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Abstract 

Combining the nematode Caenorhabditis elegans with novel microfluidic 

technology has produced a phenotypic movement assay that is at once rapid, 

sensitive, and low-cost. The method is based on the neurophysiologic 

phenomenon of worms exhibiting robust, continuous, directed locomotion in 

response to mild electric fields inside a microchannel. As we demonstrate with the 

studies reported herein, our microfluidic electrotaxis platform is a unique tool for 

studying the effects of environmental and genetic manipulations on C. elegans’ 

movement behaviour, which in turn indicates the state of the organism’s neuronal 

and muscular systems. 

In one initiative to develop an inexpensive biosensor, we use the setup to 

measure the response of worms to common environmental pollutants. Results 

indicate that worms’ electrotactic swimming behaviour is particularly susceptible 

to metal salts. A comparison with traditional assays measuring fecundity, growth, 

and lifespan reveals that electrotactic speed shows a comparable level of 

sensitivity as a toxicity endpoint. 

Another study demonstrates that worms expressing a mutant form of α-

synuclein, a familial Parkinson’s disease-related protein, show deficits in 

electrotactic swimming speed that coincide with dopaminergic neuron damage. 

We further show that both the electrotaxis and neuronal phenotypes can be 

ameliorated by treatment with curcumin, a putative neuroprotective agent. 

We have also used the platform to investigate the effects of other 

environmental and genetic stresses on electrotactic behaviour. Our findings 

indicate that the response can withstand many different insults but is affected by 

stresses that induce the mitochondrial and ER unfolded protein responses, which 

themselves play roles in preserving electrotactic swimming behaviour alongside 

the heat shock response. 

These data expand our knowledge of how the motor output component of 

C. elegans’ electrotactic response is perturbed by environmental and genetic 

manipulations, and also support the utility of microfluidic electrotaxis as a 

functional output of nematode locomotory circuits in a multitude of contexts. 
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Chapter 1-Introduction 

1.1 Response to environmental stimuli 

 All species depend on their ability to adapt to changing environments to 

survive and proliferate. For individual organisms, adaptability includes real-time  

responsiveness to a variety of environmental cues. The resultant behaviours, such 

as the pheromone trail of an ant scout that has found food or the phalanx 

formation of threatened muskoxen, are often crucial for locating resources or 

avoiding predation. While differing in complexity from simple reflexes to fixed 

action patterns to learned behaviours, all contribute to fitness and are therefore 

important to study. Moreover, the cellular and molecular characterization of the 

processes involved have increased our understanding of neuronal signaling and 

neurobiology in general. Such studies commonly employ model organisms, both 

vertebrate and invertebrate. 

 

1.1.1 Vertebrate models 

 Vertebrates are the models of choice for addressing questions with direct 

implications for human health. They have also been useful for studying the 

general phenomenon of behavioural responses to stimuli. 

 Perhaps the best known and most widely used vertebrate model is the 

laboratory mouse, Mus musculus. Being one of the definitive classical model 

organisms, the mouse has been used to study a wide variety of behavioural 

responses and their relation to neurological phenomena as fundamental as 

learning and memory (1). For instance, one common assay for novel object 

recognition, which relies on the hippocampus and cortex, has been used to 

evaluate the role of histamine signaling in the mouse’s ability to distinguish novel 

from familiar objects. The study found that mice treated with histamine receptor 

H3R antagonists did not display novel object recognition, indicating a role for 

histamine in learning and memory (2). Another well-known assay, called the 

forced-swim test, measures behavioural despair in studies using mice to model 

depression (1). The test involves placing the mouse into a cylinder filled with 

water to a level that allows the animal to neither rest on its tail nor climb out of 

the cylinder, leaving it with only the options of futile struggle and immobile 

floating, with immobility duration being scored as a measure of depression. In one 

study, compounds were evaluated for antidepressant activity by measuring their 
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effects on forced-swim test results. The study found that administration of 

melatonin, among other agents, could significantly attenuate the duration of the 

immobility period, supporting further exploration of this hormone as a potential 

treatment for depression (3). Together with the plethora of research not mentioned 

here, these findings have improved our understanding of fundamental processes in 

metazoan behaviour. 

 

1.1.2 Invertebrate models 

 Although vertebrate models best reflect the biological processes in 

humans, their relatively slow development and long lifespans hinder the speed of 

experiments. Moreover, the use of model organisms from a wide assortment of 

lineages on the tree of life is desirable for the purposes of comparative molecular 

biology. Hence, invertebrates such as fruit flies also enjoy a high degree of 

popularity. Drosophila melanogaster is especially famous, having been the 

subject of Thomas Hunt Morgan’s classic studies of mutation in the early 20
th

 

century, and has been used to study behavioural phenomena such as phototaxis, 

olfactory and gustatory chemotaxis, hygrotaxis, thermotaxis, and geotaxis (4). 

Screens utilizing these and other behavioural responses have helped to isolate 

genes involved in vision, olfaction, audition, learning and memory, courtship, 

pain, and other processes (5). 

 The nematode Caenorhabditis elegans has also been instrumental in 

expanding our knowledge of behavioural responses to environmental stimuli, with 

many of its taxis behaviours already widely studied. The strengths and 

distinguishing features of this model are discussed in the following subsection. 

 

1.1.3 C. elegans model 

C. elegans is a popular model system due in large part to its ease of culture 

and maintenance (6). First introduced to developmental biologists by Sydney 

Brenner (7), this free-living hermaphroditic species has since become a staple in a 

variety of fields. C. elegans thrives in laboratory conditions, feeds on bacteria, 

and is able to produce over 300 progeny across its lifetime, which generally spans 

no more than 2-3 weeks. Eggs hatch to produce L1 larvae, which then proceed via 

a series of molts through the L2, L3, and L4 stages before finally entering 

adulthood a mere 2-3 days after hatching (Figure 1). The majority of C. elegans 

are self-fertilizing hermaphrodites, though males are also present and reproduce 

by mating with hermaphrodites; combined with its short generation time, this 

reproductive strategy renders C. elegans highly amenable to genetic manipulation. 

Under stressful conditions such as food shortage or overcrowding, larval C. 
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elegans adopt an alternative developmental stage called dauer instead of L3. 

Dauers can survive for months without food and re-enter the normal life cycle as 

L4s upon encountering better conditions, making strains easy to maintain over 

long periods. Furthermore, C. elegans can be stored in liquid nitrogen and thawed 

years later to re-establish growing cultures when needed. 

Of course, the strengths of C. elegans extend beyond its culture 

convenience. With only 959 somatic cells in the adult hermaphrodite, this animal 

provides a relatively simple metazoan system in which to explore intercellular 

networks, behaviour, and other biological phenomena. At the same time, C. 

elegans shares many conserved disease mechanisms and roughly half of its genes 

with humans, allowing disease-related findings to be successfully translated to 

human health (8). In addition, its transparent body allows in vivo visualization of 

cellular and molecular events in real time using green fluorescent protein (GFP)-

based molecular markers without the need for sacrifice. 

Because C. elegans is used so widely, an impressive array of online, freely 

available resources has been established (9). Its entire genome, which was the first 

among all multicellular organisms to be sequenced, is available on WormBase 

(www.wormbase.org), while its complete cell lineage has been mapped and is 

accessible on WormAtlas (www.wormatlas.org). Furthermore, a collection of 

reviews detailing techniques and other topics related to C. elegans biology, known 

as WormBook (www.wormbook.org), has been compiled through the 

contributions of nematode researchers across the globe. Indeed, this animal is 

commonly considered one of the most thoroughly studied multicellular organisms 

in terms of genetics, development, behaviour, and physiology. 

Many key discoveries with direct implications for human health were first 

made in C. elegans. Nematode researchers Sydney Brenner, Robert Horvitz, and 

John Sulston were awarded the 2002 Nobel Prize in Physiology or Medicine for 

their discoveries regarding the genetic regulation of organ development and 

apoptosis. Not long afterwards, Andrew Fire and Craig Mello won the 2006 

Nobel Prize in Physiology or Medicine for their discovery of double-stranded 

RNA-mediated gene silencing, or RNA interference (RNAi), in C. elegans (10). 

RNAi is now commonly employed in gene loss-of-function experiments, which 

are especially straightforward in C. elegans due to its uncommon ability to uptake 

RNA from its environment by virtue of its expression of the intestinal luminal 

transmembrane protein SID-2 (11). C. elegans has also been employed in the 

modeling of various disorders including obesity (12), hypertension (13), muscular 

and neuronal degeneration (14,15,16). Additionally, the ease of C. elegans 

maintenance allows performance of high-throughput genetic and chemical 

screens, which has accelerated drug discovery and identification of therapeutic 

targets (17,18). 



