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Abstract: 

Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by the 
loss of dopamine neurons in the brain. This loss results in severe motor defects, such 
as the inability to initiate and transition between motor patterns like standing and 
walking. Whereas much research is focused on ways to prevent the death of dopamine 
neurons, less research has addressed how to enable motion after the death of 
dopamine neurons in late-stage PD. This is difficult to study in traditional rodent models 
because they quickly become immobile and die following ablation of dopamine neurons. 
The model nematode C. elegans offers an alternative model for late-stage PD. We 
modeled late-stage PD using a mutant worm with a deletion in the cat-2 gene. This 
gene is required to synthesize dopamine, as it encodes tyrosine hydroxylase, a catalase 
found in all animals (including humans). Without tyrosine hydroxylase, the cat-2 mutant 
cannot produce normal amounts of dopamine.  In a manner that intriguingly mirrors 
human PD, the cat-2 mutant is capable of some motion, but becomes noticeably 
paralyzed when transitioning from swimming to crawling motor patterns. To search for 
ways to treat this model of late-stage PD, we randomly mutagenized cat-2 worms and 
screened for the animals with mutations that suppressed the swim-to-crawl paralysis 
(SCP). We screened enough animals to theoretically have tested a mutation in every 
gene of the genome. From our screen, we independently isolated five mutant strains 
with recovered ability to transition from swimming to crawling. These strains were then 
characterized for secondary phenotypes. Preliminary analysis of these phenotypes 
suggests that mutations were made in secondary dopaminergic pathways and 
serotonergic pathways. Ultimately whole genome sequencing of the mutant strains, as a 
means of identifying the suppressor mutation, will provide insight into how to better treat 
PD in humans. 
 
1. Introduction: 
1.1 Parkinson’s Disease:  

Parkinson’s disease (PD) is a neurodegenerative disorder of the brain that leads 
to tremors, difficulty with movement and coordination and, in advanced PD, freezing- 
the inability to begin voluntary motor movements such as walking. It can also lead to 
depression, dementia, and hallucinations [4]. Ten percent of PD cases are genetically 
linked, while the rest are of sporadic origin [15]. In the United States, the average age 
for onset of the disease is 55 and over 1.5 million people are affected with the costs to 
patients estimated to be approximately 25 billion dollars each year [4, PD Foundation]. 
The disease is caused by the degeneration of dopaminergic neurons in the brain, 
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specifically the pars compacta section of the substantia nigra. The substantia nigra is a 
region of the midbrain that is one of the five nuclei that constitute the basal ganglia 
circuit, which controls voluntary movements [3,4]. Dopaminergic neurons communicate 
messages throughout the brain via the neurotransmitter dopamine. Nigrostriatal 
dopamine regulates motor movement by binding to D2 and D1 dopamine receptors in 
the striata, which then leads to changes in muscle tone and contraction [7,10]. By the 
time PD symptoms appear, at least 50% of the nigral neurons have degenerated [15]. 
The loss of dopamine neurons in the substantia nigra consequently produces a 
devastating loss of motor control and movement in PD patients. 

Currently no medications or therapies can halt the progression of the disease. 
The main medication used in PD treatment is the application of L-Dopa (a precursor to 
dopamine), but even after 5-10 years of treatment most patients will still suffer from 
severe motor disabilities [4, 15]. It has also been shown that motor fluctuations 
(including tremors) and dyskinesias are exacerbated by treatment with L-Dopa [14, 15]. 
Another treatment option, mostly used in cases of late-stage PD, is deep brain 
stimulation, in which electrodes are placed in the brain to stimulate any remaining 
dopaminergic neurons. However, this technique has its obvious hazards and it has been 
shown that motor defects (such as freezing) respond poorly to deep brain stimulation 
[15]. 
 
