics (DREADD), the Myf5 populations were 

stimulated, this time with light, and the excitation generated an analogous result as the DREADD 

experiments in the tremor analysis assay. The change in tremor pattern was as exciting as the 

chemogenetic approach and there was definitely a decrease in 10 Hz peak, an increase in 20 Hz 

peak, and a shift in dominant frequency from 10 Hz to 20 Hz (Figure 6). Optogenetic stimulation 

of Myf5 cells changed a tremor pattern, adding confidence to the finding of the DREADD-

mediated behavior changes and their close association with excitability of Myf5 cells.   
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Inhibition of Myf5 cells does not rescue a tremor phenotype or change other activities in Myf5-

Cre positive, CDK5 double-floxed animals 

 After witnessing that the stimulation of Myf5 neurons could modulate phenotypic traits 

of animals, there was also an attempt to inhibit the Myf5 cells and possibly revert tremor and 

other reduced motor activities that were observed in mutant animals. Again, before the actual 

testing using DREADD, CNO was administered to non-DREADD injected, tremor-displaying 

mutant animals and the animals showed no change in tremor frequency upon the administration 

of the synthetic ligand (Figure 7). Then, the viral vector containing inhibitory DREADD or Gi-

DREADD was delivered to the dorsomedial striatum and the neuronal activity of the overactive 

Myf5 cell population was suppressed using CNO. Unlike the experimentation with excitatory 

DREADD, the activation of inhibitory DREADD failed to abolish the tremor and 20 Hz 

remained as the dominant peak throughout the entire runs (Figure 8).  

 In addition to the unchanged tremor analysis result, the mutant animals with decreased 

activities of My5 cells did not manifest any changes in average velocity (26.37 ± 1.612 cm/s for 

CNO and 25.65 ± 1.438 cm/s for saline), ambulatory episodes (14.15 ± 2.407 and 13.8 ± 2.015, 

respectively), distance traveled (1616 ± 316.6 cm and 1578 ± 243.5, respectively) as well as time 

spent in ambulation (43.62% and 49.86%, respectively), stereotyping (4.823% and 4.596%, 

respectively) and freezing (51.56% and 45.55%, respectively) (Figure 9I-L). Moreover, the 

strength of the grip force of the hindlimb increased slightly (71.55 ± 11.66 for CNO and 58.09 ± 

7.722 for saline), but not as apparent as the grip force results in the excitatory DREADD-injected 

Myf5-Cre positive animals (Figure 10). Likewise, the forelimb grip force remained unchanged 

(61.25 ± 9.345 and 57.50 ± 6.584, respectively) (Figure 10). Although little changes were 

observed in motor coordination parameters, they were the results of motor learning processes, 
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not from the activation of inhibitory DREADD in the mutant animals. Latency to fall for mutant, 

Gi-DREADD injected animals was 140.68 ± 53.15 seconds for saline treatment and 155.57 ± 

38.36 seconds for CNO treatment, distance to fall was 221.79 ± 70.32 cm and 239.21 ± 98.28 

cm, respectively, and speed at fall was 13.17 ± 5.25 RPM and 15.66 ± 3.86 RPM, respectively 

(Figure 11). Based on the results of the behavior assessments, it was unsuccessful to revert the 

reduced activities of our animal models by artificially inhibiting the striatal Myf5 cells. 

 

Patch-clamp electrophysiology shows an increase and a decrease in neuronal activities upon 

chemogenetic stimulation and inhibition of Myf5 cells 

Hyperactive neurons are thought to be related to Parkinson’s disease and motor 

disabilities, and certainly, D1 and D2 cells of Myf5-Cre, CDK5 double-floxed animals 

represented a higher number of action potentials than D1 and D2 cells of wildtype animals. To 

ensure that behavior changes by mediating DREADD were caused by the altered firing rate of 

these cells, cellular activities of D1 and D2 MSNs of DREADD-injected Myf5-Cre+ and mutant 

animals were recorded in-vitro. In both D1 and D2 MSNs of Gq-mediated Myf5-Cre positive 

animals, there was an increase in number of action potentials following CNO administration 