Ph.D. Thesis - Justin Tong  McMaster University - MiNDS Neuroscience 
 

4 

 

 

1.2 Responses of C. elegans to external stimuli 

Being highly mobile creatures that occupy diverse habitats, nematodes 

have evolved a number of behaviours allowing them to respond appropriately to 

different stimuli. Many of these behaviours amount to alterations in the animal’s 

locomotory trajectory to guide movement either towards or away from the 

stimulus’ origin. Such responses, known as taxes, have developed in C. elegans 

for a wide range of environmental cues including odours, tastes, temperature, 

touch, light, oxygen, magnetic field, and electric potential. These stimuli are 

largely detected by neurons in the amphids, and to a lesser extent, the phasmids, 

paired sensory organs in the head and tail regions respectively (Figure 2). Most 

sensory neurons are identical to their contralateral twins but otherwise unique 

regarding not only their synaptic connections, but also their sensitivities to 

particular cues. Some, known as polymodal neurons, even detect multiple classes 

of stimulus: AWC, for example, plays roles in both odorsensation and 

thermosensation (19). Upon activation, taxis-mediating sensory neurons stimulate 

subsets of an intricate interneuron network, with sensory inputs integrated at the 

cells known as command interneurons. These cells, in turn, synapse onto motor 

neurons to influence locomotion. 

 Perhaps the best characterized of C. elegans taxes is chemotaxis, which is 

employed to find food, avoid hazards, and mate (20). The C. elegans 

chemosensory system is highly developed and serves both olfactory and gustatory 

functions, being sensitive to volatile as well as water-soluble factors. 32 of C. 

elegans’ 302 neurons are equipped with chemoreceptors that are either directly or 

indirectly exposed to the environment through openings generated by specialized 

glia called the socket and sheath cells (20). Of these chemosensory neurons, 11 

are found in each of the two amphids, 2 are located in each of the two phasmids, 

and one resides in each of the six inner labial organs in the mouth area. Each 

neuron expresses a specific suite of receptor genes and detects a particular set of 

attractants and repellents. 

When pursuing an attractive chemical stimulus, C. elegans employs a 

strategy called the “pirouette model,” in which animals exhibit stretches of 

forward motion punctuated with random direction changes called pirouettes (21). 

The frequency of pirouettes is adjusted based on animals’ perception of changes 

in attractant concentration: when travelling up a gradient of attractant, pirouettes 

are rare, but when travelling down a gradient of attractant, pirouettes are more 

frequent. In this way, worms make long movements toward the source of the 

stimulus and only short movements away from it. This approach, which is highly 
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similar to the “biased random walk” method of chemotaxis used by bacteria 

(22,23), is well suited to the inconstancy of natural conditions but sub-optimal for 

chemotaxis in more linear laboratory conditions. 

 Another well-studied C. elegans taxis behaviour is exhibited in response to 

thermosensation (24). A wild-type C. elegans can grow well at temperatures 

ranging from 15°C to 25°C but develops a preference in adulthood for the 

temperature at which it was cultivated, which can be observed by placing the 

animal into a thermal gradient. In the presence of a radial thermal gradient, C. 

elegans display “isoclines” of movement, circling the plate at precisely its 

preferred temperature (25). Similarly, in a linear thermal gradient, worms grown 

at a particular temperature tend to cluster around the region in the gradient where 

that temperature can be re-experienced (25). Thermosensation is mediated 

primarily by the AFD amphid neurons, with contributions from AWC and ASI as 

well (26,19,27). In a manner similar to the pirouette model of chemotaxis, these 

neurons act in concert to increase reversal and turning frequency upon detection 

of supra-optimal temperatures, resulting in thermotaxis back down the gradient to 

the worm’s culture temperature. 

 Though not strictly considered a taxis, C. elegans’ mechanosensory 

behaviour represents an additional system used by worms to respond to changes 

in their environment. The mechanosensory system, which comprises 30 

mechanoreceptor neurons in the hermaphrodite, allows C. elegans to detect 

collisions and the forces generated by their own movement (28). The worm’s 

response to mechanosensation is most easily observed in the lab by touching its 

body with a wire pick, which elicits avoidance behaviour: a prod along its anterior 

half causes it to move backward while a prod along its posterior half causes it to 

move forward or accelerate if it was already moving forward. Tapping the plate to 

cause vibrations in the substrate is believed to activate all touch receptor neurons 

at once, but stimulation of the anterior neurons appears to dominate and manifest 

as reversal of direction in wild-type adults (28). Repeated activation of 

mechanoreceptor neurons causes desensitization, however, and results in 

habituation to touch stimuli. 

 C. elegans possesses further movement-guiding senses, including an 

ability to detect light (29). Like its soil-dwelling relatives, C. elegans is partial to 

dark environs in the wild; keeping it in the shade is its negative phototactic 

behaviour. While the animal lacks eyes, a number of amphid sensory neurons 

including ASH, ASJ, ASK, and AWB have been identified as light-sensitive and 

responsible for C. elegans’ aversion to light (30). A pulse of light focused on the 

head of a worm moving forward causes immediate cessation of forward 

locomotion and initiation of reversals, whereas directing a flash onto the tail of a 

worm moving backwards causes it to start moving forward. The penetrance of this 

response varies with both light intensity and wavelength: worms are more likely 
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to respond to stronger light stimuli and are more sensitive to shorter wavelengths, 

responding robustly to ultraviolet, violet, and blue light but only rarely responding 

to green or yellow light. It has been suggested that C. elegans’ phototaxis is an 

important mechanism to protect it from the shorter-wavelength components of 

sunlight, given that prolonged exposure to ultraviolet, violet, and blue but not 

green or yellow light causes worms to paralyze and die (30). Because worms only 

exhibit strong phototaxis when the light is potentially harmful, light is not an ideal 

stimulus for studies requiring on-demand induction of C. elegans locomotion. 

 Oxygen level is another factor influencing worm movement. Like most 

multicellular eukaryotes, C. elegans requires oxygen to live and grow: under 

anoxic conditions, worms immobilize and eventually die (31). At the same time, 

hyperoxic conditions promote the production of reactive oxygen species (ROS) 

(32), which have a complex relationship with cellular stress but can certainly 

cause damage when present in excess (33). C. elegans therefore exhibits a strong 

preference for 5-12% oxygen, using aerotaxis to avoid lower and higher levels 

(34). Mediating this behaviour are the polymodal chemosensory neurons AQR, 

ASH, and ADF in the amphid and PQR in the phasmid, with additional 

contributions from the combination oxygen-sensor/interneuron URX (35).  While 

an interesting phenomenon, the aerotactic response is variable and not fully 

penetrant, rendering oxygen an unsuitable stimulus to control movement of 

animals. 

 Magnetic field is yet another nonchemical agent whose guiding effect on 

C. elegans locomotion has been studied, though much of the relevant work is 

incomplete as of yet. Both static magnetic fields (SMFs) and alternating current 

magnetic fields (ACMFs) have deleterious effects on worm health: SMFs of 200 

mT reduce lifespan and fertility (36,37), and ACMFs up to 1.7 T reduce fertility 

and growth (38). Changes in gene expression that accompany exposure to 

magnetic field have also been identified (36,37,39), and decreases in locomotory 

rate have been observed (40). However, while magnetotaxis has been reported 

(41), work demonstrating the use of magnetic fields to guide worms’ direction of 

movement and studies identifying the neurons responsible have not yet been 

published. 

Clearly, worms are able to detect and respond to a wide variety of 

environmental cues. However, among all the taxes of C. elegans, electrotaxis 

(formerly known as galvanotaxis, referring to directed movement initiated and 

maintained in response to detected electric field stimuli) stands out as the 

behaviour most easily exploited to robustly direct worm movement. Hence, the 

present study sought to better characterize aspects of this behaviour in particular. 

Electroreception and electrotaxis are described in greater detail in the following 

section. 
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1.2.1 Response to electric field stimulus 

 Electrotaxis is employed by many different taxa and for many different 

purposes. It is well-studied in motile cells: plant pathogenic microbes such as 

Phytophthora and Pythium oomycetes, for example, rely on electric fields to 

target plant roots (42), though the molecular mechanisms remain unknown at 

present. Some cells in metazoan systems are also known to exhibit electric field-

dependent motility: for instance, during wound healing, epithelial cells use 

wound-generated electric fields to guide their migration to the site of injury 

(43,44,45). Mounting research indicates a role for electrotaxis in various other 

basic processes as well, including embryonic development (46,47) and nerve cell 

growth (48). During electrotaxis, different cell types under different conditions 

have different preferences for migration direction, but many will change their 

initial direction when the external electric field is first applied and again if the 

electric field is reversed in polarity, suggesting that electrical stimulus exerts 

stronger control than even chemical guidance on cell migration (49,50). 

Increasing evidence supports the hypothesis that electrical signals act on the same 

downstream motility pathways as chemical cues and general cell migration, 

inducing reorientation of cell surface and signalling molecules (50,51). Specific 

pathways thought to be involved include phosphoinositide 3-kinase (PI3K) 

signaling, polarization of epidermal growth factor receptor (EGFR), voltage-gated 

Na
+
 channels, Ca

2+
 signaling, and Ca

2+
-associated ROS generation (52). However, 

this field is still an emerging area of research, and the exact molecular 

mechanisms underlying the electrotactic behaviour of single cells have yet to be 

precisely characterized. 

 Whole-organism electric field-induced behaviour is well-studied in fish 

(53), many of which bear electroreceptors just beneath the body surface even if 

they lack electric organs. Electroreceptors are found in cartilaginous fish (sharks 

and rays), teleost and non-teleost ray-finned fish, lungfish, and coelacanths, and 

seem to have evolved in fish on four or more independent occasions (53). 