1.2 Why C. elegans?  

The plethora of model organisms in biological study today has provided great 
advances in research in both animals and humans alike. However, model organisms 
such as mice and primates can be difficult to study due to their high cost and 
controversial use. Gene based models of PD in mice, for example, are limited in their 
ability to provide clear genetic results and do not parallel the motor defects of PD in 
humans [4, 9]. In contrast, C. elegans is an excellent model organism because of its 
quick generation time (2-3 days) and affordability. In addition, these tiny nematodes are 
especially useful in neurobiology because their transparency has allowed for the 
mapping of their entire nervous system. C. elegans shares the same neurotransmitter 
systems as are found in mammals, including all the fundamental components involved 
in dopamine neurotransmission, including dopamine biosynthesis and inactivation, and 
vesicular packaging [12, 13]. Furthermore, over 60% of the C. elegans genome is 
shared with humans, including six specific PD-related genes: Parkin, UCHL-1, PINK1, 
DJ-1, LRRK2, ATP13A2 (the notable exception here is α-synuclein) [5, 9, 15]. The 
manipulation of these PD-related genes is simple, and in this study C. elegans provide 
for an elegant example of overcoming the motor defects of PD. 
 
1.3 C. elegans as a Model for Parkinson’s Disease  
 Most models of PD today, in mammals or C. elegans, address the prevention of 
dopamine neurodegeneration. These models are often created by application of the 
neurotoxins 6-OHDA, MPTP, paraquate, or rotenone, that result in the degeneration of 
dopamine neurons [4, 5, 13]. Another model for neurodegeneration has been the 
introduction and overexpression of the gene α-synuclein, a genetic technique especially 
prevalent in rodent models and C. elegans that also results in the degeneration of 
dopamine neurons [4]. However, the molecular basis of dopamine neuron vulnerability 
and cell death is still undetermined, and uncertainty remains regarding which of the 
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molecular events provoked by toxins relate to human PD [4, 13]. In addition, these 
models do not elucidate mechanisms of how to treat the 2% of the population over the 
age of 65 that already have advanced PD [15]. 

In this experiment, late-stage PD was modeled in worms with a deleted tyrosine 
hydroxylase gene, called cat-2, that is required to synthesize dopamine (this gene is 
also used in mice and humans for dopamine production).	   Tyrosine hydroxylase is a 
catalase of the rate limiting step in the synthesis of dopamine [2] (Note: Though tyrosine 
hydroxylase is the main method of producing dopamine, animals also use secondary 
pathways to synthesize dopamine at low levels [16, 17, 22]). The cat-2 mutation results 
in a noticeable phenotype in the nematode’s motor functions, in which the animal 
cannot transition or has impaired transition from swimming to crawling motor gaits [21], 
here termed swim-to-crawl paralysis (SCP). Because patients affected by PD also 
experience impaired transitions between motor functions, the cat-2 model C. elegans 
can be used to test recovery in motor transition as a basic model for better 
understanding the treatment of  late-stage PD in humans.  
 
1.4 Suppressor Genetic Screen Approach: 

In this experiment, a suppressor genetic screen was utilized to introduce random 
mutations in the cat-2 model in order to produce rare mutants that could overcome the 
swim-to-crawl paralysis. An unbiased mutagen was used (N-ethyl-N-nitrosourea (ENU)) 
to induce single point mutations. Because cat-2 is a mutant in which the cat-2  gene is 
deleted, there can be no “recovery mutation”, or intragenic mutation, in which cat-2 is 
converted back into a functioning gene. It has been empirically estimated that this 
mutagenesis protocol will allow for the screening of loss-of-function mutations in every 
protein coding gene if the progeny of 250 or more mutants are screened (approximately 
5-10 mutations for each individual worm).The following experiments outline the results 
of this suppressor genetic screen approach that examines the motor defects of PD. 
 
2. Methods: 
2.1 Strains:  
WT N2, cat-2 (tm2261) 

C. elegans were grown on nematode growth medium (NGM) agar plates with 
OP50 bacteria at 20oC as described by S. Brenner (1974) [1]. N2 strain was used as 
wild type. 
 
2.2 Mutagenesis:  

cat-2 hermaphrodites, stage L4, were mutagenized with ENU at two 
concentrations: 2 mM and 1.2 mM as previously described by S. Brenner (1974) [1]. 
	  
2.3 Behavioral Assays:  
Swim-to-Crawl Paralysis (SCP) Suppression 

Non-starved F2 generation mutants were assayed for suppression of SCP 
phenotype by dividing 5 cm unseeded NGM agar plates into six zones, labeled 0-5. A 
10 µL drop of chemo attractant butter solution (1:100 dilution of 2,3 butanedione in 
water) was pipetted to the far edge of zone 5 and allowed to absorb into the agar [see 
Figure 1]. F2 mutants were washed in NGM buffer twice and pipetted in 10 µL drops 
into zone 0 and the drops were given time to absorb. Once the puddle was absorbed, 
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the worms were allowed 3 minutes to crawl, at which time those worms that reached 
zones 4 and 5 were picked to fresh, seeded plates and allowed to lay eggs. Note: 3 
minutes was the amount of time determined in which a phenotypic difference could be 
observed between N2 and cat-2 SCP suppression assays. 