(Figure 12 A-B). Similarly, a decrease in firing frequency was observed in Gi-injected mutant 

animals after activation of the inhibitory DREADD (Figure 12 C-D). For both excitatory and 

inhibitory modulation, neuronal activities of Myf5 neurons almost achieved a normal level of 

action potential for mutant and wildtype animals. This result proved that changes in behavior 

was due to a mimicry in electrophysiological features, and it further consolidated a relationship 

between the state of neuronal excitation of Myf5 cells and motor performances. 
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Equal excitation level of D1 and D2 MSNs does not lead to a tremor formation in RGS-Cre 

animals  

 The unequal excitation of D1 and D2 neurons has been implicated in triggering the 

Parkinson’s disease development. To examine the role of this unique ratio of hyperactive D1 and 

D2 MSNs, excitatory DREADD was injected to RGS-Cre positive animals. The stimulation of 

RGS-Cre populations in the striatum yielded a 1:1 ratio of active D1 and D2 neurons, instead of 

the 2:1. When D1 and D2 MSNs are equally excited, there was no development of tremor, or any 

other manifestations of motor dysfunctionality upon activation of the virus (Figure 13). This 

reasserted the significance of the unique ratio in developing and maintaining the phenotypic 

traits that were observed in Myf5-Cre positive, CDK5 double-floxed animals.  
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Discussion 

Created using the Cre/loxP system, a mouse model with Myf5-Cre positive, homozygous 

floxed CDK5 displayed many features of Parkinson’s Disease and this allowed for an 

investigation of the roles of the striatum and Myf5 cells in formation of distinct symptoms of the 

disease. Mutant animals showed a different tremor pattern from wild type animals and also 

manifested a sign of hyperactivity in movement as well as an enhancement in motor coordination 

and a reduction in muscular strength. It has been challenging to generate animal models which 

demonstrate symptoms of the Parkinson’s disease. As our animal model reproduces many 

features of the disease, it will be a novel tool to study Parkinson’s disease. 

 Aberrant characteristics of our animal model led to a manipulation of the striatal Myf5+ 

cells and a change in neuronal activities of Myf5+ neurons was indicated as a key component in 

initiating and developing PD-related symptoms. Hyperactivation of the Myf5+ cells mediated by 

excitatory DREADD clearly showed a formation of tremor, along with other motor deficits that 

were in the mutant animals. Moreover, neuronal excitabilities of striatal Myf5+ neurons were 

further controlled by a method called optogenetics, which utilizes a light stimulus to either 

depolarize or hyperpolarize neurons, eventually changing the membrane potentials (Rogan & 

Roth, 2011). However, despite its great advantage in precise temporal resolution, optogenetics 

can only deliver light to target regions near the fiber tip as its intensity decays with distance 

(Mahmoudi et al., 2017). Due to its limitation, a less astonishing effect was expected to be seen 

with optogenetics than with chemogenetics, but both approaches turned out to be equally 

effective in reproducing a Parkinsonian tremor. Optical stimulation of the Myf5+ neurons 

generated the same results as the chemogenetic approach: a shift of the dominant peak from 10 

Hz to 20 Hz. The result was encouraging, but the inconsistent tremor patterns during pre- and 
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post-laser periods remained unclear (Supplemental Figure 1). In theory, the optogenetics 

approach, which has an excellent temporal control, should be able to turn on and off neuronal 

activities instantly. In our study, however, the light stimulation had a long-term effect and it 

lingered until the subsequent no-light period occurred. Our one-minute stimulation is slightly 

longer than the commonly used duration (20-40 seconds), and this longer period of light 

exposure possibly induced a heat, which might have reshaped the tremor paradigm. Additionally, 

recent studies asserted that even a moderately enhanced level of light intensity, pulse duration 

and frequency may cause an increase in cellular activities and a prolonged state of depolarization 

(Allen et al., 2015). It is possible that excessive light and heat led to an excitotoxicity, and 

therefore, the animals failed to restore the normal tremor pattern after laser periods. If this optical 

stimulation of Myf5 cells is to be repeated, modifications in light intensity and frequency should 

be made instead of an extension in the duration of light illumination. In addition to the 

optogenetics, patch-clamp recording results showed that the excitation of Myf5 neurons by Gq-

DREADD does increase the number of action potentials. It revealed the electrophysiological 

response of the MSNs to the activation of DREADD, and it validated that the DREADD-

mediated behavior changes were the result of changes in neuronal excitabilities, not by random 

chances. Taking all results into consideration, it can be concluded that overactive striatal Myf5 

cells play a critical role in profound motor deficits of Parkinson’s disease. 