Different species employ electroreception for different purposes: for instance, 

non-electric fish such as sharks utilize passive electrolocation, wherein the shark 

senses the weak bioelectric fields generated by prey to locate them (54). 

Meanwhile, fish with electric organs (electrogenic, or more simply, electric fish) 

utilize active electrolocation, wherein the fish senses its surrounding environment 

by detecting distortions in self-generated electric fields, as well as 

electrocommunication, which involves modulating the waveform of self-

generated electric fields for mate attraction and territorial displays (55). Passive 

electrolocation relies on ampullary receptors, which are sensitive to low 

frequencies (< 50 Hz) and consist of a jelly-filled canal leading from the sensory 

receptors to the skin surface, whereas active electrolocation and 
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electrocommunication use tuberous electroreceptors that are sensitive to higher 

frequencies (20-20,000 Hz) (54,55). 

 Due to the importance of electrosensation for navigation, weakly electric 

fish have evolved behavioural mechanisms for the maintenance of “private” 

frequency bands, or undisturbed frequency domains. The best studied of these 

behaviours is the jamming avoidance response (JAR), in which neighbouring fish 

actively adjust their electric organ discharge (EOD) frequencies to avoid overlap 

(53). The circuits involved in the JAR have been elucidated through lesion 

studies. Briefly, electrosensory information is collected by T-type and P-type 

electroreceptors, which encode amplitude and phase respectively. This 

information is relayed through separate pathways to the hindbrain, then converges 

in the midbrain. Encoding of the sign of the frequency difference between the 

fish’s EOD and the interfering signal is performed by the nucleus electrosensorius 

in the diencephalon, which projects to different prepacemaker nuclei; these cells, 

in turn, project onto the pacemaker nucleus, which controls EOD frequency (53). 

Study of the JAR has shed light on how electrical signals are processed by the 

nervous system of weakly electric fish, and more broadly, how the circuitry 

underlying a specific behaviour can be unraveled. 

 Electroreception has also been reported in a number of other organisms, 

including monotremes such as the duck-billed platypus (56,57), dolphins (58), 

bees (59), and of course, a wide variety of nematodes, which respond to electrical 

signals with directed locomotion (60,61). The ecological significance of this 

behaviour is unclear in some cases, but in parasitic nematodes such as the 

steinernematids, increasing evidence suggests that electrotaxis may be important 

for host-finding (62,63). Host-finding strategies vary from species to species, 

ranging from ambush (sit & wait) to cruise (search & destroy), but all 

steinernematids exhibit electrotaxis, and the differences in their electrotactic 

responses correlate with their host-finding strategies. For instance, in the presence 

of electric field, cruisers such as Steinernema glaseri move towards the anode 

(higher electric potential) while ambushers such as Steinernema carpocapsae 

move towards the cathode (lower electric potential) (62). Being attracted to lower 

electric potential seems to draw animals towards plant roots, facilitating the 

finding of phytophagous hosts. Indeed, ambushers seem to be more successful in 

finding mobile hosts, while cruisers are better at finding sedentary hosts (63). 

The electrotactic response of C. elegans in particular was first 

demonstrated by Sukul and Croll in 1978 (64), who showed that worms crawl 

toward the negative electrode in the presence of a direct current (DC) electric field 

in an agar environment. Electrotaxis studies were continued by Gabel and 

colleagues in 2007, who showed that worms approach the cathode at an angle 

proportional to field strength (65). Furthermore, cell ablation experiments 

conducted by the same group indicated that no single neuron is responsible for 
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sensing the electric field, though amphid sensory neurons ASH, ASJ, and to a 

lesser degree ASK, AWB, and AWC were shown to contribute. Moreover, 

ablating all dendrites in both amphid nerve bundles was observed to severely 

disrupt electrosensation, further implicating the importance of amphid neurons in 

electrosensation (65). The neuronal circuits thought to mediate electrotactic 

behaviour are shown in Figure 3. However, more work is required to fully 

explore the neuronal signaling and underlying mechanisms that mediate 

electrotaxis. The biological relevance of this behaviour also remains unclear, 

though the fact that electroreception facilitates food-finding in non-electric fish, 

electroreceptive mammals, and bees, as well as the evidence supporting electric 

field as a host-finding cue in parasitic nematodes  (66,62), supports speculation 

that electrotaxis may help C. elegans to find food in the form of decaying plant 

matter and dying animals, which are likely to harbour bacteria. 

 Although electrotactic mechanisms overlap significantly with those of 

other taxes, there remains much that we do not understand about electrotaxis at 

the molecular level. Our lab is interested in exploring how this phenomenon is 

mediated. To address this question, one must appreciate that the behaviour is 

divisible into sensation, regulatory, and motor output components. Therefore, one 

aspect of our research approach involves identifying the neural circuits and 

genetic pathways responsible for electrosensation. This work is being led by my 

colleague, Sangeena Salam. A second aspect of our research approach is to study 

how the motor output of the response is affected by environmental and genetic 

manipulations; herein lies the focus of my work. I was specifically interested in 

investigating how C. elegans’ response to stress manifests during electrotaxis, 

which I sought to address by studying the effects of environmental pollutants, 

genetic stress in the form of Parkinson’s disease (PD) mutant α-synuclein (αSyn), 

and activation of cellular stress responses such as the unfolded protein response 

(UPR) on worms’ electrotactic movement. The findings from this work reveal that 

the worm’s motor response to electric field is regulated by specific mechanisms, 

and provides clues to the nature of those mechanisms, which may be relevant to 

electroreception phenomena in other taxa as well. 

 

1.2.2 Investigations of C. elegans electrotaxis using a microfluidic 

setup 

 In addition to studies of how electric cues are detected, processed, and 

answered with directional locomotion, our group also explores engineering 

approaches to adapt electrotaxis for practical purposes such as drug discovery and 

high-throughput screens. In this process, our collaborators in the Selvaganapathy 

lab have developed a microfluidic system that increases uniformity of the electric 

field and eliminates the factor of the angle at which worms approach the cathode 
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(67). The platform, detailed in Chapter 2, projects a DC electric field through the 

axis of a buffer-filled microchannel made from polydimethylsiloxane (PDMS) 

(Figure 4). The DC field was seen to be a highly effective stimulus for inducing 

movement, with worms continuing to swim even during long exposures of over 

ten minutes. Importantly, animals responded to the stimulus immediately and with 

full penetrance, while reversing the field polarity caused them to quickly turn 

back and resume motion in the opposite direction; together, these characteristics 

afford investigators very tight control of C. elegans movement. It was further 

observed that exposure to the electric field has no adverse effect on worms’ long-

term health in terms of lifespan and fertility (67). 

Worms appear to begin exhibiting electrotaxis in L3, increase in speed 

until young adulthood, and then become progressively more sluggish with age. 

Different stages are also sensitive to different ranges of field strength: L3s have 

been observed to respond to fields between 4 and 12 V/cm, L4s respond to fields 

between 4 and 10 V/cm, and adults respond to fields between 2 and 4 V/cm. For a 

given stage, speed is independent of electric field strength (67). 

Although assays using constant DC signals are the focus of the present 

study, our colleagues have also explored the use of alternating current (AC) and 

pulse DC electric fields for control of nematode locomotion inside microchannels 

(68,69). Symmetric square-wave AC fields with frequencies of 1 Hz or greater 

were seen to inhibit C. elegans from traveling either forward or backward, 

allowing investigators to effectively localize animals at will (68); it has therefore 

been suggested that new microfluidic devices  may be designed to incorporate 

both DC and AC fields to permit even more powerful manipulation of worms’ 

movement. On the other hand, pulse DC signals generate responses in both C. 

elegans and its relative C. briggsae that are only subtly different from the 

responses resulting from constant DC signals, though robustness of electrotaxis 

decreases as the “on” proportion of the pulse signal is shortened. While these 

findings are interesting, AC and pulse DC signals were not utilized in the research 

conducted for this thesis. 

In summary, by combining electrotaxis with microfluidic technology, we 

have created an environment where worms reliably choose to swim toward the 

negative electrode in the presence of a DC electric field. Since  electrosensation 

and the decision to swim are mediated by neurons while the swimming itself is 

mediated by muscles, abnormalities in either neuronal signalling or muscular 

function can be detected by the assay using locomotion, specifically swimming 

speed, as a readout (70). Such control over worm locomotion makes the 

microfluidic electrotaxis assay a valuable technique with much utility. 
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1.3 Overall Goal & Specific Aims 

 Our group has previously designed a microfluidic chip for the study of 

nematode electrotaxis behaviour (67), and shown that it can be used to sort worms 

by age and phenotype (71) and localize worms with AC electric fields (68). 

Building on this work, the overall goal of the present thesis was to further 

develop assays for the quantitative measurement of changes in the 

electrotactic swimming response of C. elegans, and to use these assays to 

dissect genetic and environmental factors that affect this behaviour. 

 To achieve this goal, we sought to accomplish the following three aims. 