Potential cat-2 suppressor mutants isolated by the above method were then 
retested as homozygous clones in the F3 generation in the same manner, but at 3 
minutes the location of the L4 and adult animals was recorded by dotting their positions 
with a sharpie on the plate. The number of animals per zone after 3 minutes were then 
recorded and compared to N2 and cat-2 data for veracity of SCP suppression. 
 
Head Bend Assay: 

Further characterization of cat-2 phenotypic suppression was performed by 
assaying head bends on 5 cm NGM agar plates containing an OP50 lawn of 
approximately 2.5-3.0 cm diameter. 5-10 L4 or young adult animals were picked from a 
non-starved plate to an assay plate and allowed to acclimate (2 min if room temp, 20 
minutes if picked from a 15o plate). The number of head bends per 20 seconds was 
recorded for 6 of the animals [19]. 

 
Dopamine Sensitivity Assay: 
 In order to further elucidate potential pathways through which the suppressor 
mutations act, suppressor mutants were exposed to exogenous dopamine while 
swimming and paralysis over time was recorded using the program Streampix. First 20-
30 healthy, non-staved worms were picked onto a small unseeded plate and allowed to 
crawl for 2 minutes. Then these worms were picked into a 45 µL drop of a 25 mg/mL 
solution of dopamine in NGM. Swimming behavior was observed for ten minutes, with 
ten seconds of video recorded at each minute mark. Video was then analyzed for 
percentage of worms not swimming (whether paralyzed, exhibiting crawling behavior, or 
abnormal swimming) and graphed as a function of percentage of worms not swimming 
over time. Control experiments were performed using N2 in NGM. 
 
Other Behavioral Observations: 
 In addition to the assays described above, suppressor mutants were qualitatively 
characterized for swim behavior, land movement behavior, basal slowing response in 
food, mating efficiency, heat sensitivity and growth rate.  
 
2.4 Heat Shock:  

Four plates of seven L4s were incubated at 30oC for 6 hours. Males were found 
in the F1 generation. 
 
2.5 Formaldehyde Induced Fluorescence (FIF):  

Adults animals were stained for dopamine via the FIF technique created by 
Sulston (1975), and as modified by Sawin (1996) [20,18]. One of five animals were 
placed on a microscope slide in 5 µL drop of paraformaldehyde solution (4% 
paraformaldehyde in 0.1M PBS, pH 7.2) and incubated at room temperature for 5 
minutes. Excess liquid was wicked off with a kimwipe and the slide was placed on an 
aluminum block at 100oC for 10 minutes. Once cooled to room temperature a drop of 
glycerol was added and a cover slip placed on top of the worm [11]. Observed at 63X 
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with CFP filter set on MVX10 microscope (excitation 395-440 nm; emission, 470 nm 
long pass). 
 
3. Results: 
3.1 Swim-to-Crawl Paralysis Suppression 

285 F1 cat-2 mutants were obtained, signifying approximately 100% of the genes 
were mutated. These 285 heterozygous F1 mutants gave rise to over 2500 homozygous 
F2 mutants of which 19 were found to suppress the cat-2 SCP. However, three of these 
mutants were found to be sterile, and one strain died out due to severe contamination. 
The 15 remaining mutants were retested to rule out false positives. Of these 15, only 
five were found to suppress SCP when retested [see Figure 1]. 

The five independently derived mutant strains were named JPS157, JPS158, 
JPS169, JPS161, JPS163 and assayed up to 8 more times. Overall percentages of 
suppression were calculated to compare the performance of the suppressor mutants to 
that of cat-2 and the wild type [see Figure 2]. All strains were shown to have a 
significant degree of SCP suppression when performing t-test analyses against the cat-
2 strain (p<0.03 in all cases). However, no mutant strain displayed a significant 
difference in SCP suppression percentages against the wild type. i.e. the SCP was 
significantly rescued to wild-type levels in all strains. 

