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 The modulation of locomotor gait transitions by monoamines is highly conserved 
across animal species, yet the mechanisms by which these occur is not very well 
understood. In C. elegans, certain serotonergic neurons have been implicated in 
initiating the transition from crawling to swimming, but the environmental cues and 
specific sensory neurons that communicate with these serotonergic neurons have yet to 
be characterized. Mutant strains with genetic ablations of particular sensory neurons 
and strains with mutations in genes expressed in these sensory neurons are being 
investigated for delayed swim onset to ascertain which neurons and genes are 
important for swim initiation. Evidence from these experiments suggests that the 
sensory ASK neurons and a TRPV channel that they express, OSM-9, may be involved 
in swim initiation. ASK neurons are being further analyzed with a fluorescent reporter of 
neuronal activity and with optogenetic techniques to see if they are active during swim 
initiation and if their activity has an effect on this transition. Elucidating the sensory 
neural pathway and molecular mechanisms responsible for the crawl-to-swim transition 
in C. elegans has implications for a better understanding of how locomotor transitions 
may be governed in other animals, including humans, and how these transitions may 
have evolved. 
 

Introduction 
 The ability to switch between locomotor gaits is essential for the survival of 
organisms in diverse environments. Based on internal and external cues, organisms 
“choose” the behavioral patterns that are the most advantageous in their current 
circumstances such as swimming in water and crawling on land.  The molecular 
mechanisms of locomotor gait transitions are highly conserved.  Serotonin and 
dopamine have been shown to modulate gait transitions in a wide variety of animal 
models from as simple as leeches and worms to as complex as mice (Mesce & Pierce-
Shimomura, 2010; Dunbar et al. 2010).  
 These neuromodulators also have critical locomotor functions in the human 
brain. Death of dopaminergic neurons, as seen in Parkinson’s disease, leads to 
impairment of locomotor gait transitions. Patients with Parkinson’s disease lose the 
ability to efficiently switch between locomotor patterns with devastating consequences 
on one’s ability to interact with the environment.  However, very little is known about the 
neural systems that allow for gait transitions in humans or even in mice in part due to 
the challenge of studying complex mammalian nervous systems. 
 The tiny worm Caenorhabditis elegans allows for a unique opportunity to study a 
neural circuit for locomotory switching in detail. The wiring diagram of all 302 of its 
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neurons has been elucidated, and the gene expression patterns and functions of many 
of these neurons are known (Bargmann, 1998; White et al., 1986).  Also, large 
populations of genetically identical worms are easy to obtain, and it is relatively simple 
to knock out genes and introduce new genes into this genetically tractable organism.  In 
addition, C. elegans is experimentally amenable, and the locomotor patterns of these 
worms are well characterized and easy to quantify (Vidal-Gadea et al., 2011).  
 A recent PNAS paper published by colleagues in my lab demonstrated that C. 
elegans has two distinct locomotor gaits: swimming and crawling (Figure 1, Vidal-
Gadea et al., 2011). Dopamine is necessary and sufficient for swim-to-crawl 
transitioning, and exogenous dopamine can elicit crawl-specific behaviors in liquid. Also, 
worms with impaired dopaminergic pathways could effectively swim and crawl, but were 
unable to initiate crawling after swimming (Vidal-Gadea et al., 2011).  Dopamine also 
acts in parallel to activate a set of interrelated behavioral programs associated with 
terrestrial environments. For example, the crawling gait is accompanied by behaviors 
such as foraging, egg laying, and defecation (Vidal-Gadea et al., 2012). 

   
 
  
 

 Likewise, serotonin is necessary and sufficient for transitioning from crawling to 
swimming and is required for maintenance of swimming (Vidal-Gadea et al., 2011). 
Mutants deficient in serotonergic pathways had difficulty transitioning from crawling to 
swimming and maintaining the swimming gait, but could crawl normally (Figure 2a). 
Worms that had their VC-4/5, AIM, or NSM serotonergic neurons ablated also had 
difficulty transitioning to swimming and showed delayed swim onset (Figure 2b). 
Exogenous serotonin reduced the amount of time it took to transition from crawling to 
swimming and increased the amount of time it took to transition from swimming to 
crawling. Also, mutants deficient in dopamine had a faster than normal swim onset 
(Vidal-Gadea et al., 2011). These data suggest the “decision” of whether to crawl or 
swim depends on the relative levels of serotonin and dopamine. 