Aim 1: Investigate the effect of environmental pollutants on electrotactic 

swimming behaviour. There are many anthropogenic chemicals regularly 

released into the environment that may affect animals’ health in a variety of ways 

and hence stand to have an impact on the electrotactic swimming response. We 

were interested in exploring whether the behaviour is sensitive to such chemicals, 

both for the biological implications and to establish the microfluidic assay as a 

tool for future toxicological studies. We therefore addressed this aim by 

evaluating changes in electrotactic movement following the exposure of animals 

to a spectrum of pollutants including inorganic and organic metal salts, 

xenoestrogens, industrial solvent, herbicide, and a fish anesthetic. To allow 

comparison of the electrotaxis results with more traditional endpoints, we 

conducted other common nematode toxicological assays measuring reproduction, 

growth, and lifespan. We also used fluorescent marker strains, including ASEL 

marker gcy-7::GFP and GABAergic neuronal marker unc-47::GFP, to identify 

neuronal abnormalities that could at least partly account for the electrotactic 

defects observed in exposed worms. Additionally, we conducted inductively 

coupled plasma-mass spectrometry (ICP-MS) to measure toxicant levels inside 

worms as well as inside exposure media to ensure efficient uptake and evaluate 

bioaccumulation. 

Aim 2: Investigate the effect of genetic stress, via ectopic expression of 

familial PD mutant αSyn, on electrotactic swimming behaviour. Genes 

contribute significantly to one’s risk of developing neurodegenerative diseases 

such as PD. The SNCA gene in particular, which encodes αSyn, has been strongly 

associated with familial PD in humans, growth inhibition in yeast, and 

dopaminergic neurodegeneration in invertebrate models (72). Given its propensity 

for causing cellular stress, we deemed A53T mutant αSyn as an appropriate test 

condition for studying the impact of genetic stress factors on electrotactic 

swimming. We therefore addressed this aim by first obtaining and evaluating the 
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electrotactic behaviour of unc-51::αSyn(A53T) and unc-54::αSyn(A53T) 

transgenic animals. Next, we constructed dat-1::αSyn(A53T) transgenic lines to 

allow evaluation of dopaminergic neuron-specific effects. We validated these 

strains for dopamine neurodegeneration and defective dopamine-mediated 

behaviours, such as the food-sensing basal slowing response, and characterized 

their electrotaxis across a time course. To determine whether the αSyn-induced 

electrotactic swimming defects are specific to dopaminergic neurons, we also 

constructed and assessed the electrotaxis of lin-11-int3::αSyn(A53T) transgenic 

lines, in which αSyn is expressed in a subset of non-dopaminergic head sensory 

neurons. Together, these experiments showed that αSyn genetic stress in specific 

cell types impairs electrotactic motility, and support the association between 

dopamine signaling and electrotactic swimming first indicated by our colleague’s 

work with neurotoxicants (73). To demonstrate the platform’s potential for PD 

drug discovery, we proceeded to test the ability of curcumin, a putative 

neuroprotective agent, to ameliorate the neuronal and movement phenotypes of 

the dat-1::αSyn PD model worms. 

Aim 3: Investigate the relationships between cellular stress response 

pathways, specifically the UPR
mt

, UPR
ER

, and heat shock response, and 

electrotactic swimming behaviour. After observing quantifiable impairments to 

electrotactic motility from metal exposure and ectopic αSyn expression but not 

various other stresses, we wished to know whether common themes could be 

found to link together the stress factors that do affect electrotactic swimming.  

Given the high energy demands of the muscles and neurons involved in 

electrotaxis, a particularly interesting avenue to explore was found in 

mitochondrial stress, which is known to activate the mitochondrial unfolded 

protein response (UPR
mt

) (74). We expected that UPR
mt

-inducing conditions and 

perturbations in the UPR
mt

 itself would manifest as deficits in electrotactic 

motility. Additionally, we wished to explore the UPR in other cellular 

compartments, as the endoplasmic reticulum (ER) UPR (UPR
ER

) (75,76,77,78,79) 

and the cytosolic UPR (better known as the heat shock response) 

(80,81,82,83,84,85) have both been implicated in neuroprotection and 

neurodegeneration. We therefore addressed this aim by inducing a range of 

stresses, through both environmental and genetic means, and evaluating resultant 

changes in electrotactic movement. The test conditions included paraquat and 

tunicamycin treatments, heat stress, electron transport chain (ETC) mutations, 

UPR machinery mutations, and others. We used stress-responsive fluorescent 

marker strains to visualize activation of stress response pathways: hsp-6::GFP and 

hsp-60::GFP for the UPR
mt

, hsp-4::GFP for the UPR
ER

, and hsp-16.2::GFP for the 

heat shock response. To determine whether neuronal abnormalities might at least 

partially account for the observed behavioural defects, we examined the effects of 

the tested stress conditions on the morphology of dopaminergic neurons in dat-

1::YFP transgenic worms. 
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 Addressing these aims has revealed that the worm’s motor response to 

electric field is regulated by specific mechanisms, and has provided clues to the 

nature of those mechanisms. Our findings are significant to the broader field of 

electric field-dependent behaviour because the effects of metal toxicity on 

electrosensory behaviour have not been reported in any organism to date, nor have 

any connections with the UPR been previously considered; therefore, our findings 

may indicate a novel set of mechanisms regulating organisms’ response to electric 

stimuli. Moreover, we demonstrate the utility of the microfluidic electrotaxis 

system for myriad purposes, including the evaluation of potential neuroprotective 

compounds; hence, we posit that our assay will accelerate screening efforts and 

other research involving the phenomenon of nematode electrotaxis. 
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Figures 

 
 

 
Figure 1. C. elegans and its life cycle. (A) DIC image of adult hermaphrodite, left 

lateral side. (B) Developmental stages and durations at 22°C. Adapted from 

WormAtlas (86) with permission from WormAtlas. 
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Figure 2. Structure of head and tail sensory organs in C. elegans. (A) Anatomical 

location of the amphids and phasmids. (B) Detailed structure of the amphid 

sensory opening showing ciliated nerve endings. (C) Detailed structure of the cilia 

in the 12 classes of amphid neurons. Adapted from WormBook (20) with 

permission from WormBook and Elsevier. 
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Figure 3. Neural circuits involved in electrosensation, as proposed by Gabel and 

colleagues (65). Sensory neurons are represented as triangles, with those . 

Interneurons and command motor neurons are represented as hexagons. Pointed 

arrows indicate chemical synaptic connections between neurons. Flat-headed 

arrows indicate gap junctions. RIM and AVA appear to contribute to turns and 

reversals during electrosensory steering, respectively. Additional neurons show 

pathways that might connect ASJ, ASH, RIM, and AVA to motor output during 

electrotactic behavior. Adapted from Gabel and colleagues (65) with permission 

from SfN. 
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Figure 4. The microfluidic electrotaxis platform. (A) Worms are aspirated into 

the channel with a syringe or pump, electric field is generated by a power supply, 

and worm response is recorded with a microscope-mounted camera. (B) Sealed 

PDMS microchannel with electrodes and inlet/outlet tubes embedded in reservoir 

areas. Adapted from the original article by Rezai and colleagues (67) with 

permission from RSC.  
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Chapter 2-Microfluidic-based electrotaxis for on-demand 

quantitative analysis of Caenorhabditis elegans’ 
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Short Abstract: (50 words maximum) 

A semi-automated micro-electro-fluidic method to induce on-demand locomotion 

in Caenorhabditis elegans is described. This method is based on the 

neurophysiologic phenomenon of worms responding to mild electric fields 

(“electrotaxis”) inside microfluidic channels. Microfluidic electrotaxis serves as a 

rapid, sensitive, low-cost, and scalable technique to screen for factors affecting 

neuronal health. 

Long Abstract: (150 words minimum, 400 words maximum) 

The nematode Caenorhabditis elegans is a versatile model organism for 

biomedical research because of its conservation of disease-related genes and 

pathways as well as its ease of cultivation. Several C. elegans disease models 

have been reported, including neurodegenerative disorders such as Parkinson’s 

disease (PD), which involves the degeneration of dopaminergic (DA) neurons 
1
. 

Both transgenes and neurotoxic chemicals have been used to induce DA 

neurodegeneration and consequent movement defects in worms, allowing for 

investigations into the basis of neurodegeneration and screens for neuroprotective 

genes and compounds 
2, 3

. 

Screens in lower eukaryotes like C. elegans provide an efficient and economical 

means to identify compounds and genes affecting neuronal signaling. 

Conventional screens are typically performed manually and scored by visual 

inspection; consequently, they are time-consuming and prone to human errors. 

Additionally, most focus on cellular level analysis while ignoring locomotion, 

which is an especially important parameter for movement disorders. 

We have developed a novel microfluidic screening system (Fig. 1) that controls 

and quantifies C. elegans’ locomotion using electric field stimuli inside 

microchannels. We have shown that a Direct Current (DC) field can robustly 

induce on-demand locomotion towards the cathode ("electrotaxis") 
4
. Reversing 
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the field’s polarity causes the worm to quickly reverse its direction as well. We 

have also shown that defects in dopaminergic and other sensory neurons alter the 

swimming response 
5
. Therefore, abnormalities in neuronal signaling can be 

determined using locomotion as a read-out. The movement response can be 

accurately quantified using a range of parameters such as swimming speed, body 

bending frequency and reversal time. 

Our work has revealed that the electrotactic response varies with age. Specifically, 

young adults respond to a lower range of electric fields and move faster compared 

to larvae 
4
. These findings led us to design a new microfluidic device to passively 

sort worms by age and phenotype 
6
. 