As can be seen from the results in Figure 2, there are potentially two or more 
classes of mutants: ones that perform similarly to N2, and those that perform 
considerably better than N2. These classes of mutants were later categorized through 
characterization of secondary phenotypes. 

 
 
 
      A. N2 (WT)             B. cat-2 (PD Model)            C. JPS158 (Suppressor Mutant) 
 
           
 
       
 
 
 
 

 
Figure 1: Mutation overcomes movement defect in Parkinson’s disease model worm.  Worms 
were transferred to the left side of an agar-filled plate in a puddle (zone 0). After the puddle was 
absorbed, worms were allowed to move for 3 minutes and then their locations were recorded. A. Wild-
type animals readily migrate across the plate into zones 4 and 5. B. Parkinson model worms (cat-2) 
fail to migrate into zones 4 and 5 due to frequent paralysis C. Strain JPS158 harbors a mutation that 
suppresses the Parkinsonian movement defect, allowing them to migrate into zones 4 and 5.  
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Figure 2: Quantification of paralysis suppression in Parkinsonian model worms. A. Quantification of  
the average percent distribution of different worm strains in each zone after 3 minutes. Note that while the 
wild-type strain migrated to zone 5, the Parkinsonian model strain (cat-2) failed to reach this zone. By 
contrast the five JPS suppressor strains harboring the cat-2 mutation and unidentified suppressor 
mutations succeeded in reaching zone 5. Error bars represent SEM, where p< 0.02 in unpaired t-test 
analyses for cat-2 and WT. Each line represents at least 7 assays performed. In some trials, JPS strains 
performed better than WT B. Percentage values of different strains found in zones 4 and 5 after three 
minutes of migration. Each bar represents at least 7 assays performed. Error bars represent SEM. 
*Significant difference from PD model strain (cat-2) (p<0.03 for all strains). 
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3.2 Secondary Phenotypes: 
Mutants were observed for secondary phenotypes (those in addition to the 

suppression of SCP) in order to gain further insight into the mutations made. The 
phenotypes observed are recorded in Figure 3. 
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Figure 3: Qualitative Secondary Phenotypes of Suppressor Mutant Strains. Note: No significant difference was 
found in the number of head bends per unit time. FIF analyses to determine levels of dopamine in the strains were unclear. 
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 The odd swimming seen in strains JPS 158, JPS161 and JPS163 could indicate 
altered levels of serotonin, a neurotransmitter involved in swim onset and swimming 
motor functions in the C. elegans [21, 22]. Strain JPS157 showed recovered basal 
slowing response in food and recovered mating efficiency, potentially indicative of a 
mutation made in secondary dopaminergic pathways. FIF was attempted in order to 
determine levels of dopamine in the strains, but proved unsuccessful and the results 
remain unclear. No significant difference was observed in the amount of head bends per 
unit time.  
 PD-model suppressor mutants were also analyzed for sensitivity to exogenous 
dopamine while swimming [see Figure 4]. After a period of 10 minutes, approximately 
50% of wild type animals became paralyzed when exposed to exogenous dopamine, 
while the PD-model (cat-2) displayed a much greater sensitivity to dopamine in that 
almost 100% of the animals became paralyzed after 10 minutes. This heightened 
sensitivity to dopamine by the cat-2 strain is in line with results reported by Hardaway et 
al. (2012) in which the dopamine transporter mutant dat-1 (gene responsible for the re-
uptake of dopamine into the presynaptic neurons) also exhibits heightened sensitivity to 
exogenous dopamine [8]. It is plausible that cat-2 also has increased downstream 
dopamine activity. The suppressor mutant strains all displayed a lower sensitivity to 
exogenous dopamine than that of the original PD-model strain, but still maintain greater 
sensitivity than that of the wild type strain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: PD-Model Mutants Display Decreased Sensitivity to Dopamine. Quantification of the 
percentage of worms paralyzed over time when exposed to exogenous dopamine. WT worms in NGM 
do not exhibit paralysis. Suppressor mutant strains exhibit a sensitivity to dopamine that is greater than 
WT, but less than that of the PD-Model. One trial performed for PD-model (cat-2) and JPS strains 161 
and 163; at least 2 trials performed for all other strains. 
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3.3 Complementation Testing: 
Complementation testing was attempted between strains in order to determine 