Figure 1. C. elegans has distinct motor gaits for swimming and crawling. This 
time-lapse montage shows crawling worm with S-shaped bend enter a puddle of 
water and transition to the C-shaped bend characteristic of swimming. Once the 
puddle dries, and the worm is able to completely exit, crawling resumes (From: Vidal-
Gadea et al., 2012). 
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 My colleagues were also able to elucidate the neural circuit for crawl initiation 
when the worm comes out of water. When the worm is no longer suspended in liquid 
and touches the ground, mechanoreceptors trigger dopamine release from sensory 
neurons. This activates motor neurons that trigger crawling and crawl-associated 
behaviors (Vidal-Gadea et al., 2011). However, it is still unclear what signals tell the 
worm to start swimming. The most parsimonious answer would be that sensory neurons 
directly communicate with serotonergic neurons and tell them to initiate swimming 
based on environmental cues such as moisture and/or loss of contact with the ground, 
etc.  
 Since the serotonergic neurons VC-4/5, NSM, and AIM have been implicated in 
swim initiation, I hypothesize that sensory neurons upstream of these serotonergic 
neurons detect some physical signal that tells the worm that it is suspended in liquid 
and communicate with the serotonergic neurons to initiate swimming. The ASK 
cholinergic neurons are the only sensory neurons directly presynaptic to serotonergic 
neurons implicated in swim initiation (AIM neurons) and are therefore the primary 
candidate sensory neurons. In addition, my colleagues found previously that worms had 
the longest delay in swim onset when AIM was laser ablated compared to all other 
serotonergic neuron laser ablations, which suggests that AIM neurons are particularly 
important for swim initiation (Figure 2B). Furthermore, VC-4/5, and NSM are motor 
neurons while AIM neurons are interneurons well positioned to coordinate motor output 
with sensory input.  
 In this study, sensory neurons, such as ASK, implicated in the neural pathway for 
swim initiation are being independently investigated using mutant assays, neuronal 
reporter assays, and optogenetic techniques. Because each neuron expresses a unique 
set of genes, mutants can be obtained (from a public repository) with mutations that 
impair the function of specific neurons. For example, mutant strains can be acquired 
with genetic ablations of particular neurons through the ectopic expression of caspase 
using a promoter for a gene that is solely expressed in those neurons. Caspases are 
proteins that trigger apoptosis (controlled cell death) when expressed in a cell. Strains 

Figure 2. Serotonin is necessary for proper crawl-to-swim transitioning. 
Swimming was delayed in serotonergic pathway mutants (A) and in worms with their 
VC-4/5, AIM, and NSM neuron classes ablated (B) (From: Vidal-Gadea et al., 2011). 
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with mutations in receptors or channels expressed in sensory neurons are also being 
assayed for delayed swim onset to see if they are involved in swim initiation and to gain 
evidence for which environmental cues might trigger the crawl-to-swim transition. 
Mutant worms with significantly delayed swim onset can point in the correct direction of 
which neurons are involved in swim initiation and how these neurons detect that the 
worm is suspended in liquid.  
 Promising candidate neurons will be further analyzed for activity during swim 
initiation using GCaMP3, a protein which increases green fluorescence after binding to 
Ca2+ and therefore reports when a neuron is active (Tien et al. 2009). To bolster 
evidence that these neurons are involved, I will also use optogenetic techniques to 
activate or silence specific neurons to determine the effect on swim onset. These 
experiments will help to characterize the neural pathways and environmental cues 
involved in the crawl-to-swim transition. Understanding the mechanism by which C. 
elegans switches locomotor gaits has important implications for how neurological 
diseases affect human locomotion, how neural circuits for gaits evolved, and even how 
novel nematocides may be developed to interfere with motion of pest nematodes that 
parasitize crops and livestock. 
  