We have also tested the response of worms to pulsed DC and Alternating Current 

(AC) electric fields. Pulsed DC fields of various duty cycles effectively generated 

electrotaxis in both C. elegans and its cousin C. briggsae 
7
. In another experiment, 

symmetrical AC fields with frequencies ranging from 1Hz to 3KHz immobilized 

worms inside the channel 
8
. 

Implementation of the electric field in a microfluidic environment enables rapid 

and automated execution of the electrotaxis assay. This approach promises to 

facilitate high-throughput genetic and chemical screens for factors affecting 

neuronal function and viability. 

PROTOCOL: 

1.) Photolithography for Master Mold Fabrication 

1.1) Bathe a 3-inch silicon wafer in acetone for 30sec and then methanol for 

30sec. Rinse with de-ionized water for 5min. 

1.2) Dry the wafer’s surface with a N2 blow gun. Heat the wafer on a hotplate at 

140ºC for 2min. 

1.3) Plasma oxidize the surface of the silicon wafer (1 min. 50W). 

1.4) Spin-coat the wafer’s surface with 3mL SU-8 100 photoresist (40sec, 

1,750rpm). 

1.5) Pre-bake the coated wafer on a hotplate at 65ºC for 10min, then ramp the 

temperature up to 95ºC over 2min. Maintain this setting for an additional 1h. 
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1.6) Align a photomask containing the desired channel design. Expose the resist 

to 550-600mJ/cm
2
 of UV light (350-400nm). Photomasks can be designed in 

AutoCAD and printed on a transparency with high resolution printing. 

1.7) Post-bake the wafer on a hotplate at 65ºC for 1min and 95ºC for 10min, 

ramping the temperature as before. 

1.8) Immerse the wafer in SU-8 developer solution for 10-15min. Check for 

completion of development by rinsing with isopropanol. If a white precipitate 

appears, continue developing. The master mold is shown in Fig. 2A. 

2.) Soft Lithography for Microchannel Fabrication 

2.1) Mix 35ml polydimethylsiloxane (PDMS) elastomer base with 3.5mL PDMS 

curing agent. 

2.2) Place the fabricated master mold (pattern facing up) and a blank silicon wafer 

into Petri dishes lined with aluminum foil. 

2.3) Pour 20mL PDMS prepolymer into the master mold dish and 15mL into the 

second dish. Eliminate air pockets underneath the wafers by gently pressing on 

them with a disposable wooden applicator. 

2.4) Cover both dishes and set aside for a day to cure. Alternatively, for faster 

curing, remove air bubbles from the PDMS using a vacuum degasifier and then 

leave the dishes on a hotplate at 80°C for 2h. 

2.5) Remove the foil and peel the PDMS from the wafers. 

2.6) Use the Harris Uni-Core (2.5mm) to punch fluid access ports at both ends of 

the channel. Cut the channel and blank PDMS into similarly sized strips. 

2.7) Load the channel, the blank PDMS strip and a glass slide (75×25 mm
2
) into a 

plasma oxidizer, likely located in a cleanroom. Expose to oxygen plasma for 

40sec at 40W power. 

2.8) Stick the channel piece and glass slide to opposite sides of the blank strip. Set 

aside for 2h to complete the bonding. 

2.9) Attach plastic tubing (inner diameter 1/32”, outer diameter 3/32”), each at 

least six inches long, to the punched reservoirs using PDMS prepolymer. Affix a 



Ph.D. Thesis - Justin Tong  McMaster University - MiNDS Neuroscience 
 

31 

 

fluidic plastic connector to one or both tubes to allow syringe attachment, or use 

commercially available fittings. 

2.10) Place the assembly onto a hotplate at 120ºC. Insert 3” lengths of 22 gauge 

insulated copper wire into each reservoir, between the inlet tube and the channel, 

and secure with PDMS prepolymer. The finished product is shown in Fig. 2B. 

3.) Electrotaxis Experiment 

3.1) Place the microchannel on the stage (preferably XY-movable) of a 

microscope with a mounted camera connected to a monitor (Fig. 1). 

3.2) Connect the power supply or amplifier’s output wires to the microchannel’s 

electrodes. A simple DC power supply is sufficient if only a DC signal is desired, 

but an amplifier connected to a function generator allows application of pulsed 

DC and AC signals as well. 

3.3) Attach the microchannel’s output tube to a disposable syringe. Submerge the 

mouth of the inlet tube in M9 physiological buffer and gently aspire liquid into 

the channel by applying a negative pressure inside the syringe (either manually or 

using a syringe pump). When the inlet and outlet tubes are both filled with M9, 

disconnect the syringe from the tube. Level both tubes to the same height to 

prevent hydrostatically driven flow. 

3.4) Apply a DC voltage to the channel and ensure that resistance (R=V/I) is 

around 0.6MΩ (for a 50mm long, 0.3mm wide and ~0.1mm deep microchannel).  

3.5) If satisfied with the channel’s integrity, follow the above steps to load worms 

from a diluted suspension into the channel. 

3.6) Disconnect the syringe and hydrostatically manipulate the flow by adjusting 

the tubes‘ relative height. Use this method to place a worm in the center of the 

channel and then lay both tubes flat at the same elevation. 

3.7) Set the power supply to the appropriate voltage: 4-12V/cm for L3 stage 

animals, 4-10V/cm for L4s, and 2-4V/cm for young adults. Activate the electric 

signal and allow 1min of pre-exposure for the worm to acclimatize to the field. 

The worm should begin moving towards the cathode. When the minute has 

passed, use the camera to begin recording. 

3.8) For AC and pulsed DC experiments, the maximum responsive electric field 

can be adopted from above and frequency and duty cycle of the signal can be 

modulated as desired 
7, 8

. 
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3.9) When experiment is finished, remove all liquid (and worms) from the 

channel, rinse it with de-ionized water, and leave the device on a hotplate at 

125°C to dry. 

3.10) Extract locomotory data from recorded videos manually using NIH ImageJ 

(http://rsbweb.nih.gov/ij/) or custom MATLAB-based worm tracking software. 

REPRESENTATIVE RESULTS: A representative video of a wild-type 

young adult nematode’s electrotaxis and its position and velocity outputs from the 

worm tracking software are shown in Supplementary Video 1 and Fig. 3. The 

movement analysis software itself does not recognize the direction of field 

polarity and the time of polarity reversal; rather, this information must be obtained 

from the source video. This could be done using an audio or visual cue in the 

video or writing down experimental conditions and manipulations.  

Electrotaxis speed data from a set of wild-type (N2) and transgenic animals 

(NL5901) are displayed in Fig. 4. The NL5901 animals carry human -synuclein 

gene under the control of unc-54 (myosin heavy chain gene) promoter. The 

expressed -synuclein in body wall muscles aggregates 
9
 and our results show 

that it causes abnormalities in the electrotactic response. The speed of NL5901 

worms is significantly slower than wild type. To plot the graph, we calculated the 

speed of individual worms and plotted results in a box plot using Minitab 

statistical software (http://www.minitab.com). In addition to speed, other 

parameters of movement, such as turning response (time taken to complete the 

reversal in response to electric field polarity change) and body bending frequency 

(average number of sine waves per second), can also be analyzed as described 

elsewhere 
5
.  

The electrotaxis protocol works best with a synchronized population, which can 

be obtained via treatment with a bleach solution (sodium hypochlorite and 4N 

sodium hydroxide in a 2:3 volume ratio) 
10

. All data presented here was obtained 

from synchronized populations to rule out age- and stage-dependent variation. 

While we have used young adults (69 hrs post-L1 at 20
0
C), other stages (L2 

onwards) can also be tested. 
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Tables and Figures:   

Figure 1: Schematic of microfluidic screening platform for nematode electrotaxis 

assay. 
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Figure 2: Master mold (A) and fully assembled PDMS microchannel device (B). 
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Figure 3: Position vs. time (A) and instantaneous velocity (B) outputs of custom 

worm tracking program. Source video is Supplementary Video 1 above. The 

program calculates the velocity curve from the position-time curve but disregards 

the spikes when calculating average speed. 
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Figure 4: Electrotaxis speed of wild-type control N2 and transgenic NL5901 

worms. NL5901 worms are significantly slower than control with p>0.0001. 

Significance is determined using the non-parametric Mann-Whitney test. n = 10 

for N2 and n = 23 for NL5901. 
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Supplementary Video 1: Electrotactic behaviour of young adult nematode in a 

microfluidic channel. Video begins with cathode to the right. Appearance of glass 

pipette indicates impending polarity reversal; subsequent removal of the pipette 

signals moment of reversal. 

 

DISCUSSION: Taking advantage of the behavioural phenomenon first 

described by Gabel and colleagues and building on the dielectrophoretic 

manipulation work of Chuang and colleagues 
11, 12

, our microfluidic-based 

electrotaxis assay provides an easy, robust and sensitive method to probe neuronal 

activity in worms using movement as an output. The analysis of movement 

parameters allows quantitative comparison between different genotypes. The 

precision of microchannel fabrication and electric field application together 

provide both a controllable environment and a means to communicate with the 

worm for locomotion control. Different electric signal wave shapes have different 

behavioural reflections in the worm and have been used to both stimulate and 

inhibit locomotion. 