Then, neuronal activities of Myf5 were inhibited, but it did not reverse a tremor 

phenotype or other reduced motor activities in the mutant mice. Although corresponding changes 

were observed in in-vitro recordings of D1 and D2 MSNs of Gi-DREADD injected, tremor-

displaying animals, the dominant tremor frequency, locomotion performance, muscular strength, 

and motor coordination remained constant upon the suppression of neuronal activities. It was 
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remarkable to see much greater effects when the Myf5 neurons were stimulated than inhibited 

since the same pathways and molecules were thought to be involved in breakdown of motor 

functions. Several hypotheses were proposed to explain why the excitation of Myf5 neurons was 

able to lead to a tremor formation whereas the inhibition failed to remove the tremor, and few 

will be addressed here. First, resting tremor and other motor deficits are complicated processes, 

and these motor impairments are a result of an accumulation of pathways. Along with the 

impairment in the basal ganglia loop, other molecular mechanisms have also been presented to 

describe the development of the disease. Several culprits include: an aggregation of misfolded 

proteins, a failure in protein degradation pathways, the dysfunctionality of mitochondria, 

oxidative stress, and genetic mutations (Maiti et al., 2017). Disrupting one critical pathway, such 

as the basal ganglia circuitry, may be sufficient to trigger a disintegration of the motor functions, 

whereas correcting one out of numerous defective pathways may not be sufficient to completely 

eradicate the tremor phenotype. Second, the loss of CDK5 was a global effect. The results were 

not limited to the striatal Myf5 cells, but also affected other areas where Myf5 cells are normally 

expressed, including ventral hypothalamus, caudal tegmentum, cerebellum, interpeduncular 

nucleus and mammillary bodies (Daubas et al., 2000). The role of Myf5 neurons in areas other 

than the striatum was disregarded in this study, but there is a possibility that the Myf5 cells in 

these unaccounted regions might have contributed to the formation of Parkinsonian tremor and 

prevented the removal of tremor when activities of solely the striatal Myf5 neurons were 

controlled. As these results contradict our hypothesis of direct association of striatal Myf5 cells 

and motor dysfunctionalities, the effects of these non-striatal Myf5 cells on motor performances 

should be taken into consideration and carefully examined.  
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Last but not least, the kinetics of the DREADD-mediated neuronal modulation might 

have biased the behavior testing results. Chemogenetics is a popular method of regulating 

neuronal activities of target cells that is non-invasive and reversible, and yet, it has a major 

drawback: a lack of temporal control. Rapid changes in plasma levels of CNO make behavior 

testing very challenging, and the animals’ behavior might have been measured and recorded in 

an inaccurate manner due to the short window of the peak. Moreover, the effects of CNO were 

found to persist for a shorter period in DREADD-mediated inhibition than in excitation. Unlike 

the activation of excitatory DREADD which showed a peak effect of the drug after 1 hour, Gi-

mediated inhibition of neuronal activities experienced a substantial decrease within 30 minutes 

following the CNO administration (Wiegert et al., 2017).  In this study, however, all behavior 

assays were conducted under the same time schemes regardless of the type of DREADD-

mediated regulation. Thus, it is likely that the different kinetics of the excitation and inhibition 

interrupted a detection of actual behavior changes during the peak periods.  

 Lastly, our study examined the special ratio of hyperexcited D1 MSNs to D2 MSNs, in 

response to the knockout of CDK5 in Myf5-Cre+ neurons. The animals exhibiting different 

hyperexcitation ratios such as 3:0, 0:3 and 1:1 were also created under genetic control (CDK5 

KO in D1-Cre positive, A2A-Cre positive, and D1/A2A-Cre positive neurons, respectively) (G. 

S. Zhu, 2015). However, this Myf5-Cre positive, CDK5 double-floxed animal model alone 

showed an impairment in motor abilities. To further assess the implication of the imbalance 

between D1 and D2 MSNs in tremor formation and Parkinson’s disease, a viral vector containing 

a sequence of Gq-DREADD was delivered to RGS-Cre positive animals. RGS, a regulator of G-

protein signaling, is involved in numerous G-protein signaling pathways and negatively regulates 

the pathways. In a classical GPCR-driven pathway, activated D1- and D2-receptors act as GEFs, 
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guanine nucleotide exchange factors, and they allow for a dissociation of alpha, beta and gamma 

subunits which ultimately initiates downstream cascade events (Xie & Martemyanov, 2011). G-

protein-mediated signal transmission continues until the GTPase activity occurs and this GTP 

hydrolysis is greatly accelerated by the RGS proteins (Burns & Wensel, 2003). Previous studies 

claimed that RGS proteins associate with dopamine signaling pathways and that RGS2 is a key 

regulator of the direct pathway and RGS4 and RGS9-2 of indirect pathway (Taymans et al., 