 

Methodology 
Craw-to-swim assays 
 One-day-old adults crawling on the unseeded area of a Nematode Growth Media 
(NGM) agar plate were transferred onto an unseeded NGM agar plate and allowed to 
recover for 2 minutes. Liquid NGM (3 µL) was then dropped in a puddle in front of a 
crawling worm. Worms directly crawling into the drop without hesitation or reversals 
were digitally video recorded using Streampix software. The videos were then analyzed 
using the Streampix software to determine the swim-onset time between touching the 
liquid and initiating a full swimming movement, which is unambiguously characterized 
by the first dorsoventral C-shaped bend. This procedure was repeated for approximately 
fifteen individuals for each mutant strain. Differences in swim onset times were 
statistically compared to N2 (wild type) worms with a two-tailed, heteroscedastic 
Student’s t-Test. 
Optogenetic assays 
 To independently test whether the delayed swim onset is a direct cause of the 
malfunctioning sensory neuron or interneuron, the candidate neurons will be activated 
or silenced during swim initiation. Archaerhodopsin (Arch) is a genetically encoded 
protein that hyperpolarizes, and therefore silences, a neuron when activated by 
yellow/green light. Similarly, Channelrhodopsin-2 (ChR2) is a genetically encoded 
protein that depolarizes, and therefore activates, a neuron when exposed to blue light. 
These proteins can be hooked up to a promoter that is expressed only in one cell or a 
limited number of cells. Worm lines that express Arch or ChR2 in specific sensory 
neurons or interneurons are being created and their swim onset time assayed as 
described above while exposed to yellow/green or blue light, respectively. These 
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optogenetic techniques are also being used while the worm is crawling on land to 
ascertain the effect of the activity of specific neurons on the crawling locomotor gait. 
GCaMP3 assays 
 GCaMP3 is a reporter of neural activity that increases fluorescence when bound 
to Ca2+. Worms expressing GCaMP3 in the specific candidate sensory neurons or 
interneurons are being created and recorded while initiating swimming. If the neuron 
with GCaMP3 is involved in swim initiation, then it will show a change in fluorescence in 
coordination with the crawl-to-swim transition. This will provide further evidence for a 
functional role in swim initiation. 
Transgenic worm lines 
 Since ASK neurons are currently the primary candidate sensory neurons, they 
are the first to be investigated using the transgenic techniques. Worm lines are being 
created in which GCaMP3, Arch, or ChR2 will be expressed in these sensory neurons. 
To do this, the promoter for sra-9, a gene only expressed in ASK neurons, was 
amplified from genomic DNA using PCR. A BP reaction was then used to insert the sra-
9 promoter into the P4P1R pDONR plasmid. This plasmid was transformed into one-
shot top 10 cells for amplification, and the plasmids were isolated using a miniprep kit. 
The plasmids from 5 colonies were run down a gel against the empty P4P1R and 
appeared to have increased in size by about 3 kb, the approximate size of the sra-9 
promoter. LR reactions were then used to combine this construct with constructs 
containing the GCaMP3, Arch, or ChR2 genes and the ubiquitous unc-54 3’ UTR. 
Sequencing results confirmed that all of the genes were properly inserted into the 
PCFJ150 destination vector. The resulting final constructs are being injected into the 
gonad of worms and will be expressed in the progeny, which are being assayed for 
swim onset time during optogenetic stimulation or for florescence during swim initiation.  
 