The single-channel design of the present microfluidic device requires that only a 

single worm be scored at a time. For this, worm solution must be sufficiently 

diluted with M9 buffer before attempting to load worms into the channel. It is 

important to point out that channel operations can be complicated by the presence 

of air bubbles and other irregularities affecting the hydrostatic pressure. This 

could be eliminated by flushing the channel with M9 and manipulating the 

elevation of the inlet and outlet tubes.  

The assay described here can be improved further. A multi-channel microfluidic 

chip could accelerate worm screening, although it will require integration of other 

control mechanisms such as worm loading, positioning and tracking. Further 

automation of the electrotaxis protocol, especially computer-controlled flow 

management, will increase efficiency. These enhancements are currently under 

development in our laboratory.  

Extraction of locomotion data from electrotaxis videos was originally performed 

manually using ImageJ, which is a slow and tedious process. To increase 

efficiency and eliminate human error, we have begun to use a worm tracking 

program adapted from an original MATLAB-based package developed at 

California Institute of Technology 
13

. The software currently processes single-

worm videos. The latest version is suitable for a wide range of assays including 
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chemically-treated worms and neuronal and muscle mutants. One of its limitations 

is that spontaneous reversals, observed in certain neuronal mutants (e.g., osm-5) 
5
, 

are not interpreted correctly. Such worms must be analyzed manually.  

Limitations notwithstanding, microfluidic electrotaxis can be applied in myriad 

contexts, including drug discovery assays with worm models of movement-related 

disorders. Considering its amenability to parallelization, electrotaxis is 

particularly well suited for high-throughput screening applications. Genetic and 

age-dependent analysis of electrotactic behaviour and neuronal degeneration may 

also be studied with this system. Additionally, worms may be sorted by age or 

phenotype to form synchronized samples or to identify new mutants for forward 

genetic screens 
6, 14

. 
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Table of Specific Reagents and Equipment: 

Name of the reagent Company Catalogue number Comments (optional) 

Acetone CALEDON Labs 1200-1-30  

Methanol CALEDON Labs 

6700-1-30 
 

Isopropanol CALEDON Labs 

8600-1-40 
 

SU-8 Microchem Corp. Y131273 SU-8 100 

SU-8 Developer Microchem Corp. Y020100  

92x16mm Petri Dish Sarstedt 82.1473.001  

Sylgard 184 Silicone 

Elastomer Kit 

Dow Corning  Contains elastomer 

base and curing agent 

Function generator Tektronix Inc.  Model AFG3022B 

Amplifier Trek Inc.  Model 2210-CE 

Syringe pump Harvard Apparatus 70-4506 Model 11 ELITE 

Hotplate Fisher Scientific 11675916Q Model HP131725Q 
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Significance 

This work represents the optimization of the processes of microchannel 

fabrication and electrotaxis speed measurement, especially using software-

automated methods. This article was the first to report the use of our custom 

Matlab-based software to analyze electrotactic swimming and therefore set the 

stage for higher-throughput applications of the microfluidic electrotaxis platform, 

such as those described in the following chapters. 
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Chapter 3-Chronic exposure to metal salts induces defects 

in the electrotactic swimming behaviour of the nematode 

C. elegans 
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ABSTRACT 

We examined the effects of chronic exposure to various environmental toxicants 

on the nematode C. elegans’ electrotactic behavior using a specially designed 

microfluidic channel device. Nine commonly used chemicals including industrial 

solvent, heavy metal, and herbicide, were tested. The results provide the first 

evidence that electrotactic swimming behavior is particularly susceptible to 

knockdown by metal salts. Specifically, AgNO3, CuSO4, HgCl2, and MeHgCl 

induced significant swimming speed deficits at ecotoxicologically relevant 

concentrations. A comparison with traditional assays that measured fecundity, 

growth, and lifespan revealed that electrotactic speed shows a comparable level of 

sensitivity as a toxicity endpoint. In vivo measurements of metal concentrations 

following exposure suggest that bioaccumulation may be a factor determining 

metals’ capacity to cause electrotactic deficits. In conclusion, our work 

demonstrates that the electrotactic swimming behavior of C. elegans is susceptible 

to metal exposure. The speed and sensitivity of the microfluidic assay makes it a 

promising non-invasive approach to detect environmental toxicants and examine 

their effects on locomotory behavior in multicellular eukaryotes. 

 

SHORT ABSTRACT 

We present a novel application of a microfluidic C. elegans electrotaxis platform 

for the detection of metal salt toxicity. Results show that worms’ electrotactic 

swimming behavior is particularly sensitive to metal salts among environmental 

toxicants. Comparison with fecundity, growth, and lifespan assays reveals a 

similar level of sensitivity in the electrotaxis assay. In vivo measurements of metal 

concentrations following exposure suggest bioaccumulation may influence 

metals’ capacity to cause electrotactic deficits. 
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1. INTRODUCTION 

The various activities of modern civilization produce a slew of chemical 

byproducts that gradually accumulate in the environment. In particular, metals 

have been known to reach concentrations that are hazardous to humans; though 

naturally present at low levels in ecosystems, their widespread use in paints, 

preservatives, and industrial processes has significantly increased the presence of 

some metals and their compounds (Craig, et al., 2003). One method of evaluating 

the threat posed by environmental contamination is found in whole-sample 

analysis with bioindicator animals, as was proposed by the US Environmental 

Protection Agency (EPA) in a bid to secure early warnings of potential 

environmental hazards (Weber, 1993). 

The nematode Caenorhabditis elegans is well suited for this purpose because it 

balances ease of cultivation with conservation of disease-related genes and 

pathways. These animals are sensitive to most toxicants of interest, including 

metal salts, and have been used in acute aquatic toxicity tests since the 1980s 

(Williams and Dusenbery, 1988). A standardized method for soil toxicity tests 

using C. elegans has also been published in the American Society for Testing and 

Materials (ASTM) Guide E2172-01 (2002). Because its advantages as a model 

facilitate high-throughput experimentation, C. elegans has been employed in 

various toxicity studies ranging from mechanistic toxicology to environmental 

assessment to chemical and genetic screening (Leung, et al., 2008). At the same 

time, its sensitivity to a diverse range of toxicants renders it useful for assessing 

toxicity at environmentally relevant concentrations (Nouara, et al., 2013; Ju, et al., 

2013; Wu, et al., 2012). 

A number of effective test endpoints have been developed for toxicity analyses 

with C. elegans. LC50 (lethal concentration 50) of acute copper exposure in agar, 

liquid medium, and soil was established by Dusenbery and colleagues in a series 

of studies (Williams and Dusenbery, 1988; Williams and Dusenbery, 1990; 

Donkin and Dusenbery, 1993); however, more sensitive, sub-lethal assays were 

required to sense metals at concentrations more commonly found in the 

environment (Wang and Xing, 2008). Since then, endpoints such as brood size, 

growth, and lifespan have been utilized to address this deficiency (Harada, et al., 

2006; Traunspurger, et al., 1997). Transgenic and fluorescent microscopy 

techniques have also been employed to visualize metal-induced damage (Chu and 

Chow, 2002; Du and Wang, 2008; Xing, et al., 2009). Moreover, locomotion 

behavior has shown promise as an indicator of neuronal toxicity, with slow and 

abnormally uncoordinated movement being associated with nervous defects 

(Wang and Xing, 2008; Williams and Dusenbery, 1990). 

Microfluidics is well suited for nematode experiments of this nature due to the 

miniature scale, low expense, and design flexibility of microfluidic devices 
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(Crane, et al., 2010). Robust methods of inducing on-demand locomotion and 

maintaining directionality within a microfluidic environment have been developed 

recently by our group (Rezai, et al., 2010a; Rezai, et al., 2010b). The techniques 

are based on a phenomenon first described by Sukul and Croll (Sukul and Croll, 

1978) whereby C. elegans alters its direction of movement in response to mild 

electric fields, a behavior known as “electrotaxis.” By combining electrotaxis with 

microfluidic technology, it has been a simple matter to create an environment 

where the animal reliably chooses to swim toward the negative electrode in the 

presence of a direct current (DC) electric field (Rezai, et al., 2010b). 

Cell ablation experiments conducted by Gabel and colleagues (2007) revealed 

that no single neuron is responsible for electrosensation, though several amphid 

sensory neurons including ASH and ASJ were shown to contribute. Moreover, 

ablating all dendrites in both amphid bundles was observed to severely disrupt 

electrosensory behavior, further implicating the importance of amphid neurons in 

electrosensation (Gabel, et al., 2007). However, more work is required to fully 

explore the neuronal signaling and underlying mechanisms that mediate 

electrotaxis.  

Since electrotaxis is mediated by neurons and muscles, abnormalities in the 

function of either cell type can be detected by the assay using locomotion, 

specifically swimming speed, as a read-out (Tong, et al., 2013). Such control over 

nematode locomotion makes the microfluidic electrotaxis assay a valuable 

technique for toxicity screening. 