whether the mutations, if recessive, were made in the same gene. A cross between two 
strains that maintained the suppression of SCP would indicate the mutation was made 
on the same gene. A cross between two strains that resulted in a reversion to the SCP 
phenotype would indicate the mutation was made on different genes. Complementation 
testing was never achieved due to problems producing and maintaining males strains of 
cat-2 and the mutant strains (males are needed to cross strains as most C. elegans are 
hermaphroditic) due to the fact that cat-2 males often appear disinterested when 
encountering hermaphrodites, and do not attempt to mate [12]. Two types of him-14 
RNAi were attempted, but both methods failed to produce males. Males were obtained 
for N2, cat-2 and JPS157 through heat shock, but the cat-2 males and males of the 
other cat-2 derived strains could not be maintained despite using old hermaphrodites. 
JPS161 is badly affected by heat shock (animals become sick and sterile), suggesting a 
heat sensitive mutation. 
 
3.4 Backcrossing: 
 Backcrossing of the mutant strains was attempted as a means of “cleaning up” 
the mutant genomes. Sufficient backcrossing to cat-2 (10 or more crosses) would 
eliminate side mutations and maintain only those mutations made that suppress SCP. 
Backcrossing is beneficial for sequencing the mutant genomes [see Discussion], as 
the differences between the control (cat-2) and the mutants will be minimized, and show 
only those mutations related to the suppression of SCP. Backcrossing was never 
achieved, however, due to problems in obtaining males and achieving successful 
matings (see section 3.3). 
 
3.5 Crossing: 
 Crosses between strains, like those in complementation testing and 
backcrossing, were attempted in order to analyze the dominance/recessive-ness of the 
mutations. A dominant mutation would maintain SCP suppression when crossed to cat-
2, while a recessive mutation would again exhibit SCP when crossed to cat-2. Crosses 
to cat-2 and N2 could also determine the dominance/recessive-ness of the secondary 
phenotypes shown by the mutants, and could help determine whether these secondary 
phenotypes are associated with the SCP suppression mutation, or are simply the results 
of side mutations. Once again, crosses could not be achieved, however, due to 
problems in obtaining males and achieving successful matings (see section 3.3). 
 
4. Discussion: 
4.1 Five Individually Isolated cat-2 Mutants Significantly Suppress SCP 

The five suppressor mutant strains show significant suppression of SCP when 
compared to the cat-2 strain. The results seem to indicate that two classes of mutations 
may have been achieved, with certain strains (JPS158, JPS161, and JPS163) 
performing considerably better than wild type.  
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4.2 Secondary Phenotypes Hint at Molecular Pathways Altered in Suppressor 
Mutants 

Though the mutations made in the strains are currently unknown, the secondary 
phenotypes provide hints that could help identify genes or regions where the 
mutation(s) occurred. For instance, secondary phenotypes such as the strange 
swimming exhibited by strains JPS 158, JPS161 and JPS163 might indicate lowered 
levels of serotonin, a neurotransmitter that works in balance with dopamine to modulate 
motor function. Low levels of serotonin would produce delayed swim onset and 
potentially strange swim behavior [21].  

Also, the recovered phenotypes of basal slowing response (BSR) and mating 
efficiency of the JPS157 strain might indicate an up-regulation of secondary 
dopaminergic pathways, as both BSR and mating require dopamine [12, 19]. These 
pathways are often modulated by tyrosinases, enzymes that have the ability to convert 
tyrosine to L-Dopa in the absence of tyrosine hydroxylase [16, 22]. Four tyrosinases 
have been identified in C. elegans [2]. Though FIF analysis did not work in this 
experiment, additional staining could be attempted using a different  paraformaldehyde 
buffer, such as one more similar to that used in the original staining performed by 
Sulston et al. (1975) [20], in order to determine whether JPS157 (and other strains) do 
indeed have higher levels of dopamine than in that of cat-2. 

The results of the dopamine sensitivity assay [see Figure 4] reveal that the 
suppressor mutant strains exhibit a decreased sensitivity to dopamine as compared to 
that of the original PD-model strain (cat-2). Thus, the mutations identified in this study 
not only suppress SCP, but also suppress this secondary phenotype of the background 
cat-2 mutation.  It is therefore not likely that the suppression of the SCP phenotype is a 
result of increased sensitivity to endogenous dopamine, however, the decrease in 
sensitivity is more characteristic of wild type behavior. 