2003; Xie & Martemyanov, 2011). Coherent with its relationship with dopamine receptors, a 

DREADD-mediated excitation of RGS-expressing cells should have resulted in a modulation of 

both D1R and D2R signaling pathways. When D1 and D2 neurons were concurrently hyper-

stimulated using the excitatory DREADD, as expectedly, the RGS-Cre+ animals showed no 

signs of tremor features. This results not only highlighted the importance of different excitation 

levels of D1 and D2 MSNs, but also demonstrated the implication of Myf5 neurons in the 

formation of Parkinson’s disease phenotypes. 

Our findings will be a breakthrough in studying Parkinson’s disease when few things are 

complemented. Follow-up experiments are needed to unconditionally conclude the significance 

of our animal model, and an involvement of Myf5 cells and the imbalance of MSNs excitabilities 

in the disease development. To strengthen the connection between striatal Myf5 cells and resting 

tremor, a target specific inhibition should be accomplished both chemogenetically and 

optogenetically. For chemogenetics, a shorter time scale of the inhibitory DREADD compared to 

the excitatory DREADD should be considered, and the animal’s behaviors must be measured 

immediately after the activation of the designer receptor. A modification in recording time will 

show the actual effects of the inhibition of Myf5 cells in behaviors instead of diminished effects 

after peak period. Moreover, optogenetics approach has not been applied on mutant animals in 
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this study, but this approach with high temporal resolution will further demonstrate the effects of 

inhibition of Myf5 cells along with chemogenetics. Once the striatal Myf5 cells are confirmed to 

play an important role, neural mechanisms underlying our animal model must be investigated. 

As a signaling molecule involved in both dopamine and glutamate signaling, a depletion of 

CDK5 is likely to change the inward and outward currents of the striatum. In tremor-displaying 

animals, activities of AMPA and NMDA receptors, and dopamine receptors in the striatum 

should be measured and if any of these change after the addition of dopamine, a possible 

alleviating factor. Also, a labeling of downstream pathways from the striatum can potentially 

uncover mysteries behind our animal model, and restoring the dysfunctional pathway may revert 

the tremor phenotypes. Furthermore, identifying neurotransmitters and other molecules whose 

expression level is significantly altered from the normal range can elucidate a possible target for 

the disease treatment. Lastly, since this study mainly focused on the motor symptoms of the 

disease, behavior assessments on non-motor dysfunctionality features can further substantiate 

our animal model. 

As the second most common neurodegenerative disease following Alzheimer’s disease, 

Parkinson’s disease has drawn a lot of attention in the neuroscience field; however, it is still 

idiopathic. Precise molecular causes and pathogenesis of the disease are still controversial, but 

the loss of dopamine, which is caused by the death of dopaminergic neurons in the substantia 

nigra, has been closely related to the formation of major motor dysfunctionalities of the PD 

(Schapira, 2009). Some dopaminergic and non-dopaminergic drugs exist to treat Parkinsonism, 

and as the most effective PD-treatment, L-DOPA restores an intracellular dopamine level and 

ameliorates the motor symptoms of the disease (Cools, 2006). Surgical treatment becomes an 

alternative option when patients experience any adverse effects from the medication or when the 
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disease progresses beyond medical treatment. A deep brain stimulation (DBS) is the most 

popular surgical approach, and it brings back the normal activity of the basal ganglia by 

implanting and controlling electrodes (Maiti et al., 2017). A better understanding of the disease 

allowed for the development of several pharmacological and surgical interventions that can slow 

disease progression or diminish symptoms, but there is still no absolute cure that can reverse all 

motor- and non-motor symptoms of the disease. Despite their great alleviation effects, L-DOPA 

is transient and lacks an ability to replenish the lost dopaminergic neurons, and the DBS lays 

surgery-related side effects such as an increased risk of infection, bleeding and stroke. Here, we 

made a noteworthy finding, the overactive striatal Myf5 cells may play a critical role in motor 

deficits of Parkinson’s disease. Parkinson’s disease is a multifactorial disorder and rectifying 

only one of the causes will have little or no effects in slowing disease initiation and progression. 