In the present study, we used a novel microfluidic approach to evaluate the 

deleterious effects of chronic exposure to a range of chemicals on the electrotaxis 

movement behavior of C. elegans. The chemicals include inorganic and organic 

metals (AgNO3, CuSO4, HgCl2, and MeHgCl), synthetic xenoestrogens 

(bisphenol A [BPA] and nonylphenol [NP]), a herbicide (paraquat [PQ]), a 

narcotic (tricaine mesylate [MS-222]), and an industrial solvent (toluene). Ag is 

known to be toxic to many taxa, causing developmental deformities in zebrafish 

(Bar-Ilan, et al., 2009), neurotoxicity in mice (Rahman, et al., 2009), and 

mitochondrial damage to human cells (Asharani, et al., 2009). Cu is 

comparatively less malignant as it is in fact an essential trace element in plants 

and animals, having a natural biological role as a component of various oxidases 

and other enzymes (Halfdanarson, et al., 2008). However, chronic excesses of Cu 

caused by regular ingestion (e.g. when cooking with copper cookware) or by Cu 

retention (i.e. Wilson’s disease) have been linked to brain and liver damage (Ala, 

et al., 2007). Hg and its compounds are notorious for their extreme toxicity, 

having been employed as murder and assassination tools at various points in 

history. While the targets of Hg are quite diverse, including the respiratory and 

gastrointestinal tracts, Hg is most infamous for its neurotoxic properties: even 

acute exposures can induce an assortment of cognitive, personality, sensory, and 
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motor abnormalities, possibly culminating in coma and death (Clarkson and 

Magos, 2006). A large fraction of the Hg that enters aquatic ecosystems 

undergoes methylation to assume its organic form MeHg, which represents a 

major modern concern surrounding the fish industry (Forsyth, et al., 2004). BPA 

is a compound used in epoxy resins and certain plastics, including food 

packaging, that exhibits estrogen hormone-like properties at high concentrations 

with toxic effects in both animal models and human placental cell cultures (Kim, 

et al., 2001; Benachour and Aris, 2009). Able to migrate from polymer to food at 

high temperatures, BPA has been detected in over 90% of American urine 

samples (Benachour and Aris, 2009). NP is a family of compounds that, like BPA, 

are considered xenoestrogens and exhibit a number of toxic properties. NP has 

been shown to affect mitochondrial membrane permeability, contribute to 

dysregulation of Ca
2+

 transport in skeletal muscle, and increase proliferation of 

mammary gland cells (Soares, et al., 2008). Many industrial surfactants are in fact 

NP ethoxylates, which release NP into riverbeds and soil upon degradation; 

subsequently, humans may be exposed through contaminated drinking water 

and/or produce (Soares, et al., 2008). PQ is a herbicide that has been linked to 

Parkinson’s disease (Blesa, et al., 2012), routinely employed in research to induce 

oxidative stress in invertebrate models and cell cultures. MS-222 is a muscle 

relaxant licensed in the North America and Europe for anesthesia and euthanasia 

of fin fish intended for human consumption. It prevents the generation of action 

potentials in motor neurons by blocking Na
+
 channels (Wayson, et al., 1976). 

Toluene is a volatile, widely used industrial solvent with neurological effects 

resembling those of ethanol, including confusion, nausea, and memory loss. It acts 

on a diverse group of ligand-gated ion channels such as NMDA and GABAA 

receptors (Win-Shwe and Fujimaki, 2010). Together, these compounds provide a 

cross-section of environmental pollutants to investigate the impact of toxicants on 

electrotaxis behavior using our microfluidic assay. 

Our results show that among the chemicals tested, only the metal salts, 

especially those of Ag and Hg, induced significant electrotaxis abnormalities in C. 

elegans at concentrations that do not produce obvious plate-level phenotypes. We 

also determined in vivo concentrations of metals and found high levels of 

bioaccumulation in the cases of Ag and Hg, which may contribute to electrotactic 

deficits. These findings provide the first evidence for metal toxicants causing 

electrotaxis defects in C. elegans.  Our assay provides a quantitative measurement 

of chemicals’ effects on movement behavior, which complements other common 

endpoints such as brood size, growth, and lifespan to enable a better 

understanding of the harmful impact of toxicants on multicellular eukaryotes.   
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2. MATERIALS AND METHODS 

2.1 Strains and culturing 

This study used N2 Bristol C. elegans, originally obtained from the 

Caenorhabditis Genetics Center (University of Minnesota, St. Paul, MN), for all 

behavioral and brood size experiments. Nematodes were grown and maintained at 

20°C on Modified Youngren’s Only Bactopeptone (MYOB) agar plates 

containing Escherichia coli OP50 culture using previously described methods 

(Brenner, 1974; Church, et al., 1995). All experiments used age-synchronous 

populations obtained by bleach treatment (Stiernagle, 2006). 

 

2.2 Chemicals and treatments 

AgNO3, CuSO4·5H2O, HgCl2, MeHgCl, BPA, NP, PQ, and MS-222 were 

obtained from Sigma-Aldrich (St. Louis, MO, USA); toluene was obtained from 

Caledon (Georgetown, ON, Canada). Three concentration levels of AgNO3, 

CuSO4, and HgCl2 were selected according to previous investigations (Chu and 

Chow, 2002; Wang and Xing, 2008): 5 μM, 50 μM, and 150 μM. These 

concentrations are higher than those found in healthy ecosystems but 

characteristic of soil in heavily metal-polluted ecosystems (Ebrahimpour and 

Mushrifah, 2008; Al Omron, et al., 2012). For all other chemicals used in this 

study, we chose to use the following concentrations: 2 μM for MeHgCl, 20 μM 

for BPA, 10 μM for NP, 125 μM for PQ, 200 μM for MS-222, and 400 mM for 

toluene. We defined appropriate concentrations as the highest concentrations of 

each compound at which chronic exposure would not produce obvious plate-level 

phenotypes such as lethality, larval arrest or significant developmental delay. 

These concentrations were determined by beginning with concentrations that have 

previously been used in C. elegans research, then increasing or decreasing the 

concentration depending on whether an obvious phenotype was observed. A 

complete listing of all concentrations tested in this way is shown in Table S3. 

With the exception of toluene treatment, all toxicants were first prepared as 

200x solutions in 100% DMSO, then diluted 10x with water. 500 μL of the 

resultant 20x solutions in 10% DMSO was then spread evenly across the surface 

of plates containing 10 mL of MYOB agar (Harada, et al., 2006), finally resulting 

in 1x concentrations of toxicant and 0.5% DMSO. In the case of toluene, which is 

immiscible in both DMSO and water, toxicant solution was prepared at 1x 

concentration in 100% soybean oil; 2 mL of this solution was then spread onto 

plates already containing C. elegans, a protocol that allows animals to live and 

develop normally at the interface of agar and oil (Kokel and Xue, 2006). 
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2.3 Electrotaxis assay 

Microfluidic channels were fabricated as previously described (Rezai, et al., 

2010b). The mold, channel, and other components of the electrotaxis platform are 

shown in Figures S1 and S2 (see Supporting Information). In preparation for the 

assay, nematodes were washed off their culture plates, cleaned, and suspended in 

M9 buffer. Animals were then aspirated into the channel using the syringe pump. 

Individual animals were isolated by adjusting the tubes’ relative height to 

hydrostatically manipulate the flow of M9 through the channel. Both tubes were 

then laid flat at the same elevation to eliminate pressure-induced flow. Next, a 3 

V/cm DC electric field was applied and the animal’s resultant behavior recorded 

by camera. Locomotory data was later extracted from recorded videos either 

manually using NIH ImageJ (http://rsbweb.nih.gov/ij/) or automatically with 

custom MATLAB-based tracking software. 

Toxicant-exposed animals were grown for 69 h at 20°C before scoring. At least 

three batches of 10 animals each were scored for each condition. Speed data was 

normalized to the median of the control. 

 

2.4 Brood size assay 

Reproductive capacity of toxicant-exposed animals was determined by counting 

the hatched progeny of isolated hermaphrodites. Five L4-stage larvae were picked 

onto fresh spiked MYOB plates and incubated for an additional 96 h at 20°C for 

maturation and egg-laying; afterwards, the number of offspring was estimated by 

suspending the population in M9 and counting the animals in aliquots of the 

suspension. In the cases of 50 and 150 μM Ag and Hg, nematodes were grown for 

2 weeks instead of 6 days to account for these animals’ slower growth, and 

progeny were counted and removed from plates daily. The resultant progeny on 

two batches of four plates per test condition were quantified in this way. 

 

2.5 Growth assay 

Body length of metal-exposed nematodes was determined after 69 h of growth 

at 20°C on toxicant-spiked MYOB plates containing food. Measurements were 

made from photographs of animals anesthetized through placement in a 15-μL 

drop of 30 mM NaN3 in M9, which lay on a solidified pad of 4% agar on a glass 

slide. Photographs were taken and analyzed with a Hamamatsu ORCA-AG 

camera on a  Nikon Eclipse 80i Nomarski microscope, using NIS-Elements BR 

software version 3.0 (www.nis-elements.com). At least two batches of 10 animals 

each were measured for each test condition. 
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2.6 Lifespan assay 

Two batches of 20 age-synchronous L1 larvae per condition were transferred 

into four fresh spiked MYOB plates (five animals per plate) and grown at 20°C. 

Viability of animals was checked each day under a stereomicroscope. If 

immobile, animals were checked for viability by tapping the plate and gently 

touching their bodies with a platinum pick. Nematodes were transferred to fresh 

spiked MYOB plates after 120 h, 168 h, and 216 h to prevent contamination of 

parent animals by offspring. 