Results 
 N2 (wild type) worms had an average swim onset time of 7.38 ± 1.23s, which is 
not significantly different than the swim onset time for N2 found by Vidal-Gadea et al. 
(2011) according to a Student’s t-Test with an alpha level of p < .001 (Figure 2). Since 
ASK is the only sensory neuron directly presynaptic to serotonergic neurons implicated 
in swim initiation (AIM), a strain with a genetic ablation of ASK using caspase (PS6025) 
was assayed and found to have a significantly delayed swim onset time (16.83 ± 5.46s, 
p = 4.24 x 10-7; Figure 3). Another strain with genetic ablation of sensory neuron pair 
was also assayed for swim-onset time as a control to ensure that the delayed swim 
onset in the ASK-ablated strain is not simply a non-specific side effect of caspase over 
expression. This strain, JPS264, has a genetic ablation of the AFD sensory neurons 
also using a caspase and actually showed slightly faster swim onset than wild type, 
though this was not statistically significant (Figure 3). 
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 To investigate the molecular mechanisms of swim initiation, strains with 
mutations in transmembrane receptors or channels expressed in sensory neurons, such 
as ASK, were also assayed for their efficiency to initiate swimming (green bars in Figure 
3). Of these strains, CX10 had the only statistically significant delay in swim onset: 
13.80 ± 5.24s, p = 4.41 x 10-5. This strain has a mutation in the OSM-9 TRPV channel, 
which plays a role in chemosensation, osmosensation, and mechanosensation (Xiao & 
Xu, 2009).  
 As positive control, serotonergic pathway mutants that were previously shown to 
have delayed swim onset (tph-1) were also assayed (Figure 2A). As expected, the 
strain with this mutation, MT14984, had significantly delayed swim onset: 18.55 ± 9.77s, 
p = 1.66 x 10-5 (Figure 3). To further investigate the serotonergic pathway involved in 
swim initiation, mod-5 and nca-2 mutants were also tested. MOD-5 is a serotonergic 
reuptake transporter expressed in AIM and NSM, and NCA-2 is a cation channel 
expressed at serotonergic neuromuscular junctions. MT9772 (mod-5) worms had an 
extremely delayed swim onset of 23.01 ± 7.89s, p = 1.05 x 10-5. Of the two nca-2 
mutant strains tested, only TS469 showed significantly delayed swim onset (23.76 ± 
15.10s, p = 1.11 x 10-4). TS465 has a rescue of nca-2 with nca-2::gfp, while TS469 only 

Figure 3. Results of swim onset assays. Swim onset assays were performed as 
described above. The sra-9::mCasp (PS6025 strain) mutants have a genetic ablation 
of the sensory ASK neurons using caspase. These mutants as well as osm-9, tph-1, 
and mod-5 mutants showed significantly delayed swim onset. The nca-2 mutant 
strain TS469 also showed delayed swim onset. Bars report means with SEM, 8 ≤ n ≤ 
26, *P < .001, **P < 1 x 10-4, ***P < 1 x 10-5. 
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expresses nca-1::gfp. This provides evidence that NCA-2 is important for the initiation of 
swimming and that it’s function is not redundant to that of NCA-1. 
 
Discussion 
 The delayed swim onset of mutants with a genetic ablation of ASK suggests that 
these neurons might play a role in swim initiation. It is possible that these sensory 
neurons transduce an external or internal physical signal that the worm in suspended in 
liquid into the neural signal to initiate swimming. ASK is a pair of cholinergic, ciliated 
sensory neurons in the head of the worm that are gap-junction to each other and have 
been shown to play a role in chemosensation, sensing pheromones, and “local search” 
behavior for food (Hillard et al., 2002; Mocasko et al., 2009; Gray et al., 2005). More 
assays will be done for strains with genetic ablations of sensory neurons and 
interneurons to further elucidate the swim initiation circuit. 
 The delayed swim onset of osm-9 mutant worms suggests that this 
transmembrane protein might have a role in detecting the environmental cues involved 
in swim initiation. OSM-9 is a member of the TRPV family of proteins and is expressed 
in many sensory neurons. The genes for TRPV channels are highly conserved 
evolutionarily, and human TRPV channels are closely homologous to those in C. 
elegans. OSM-9 is involved in many sensory pathways, but might not directly detect 
external cues. Evidence suggests that chemosensory information might be relayed from 
a G protein-coupled receptor to OSM-9 and other TRPV channels through a CAMKII 
signal transduction pathway (Fukoto et al., 2004).  
 It is unclear whether OSM-9 is a mechanoreceptor or acts downstream of one. 
Either way, it could be responsible for sensing when the worm is suspended in water by 
loss of contact with ground or by a change in body positioning. However, there is some 
evidence that OSM-9 might downregulate the expression of tph-1 in ADF serotonergic 
neurons (Zhang et al. 2004). TPH-1 is an enzyme in the serotonin synthesis pathway, 
and mutant assays with strains lacking this gene have delayed swim onset (Figures 2 & 
3). The purpose of this regulation, and whether osm-9 mutants are deficient in serotonin 
in other neurons is unclear. To ascertain whether osm-9’s function in ASK neurons is 
primarily responsible for their delayed swim onset, a transgenic strain that solely 
expresses osm-9 in ASK neurons will be created and assayed for delayed swim onset. 
More mutant assays are under way to find new receptors that might have a role in 
sensing the environmental triggers for swim initiation. 
 Worms lacking a functional mod-5 gene were even more deficient in initiating 
swimming than tph-1 mutants. This serotonergic reuptake transporter is expressed in 
AIM and RIH. These neurons might actually be dependent on reuptake to maintain 
adequate levels of serotonin (Jafarau et al. 2011). The lack of serotonin in AIM neurons 
would explain the extreme delay in swim onset in mod-5 mutants. These mutants were 
also appeared to have a very difficult time coordinating their body movements into the 
swimming gait and maintaining swimming. 
 NCA-2 and its close homolog, NCA-1, are voltage-insensitive cation channels 
believed to play a role in membrane excitability. These channels likely assist in the 
conductance of electrical signals down axons of motor neurons and interneurons in C. 
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elegans and are important for proper signal transduction at serotonergic neuromuscular 
junctions (Yeh et al., 2008).  The TS469 strain showed great variance in their swim 
onset time (Figure 3). This is likely because the worms appeared to have trouble 
maintaining the swimming locomotor pattern long enough to complete a full dorsal-
ventral c-shaped bend, which is the requirement for swim initiation. These worms also 
had trouble maintaining swimming after initiation. These data suggests that NCA-2 is 
important for sustaining the motor commands for swimming. 