However, our findings will give a new insight to better understand the basal ganglia circuitry, 

thereby identifying a novel target for the treatment of the Parkinson’s disease. 
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Figures 

 

Figure 1. Myf5-Cre positive, CDK5 double-floxed animals show a tremor phenotype. Tremor 
analysis result of A) wild type animals, C57BL/6 (n=5) and B) Myf5-Cre positive, CDK5 
double-floxed animals (n=5) over five runs. A) Wild type animals have a dominant peak at 10 
Hz whereas B) the mutant animals have it at 20 Hz. Data shown are means ± standard deviation. 
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Figure 2. Administration of clozapine into wild type animals does not change a tremor pattern. 
To test if clozapine has any impacts in generation of tremor-related phenotypes, 0.7mg/kg of 
clozapine was injected to wild type animals (n=6). Tremor analysis result of A) saline 
administered wild type animals, and B) clozapine administered wild type animals, over five runs. 
One-way ANOVA statistical test for A and B are shown in panel C and D, respectively. There 
were no significant changes over runs. Data shown are means ± standard deviation. 
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Figure 3. Myf5-Cre positive animals show no change in tremor frequency when administered 
with vehicle or Clozapine-N-Oxide. Myf5-Cre positive animals were injected with CNO to 
demonstrate that the ligand has no effects in animals without DREADD delivery (n=4). Tremor 
analysis result of A) saline administered Myf5-Cre+ animals, and B) Clozapine-N-Oxide 
administered Myf5-Cre+ animals. One-way ANOVA statistical test for A and B are shown in 
panel C and D, respectively. There were no significant changes over runs. Data shown are means 
± standard deviation. 
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Figure 4. Gq-DREADD-mediated excitation generates a tremor in Myf5-Cre positive animals. A 
viral vector with excitatory DREADD was injected to dorsomedial striatum of Myf5-Cre+ 
animals (n=9). Tremor analysis result of A) saline administered, and B) CNO administered 
Myf5-Cre+ animals over five runs. C) One-way ANOVA statistical test for A. There was no 
statistical significance between runs. D) One-way ANOVA statistical test for B. Difference 
between ratio of 18 Hz/12 Hz in run 1 and run 5 was significant. (*p=0.0185). Data shown are 
means ± standard deviation. 
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Figure 5. Images of Gq-DREADD injected, Myf5-Cre positive animals. An increase in tremor 
phenotype is restricted to animals which have a viral expression in both sides of dorsomedial 
striatum with adequate number of infected cells as shown in panel A and B. When the virus is 
expressed only one hemisphere (C) or when insufficient number cells are infected (D), animals 
did not experience a change in tremor pattern after the excitation of Myf5 neurons. 
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Figure 6. Optogenetic stimulation of striatal Myf5 neurons leads to a development of 
Parkinsonian tremor. A viral vector containing a sequence encoding Channelrhodopsin-2 was 
bilaterally injected to the dorsal medial striatum of Myf5-Cre+ animals, followed by fiber 
implantation (n=5). A) A spectral analysis for tremor events of animals before and during light 
stimulation. B) Paired t-test result for A. There was a significant difference between ratios of 
18Hz/12Hz for pre-laser and laser periods. (*p=0.0175). Data shown are means ± standard 
deviation. 
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Figure 7. Myf5-Cre positive, CDK5 double-floxed animals show no change in tremor frequency 
upon administration of Clozapine-N-Oxide. A) Tremor analysis result of CNO administered 
Myf5-Cre+, CDK5 F/F animals (n=4). B) One-way ANOVA statistical test for A. Data shown 
are means ± standard deviation. 
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Figure 8. Inhibition of Myf5 cells does not remove a tremor in Myf5-Cre positive, CDK5 
double-floxed animals. A viral vector with inhibitory DREADD was injected to the dorsomedial 
striatum of Myf5-Cre+, CDK5 F/F animals or tremor displaying animals (n=12). Tremor 
analysis result of A) saline administered, and B) CNO administered mutant animals over five 
runs. C) One-way ANOVA statistical test for A. D) One-way ANOVA statistical test for B. 
Difference between ratio of 18 Hz/12 Hz throughout the runs was not significant for both saline 
and CNO treatments. Data shown are means ± standard deviation. 
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Figure 9. Administration of CNO into Gq-DREADD injected Myf5-Cre positive animals 