In the future, other secondary phenotypes can be analyzed as well in order to 
provide more quantitative and qualitative information regarding the mutations made in 
the strains until crossing can be achieved. For example, the suppressor strains could be 
subjected to 6-OHDA and assayed for maintenance of suppression. Those strains that 
still suppress SCP would then indicate that the mutation(s) were made downstream of 
dopamine neuron action; if SCP suppression was diminished, then it is possible that the 
mutation(s) are acting on the few surviving dopamine neurons. Another dopamine assay 
could be to cross cat-2 into a dat-1 mutant to see if this mimics any of the suppressor 
strains. dat-1 encodes a dopamine transporter and without it dopamine remains in the 
synaptic cleft longer than normal. It is possible that one of the suppressor mutants 
developed a mutation like dat-1 that boosts the downstream ability of any remaining 
dopamine to act on the neurons. Similar crosses into serotonin mutants could determine 
whether the mutations in strains JPS158, JPS161, and JPS163 truly are a result of 
serotonergic pathway mutation. 

In addition to examination of dopaminergic and serotonergic pathways, further 
analysis of other potential molecular pathways, such as those involved in hyperactivity, 
could be performed. It is possible that the mutants still exhibit slight cat-2 paralysis, but 
are hyperactive and therefore perform the same as or better than wild type. Potential 
experiments to explore this hypothesis could be to expose cat-2 to aldicarb, which 
blocks the activity of acetyl cholinesterase and may result in hyperactivity that mimics 
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that of some of the suppressor mutant strains. cat-2 could also be crossed into 
hyperactive mutants like dgk-1 or goa-1. 
 
4.3 Suppressor Mutation Characteristics can be Obtained through 
Complementation Testing and Backcrossing into Control Strains 

Once crosses between the strains can be achieved, techniques such as 
complementation testing will permit a better understanding of the mutations made, as 
the mutations can be classified as having been made on the same or different genes as 
the other strains. Crosses will also permit a clear analysis of the dominance/recessive-
ness of the SCP suppression mutation, as well as of the secondary phenotypes. 
Because RNAi and heat shock have both proved unsuccessful in producing viable 
males, other methods of male amplification could be attempted so that crosses between 
males and hermaphrodites may be used for the techniques just mentioned. One 
potential method is that of crossing into the Hawaiian strain, a strain noted for its 
successful ability to mate. 
 
4.4 Whole Genome Sequencing with SNP Mapping will Provide a Means of 
Identifying the Location and Nature of the Suppressor Mutations 

Ultimately whole genome sequencing (WGS) of the mutant genomes will be the 
best method for elucidating the location and nature of the suppressor mutations. 
Because these strains are derived from cat-2  and therefore mate inefficiently and have 
unknown, random mutations, the best method for performing WGS will be to follow a 
procedure using the Hawaiian wild type strain (HW) and SNP mapping as described by 
Doitsidou et al. (2010) [6]. With this strategy, it would be necessary to create a hybrid 
HW-cat-2 strain by crossing these strains together enough times so that the genome is 
essentially Hawaiian with the cat-2 deletion. Then it would be possible to cross the SCP 
suppressor mutant strains into the HW-cat-2 hybrid. The F1 progeny of this cross would 
then be heterozygous for the suppressor mutation, and some of the F2 progeny would 
become homozygous for the suppressor mutation. These F2’s would then be isolated for 
those maintaining the suppressor mutation and the pooled DNA of their progeny would 
be subjected to WGS. Ratios of the SNP loci between the cat-2 mutant and the HW-cat-
2 hybrid will then assist in locating the site of the suppressor mutation, as the closer a 
SNP locus is to the mutation, the more rare it is to find a recombination event between 
that SNP and the mutation. As a result, HW-cat-2 variants in the sequence pileup will be 
underrepresented in regions closer to the selected mutation. One would, therefore, 
expect to have only sequences associated with the original cat-2 strain in the sequence 
pileup very near the mutation.  

Once the location and nature of the mutation are identified, it would be possible 
to see if a similar manipulation could be applied to humans in order to alleviate the 
current defects in voluntary motor gait transitions and control experienced in late-stage 
PD. But ultimately, no matter the mutation made, these results could contribute to a 
helpful understanding of how to better treat PD, and potentially lead to its cure. 
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