  
 

 Figure 4 is a summary of the neural pathway for swim initiation in C. elegans. It 
is still unclear what environmental cues signal the need for swimming, but results from 
this study suggest that OSM-9 may play a role. It is possible that the worms can 
somehow directly sense the moisture of the liquid puddle around them, but it is difficult 
to imagine how worms can discriminate a puddle of water from the moisture-saturated 
agar that they crawl on. A more likely explanation is that a mechanosensory pathway 
tells the worm that it is no longer contacting land and is suspended in water, which is 
the converse of how dopamine neurons initiate crawling. In addition, C. elegans might 
be able to use proprioceptive mechanisms to sense that its body positioning is distorted 
while suspended in a puddle, and this triggers the initiation of swimming.   
 These environmental cues are likely detected by sensory neurons, but it is 
unclear how many sensory neurons are involved. The results from this study suggest 
that ASK sensory neurons might be important for this step. There is strong evidence 
that the serotonergic neurons AIM, NSM, and VC4/5 trigger the initiation of swimming 
(Figure 2). MOD-5 and NCA-2 appear to have important roles in the swim initiation 
pathway as well by maintaining adequate serotonin levels in serotonergic neurons and 
by propagating signals to neuromuscular junctions, respectively. 
 Even though the crawl-to-swim sensorimotor pathway in C. elegans is quite 
simple compared to similar circuits in other animals, there is still much left to discover. 

Figure 4. Theoretical, simplified pathway for the initiation of swimming in C. 
elegans. Environmental cues are detected by sensory neurons, which communicate 
(directly or through interneurons) to serotonergic neurons, which trigger motor 
neurons to switch from the crawling gait to the swimming gait. NSM and VC4/5 
neurons are actually motor neurons that directly innervate muscle. The full circuit 
likely involves multiple pathways and many neurons, and also must have inhibitory 
interactions with the dopaminergic crawl-initiation circuit. 
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More mutant swim onset assays are being conducted on strains with genetic ablations 
of sensory neurons and on strains with mutated receptors or channels. These 
experiments should lead to a better understanding of the molecular mechanisms of the 
crawl-to-swim transition and to help characterize which sensory neurons are involved. 
Once the transgenic worm lines are completed, GCaMP3 and optogenetic assays will 
provide further evidence for the role of ASK and other neurons in swim initiation. 
Elucidating the mechanism of how C. elegans transitions between different locomotor 
gaits could lead to a better understanding of how other animals, including humans, 
perform these transitions, how these transitions evolved, and how they might be 
impaired in human locomotor diseases, such as Parkinson’s. Also, a better 
understanding of invertebrate locomotion could lead to the creation of more specific and 
effective agents to protect our food sources from nematode parasites.  
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