changes motor function in open field assay. A) Average velocity (cm/s) for wild type and 
mutant, tremor displaying mice. B) Number of ambulatory episodes, or number of ambulation 
initiation for wild type and mutant mice. C) Distance traveled (cm) for wild type and mutant 
mice. D) Percent of time wild type and mutant mice spent in ambulation, stereotyping and 
resting periods. Same data are presented for CNO and saline administered Gq-DREADD, Myf5-
Cre positive animals in panel E), F), G) and H), and for CNO and saline administered Gi-
DREADD, Myf5-Cre positive and CDK5 double-floxed animals in panel I), J), K) and L). When 
Gq-DREADD, Myf5-Cre+ animals were given CNO injection, animals mimicked the properties 
of the mutant mice. However, no behavior changes were observed in Gi-DREADD, mutant 
animals after CNO injection. Data shown are means ± standard deviation. 
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Figure 10. Chemogenetic activation of Myf5 neurons decreases grip strength of both forelimb 
and hindlimb for Myf5-Cre positive animals. Wild type mice tend to have stronger grip forces 
for both forelimb and hindlimb compared to the tremor-displaying mutant animals. When the 
excitatory DREADD was activated in Myf5-Cre+ animals, grip strength of both forelimbs and 
hindlimbs decreased, resembling the properties of the mutant animals. No apparent changes are 
shown in inhibitory DREADD injected mutant animals. Data shown are means ± standard 
deviation. 
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Figure 11. Activation of both Gq- and Gi-DREADD has no impacts on motor coordination of 
Myf5-Cre positive and tremor-displaying animals. Mutant (Myf5-Cre+, CDK5 F/F) animals 
have better motor balancing skills than wildtype animals, including latency to fall, distance to 
fall and speed at fall (A-C). Besides the increase caused by animals’ motor learning skills, 
DREADD-mediated excitation and inhibition of Myf5 cells show a little or no difference in both 
Myf5-Cre+ and mutant animals. Data shown are means ± standard deviation. 
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Figure 12. CNO activation of excitatory and inhibitory designer receptors alters firing patterns of 
D1/D2 MSNs. In-vitro patch clamp recording show increased neuronal excitabilities in Gq-
mediated Myf5-Cre+ cells and decreased excitabilities in Gi-mediated cells. Compared to the 
normal firing frequency of D1 and D2 MSNs (A1 and B1, respectively), there is an increase in 
number of action potentials following CNO administration for Myf5-Cre+, Gq-DREADD 
injected animals (A2 and B2, respectively). Analogously, CNO activation of Gi-DREADD 
decreases a number of action potentials in D1 and D2 mutant animals (C1 and D1 for D1 and D2 
MSNs before CNO, and C2 and D2 after CNO, respectively).  
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Figure 13. Equal excitation of D1 and D2 MSNs does not lead to a tremor formation in RGS-Cre 
positive animals. A viral vector containing the sequence of Gq-DREADD was delivered to the 
dorsomedial striatum of RGS-Cre+ animals (n=3). Tremor analysis result of A) saline 
administered, and B) CNO administered RGS-Cre+ animals over five runs. 
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Supplemental Figures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 1. Light stimulation effect in striatum of Myf5-Cre positive, ChR2 injected 
animals persists during post-laser period. (n=5). A) Due to long-lasting effects of light 
illumination, a tremor pattern of laser-off periods (of both pre- and post-laser periods) was 
altered significantly. B) Once separately, the pre-laser period shows a typical tremor pattern of 
wildtype animals and the post-laser period exhibit an unusual pattern, caused by lingering effects 
of light activation. 
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Supplemental Figure 2. Gi-DREADD does not alter the tremor pattern in Myf5-Cre, positive 
animals. Unlike the excitatory DREADD changes the tremor pattern in Myf5-Cre+ animals, the 
dominant peak remains to be at 10 Hz throughout five runs upon both saline (A) and CNO 
administration (B)(n=4). One-way ANOVA statistical test for A and B are shown in panel C and 
D, respectively. Data shown are means ± standard deviation. 
 
 

 

 

 

 
 

A B 



   45 

 

 
Supplemental Figure 3. Gq-DREADD does not facilitate change in the tremor pattern of Myf5-
Cre positive, homozygous floxed CDK5 animals. (n=2) Consistent with result of inhibitory 
DREADD in mutant animals, activation of the excitatory DREADD in mutant animals have no 
effects in tremor paradigm and the dominant peak is unchanged at 20 Hz throughout five runs.  
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