 

2.7 Determination of metal content 

Approximately 10,000 age-synchronous L1 larvae per condition were 

transferred into fresh spiked MYOB plates and grown at 20°C for 69 h, at the 

conclusion of which both live and dead animals were collected and washed twice 

with deionized water. Two biological replicates were prepared for each exposure. 

Untreated worms were used as controls. The pelleted pool of worms was frozen at 

-80°C for further processing at Actlabs (Ancaster, ON, Canada). Each sample was 

weighed into a 50-mL centrifuge tube followed by the addition of 2 mL of 

concentrated HNO3. Centrifuge tubes were placed in a boiling water bath for 1 h 

to digest samples. The fully digested content in each tube was then diluted to 50 

mL with water and analyzed by inductively coupled plasma-mass spectrometry 

(ICP-MS) using QOP Hydrogeo Rev. 6.6. In addition to testing worms, we also 

measured metal concentrations in the exposure media. 

 

2.8 Data analysis 

Electrotaxis assays were carried out for up to 5 min. Animals were allowed to 

travel a minimum distance of 5 mm in one direction, towards the cathode, after 

which the field polarity was reversed to induce a turning response. Electrotaxis 

speed data was plotted in box plots and compared with the non-parametric Mann-

Whitney test. Lifespan data was assessed with the Kaplan-Meier method and 

compared with the log-rank test. All other data was analyzed with Student’s t-test. 

All tests were performed using the Systat SigmaPlot statistical software package 

version 11.0 (www.sigmaplot.com) with significance set at P < 0.05. For all 

assays, data from all repeats were pooled and analyzed together. 
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3. RESULTS 

3.1 Metal salts cause defects in electrotactic response  

To evaluate the ability of our microfluidic electrotaxis assay to detect the toxic 

effects of metal exposure, we loaded C. elegans grown on toxicant-polluted plates 

into our microchannel and measured their speed upon activation of the electric 

field. We first tested a relatively low concentration (5 μM) of Ag, Cu, and Hg 

salts, none of which cause obvious plate-level defects (see Methods for details). 

Animals continuously exposed to 5 μM Ag displayed discontinuous locomotion 

with frequent pauses and spontaneous turns in the microfluidic channel assay, 

resulting in slow overall movement (38% speed reduction; Figure 1A). Hg 

exposures at 5 μM produced locomotory phenotypes similar to those following 

Ag exposure, also manifesting as significantly retarded electrotaxis speed (36% 

speed reduction; Figure 1A). Unlike Ag and Hg, Cu exposures did not produce 

any significant difference at 5 μM (Figure 1A).  

Next, we tested higher concentrations of the three metal salts. Ag and Hg at 50 

μM each caused major growth defects, including variable developmental delay, as 

well as locomotion deficiencies on the plate level. Due to these abnormalities, the 

electrotaxis phenotype of these animals was not analyzed further (data not 

shown). Cu, on the other hand, did not cause either plate-level phenotypes or 

electrotaxis defects at 50 μM (Figure 1B). However, when increased 3-fold (150 

μM), Cu did cause 23% reduction in electrotaxis speed (Figure 1B), although 

plate-level phenotypes were still absent.  

Overall, these results suggest that electrotaxis speed is a useful endpoint for 

assessing the toxicity from chronic exposures to Ag and Hg at low concentrations 

(5 μM) and Cu at relatively high concentrations (150 μM). 

 

3.2 Electrotactic response is particularly sensitive to metal salts 

To further characterize the susceptibility of the electrotactic response to 

chemical exposure, we proceeded to test a diverse set of additional environmental 

pollutants (MeHg, BPA, NP, PQ, MS-222, and toluene) as described in 

Introduction. To this end, we first determined appropriate concentrations at which 

to test each compound, using previously used concentrations as a starting point. 

For each chemical, four different concentration points were evaluated for 

suitability for the electrotaxis assay  (see Methods and Supporting Information, 

Table S3). Concentrations were considered appropriate when they did not cause 

obvious plate-level phenotypes such as significant developmental delay.  
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We found that among this panel of chemicals, tested at appropriate 

concentrations, only MeHg (at 2 μM) produced electrotactic swimming speed 

deficits (65% speed reduction; Figure 2). The electrotactic responses following 

exposure to the other chemicals were indistinguishable from those of untreated 

controls (Figure 2). Combined with our observations from Ag, Cu, and inorganic 

Hg salts, these results suggest that C. elegans’ electrotactic swimming is 

particularly vulnerable to metal salts. 

 

3.3 Deficits in reproduction, growth, and lifespan induced by chronic exposure 

to metal salts 

To correlate the electrotaxis phenotype with other biological endpoints 

following exposure to toxicants, we measured brood size, body length and 

lifespan. The brood size quantification is displayed in Figure 3. The results show 

that Ag inhibited reproduction at the lowest concentration of 5 μM (36% brood 

size reduction) (Figure 3A), which is consistent with previous findings (Roh, et 

al., 2009). At 50 μM, both Ag- and Hg-exposed animals produced significantly 

fewer progeny than control (Ag 50 μM: 99% brood size reduction, Hg 50 μM: 

87% brood size reduction). At 150 μM, animals exposed to Ag or Hg did not 

produce progeny at all while animals exposed to Cu produced somewhat fewer 

progeny (18% brood size reduction). Figure 3B shows that among all other 

toxicants examined, only MeHg (64% brood size reduction) and toluene (33% 

brood size reduction) had an effect on reproduction at the concentrations 

examined. 

In the cases of Ag, Cu, and Hg, we also measured body length and lifespan. 

Figure 4 shows that Ag and Hg induced growth defects in a dose-dependent 

manner (Ag 50 μM: 39% length reduction, Ag 150 μM: 56% length reduction, Hg 

50 μM: 62% length reduction, Hg 150 μM: 77% length reduction) while Cu had 

only a slight effect at the highest concentration of 150 μM (8% length reduction). 

Figure 5A shows that chronic Ag exposure significantly reduced C. elegans’ 

lifespan at both 50 μM (40% lifespan reduction) and 150 μM (87% lifespan 

reduction). However, Cu did not significantly affect lifespan at any concentration 

used in this study (Figure 5B). This finding is consistent with observations made 

by Harada and colleagues (2006), who did not see a clear separation of 

survivorship from control until Cu concentrations were increased to 1mM. Hg 

exposure at 5 μM and 50 μM also did not significantly reduce lifespan; however, 

most animals exposed to 150 μM Hg perished shortly after plating (87% lifespan 

reduction; Figure 5C). We also observed significant lifespan extension in animals 

exposed to 100 μM Hg (53% lifespan extension; Figure 5C). 
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3.4 Metals accumulate in animals cultured on agar containing metal salts 

To evaluate the efficiency of our exposure paradigm, we used ICP-MS to 

measure metal content in exposure media and C. elegans for selected treatments 

after 69 h of worm growth. The highest exposures that were tested in the 

electrotaxis assay were selected for each metal: Ag 50 μM (~5.4 μg/mL), Cu 150 

μM (~9.5 μg/mL), Hg 50 μM (~10.0 μg/mL), MeHg 2 μM (~0.4 μg Hg/mL). Our 

results show that while Ag is fully recoverable from the media, Cu and Hg are 

somewhat less recoverable (86% for CuSO4, 71% for HgCl2, and 37% for 

MeHgCl) (Figure 6), possibly due to speciation and/or unexpected precipitation. 

Speciation measurements would be an interesting extension of this research; 

however, such information could not be collected in this study due to small 

sample size. 

Interestingly, metal content was significantly higher in worms in case of Ag (8-

fold) and Hg (6-fold for HgCl2 and 88-fold for MeHgCl) than in the exposure 

media (Figure 6), indicating that metal toxicants accumulate inside worms’ bodies 

when present in their external environment. We observed slight accumulation of 

Cu (1.8-fold); however, it was not statistically significant. Overall, these results 

clearly demonstrate efficient uptake of metal toxicants in our method of exposure. 

 

 

4. DISCUSSION 

Because the phenomenon of movement requires the integration of processes at 

multiple levels, locomotory behavior can be easily altered by chemical insults 

such as toxic metal exposure. Previous works have shown that acute doses of 

metal salts at non-lethal concentrations not only inhibit growth and reproduction 

(Harada, et al., 2006; Guo, et al., 2009), but also induce locomotory behavioral 

defects (Wang and Xing, 2008; Anderson, et al., 2004; Yang, et al., 2012). Some 

of these past studies compared parameters of movement quality, such as head 

thrash and body bend frequency (Wang and Xing, 2008), while others compared 

movement speed (Anderson, et al., 2004). In both assays, however, the absence of 

a constant stimulus meant that animals were free to perform random behaviors, 

potentially complicating the scoring process. Left to their own devices, C. elegans 

arbitrarily exhibit pauses, reorientations, omega turns, and backward locomotion, 

creating complex patterns abundant in background noise (data not shown). We 

sought to address this issue by incorporating mild electric fields and linear 

microchannels into the assay, resulting in tightly-controlled stimulation which 

produces directional locomotion (Rezai, et al., 2010b). Because the electrotactic 

response is so highly stereotyped, neuromuscular defects are readily apparent 

during the procedure. We have successfully used this technique to sort nematodes 
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by age and phenotype (Rezai, et al., 2012) as well as to screen mutant and drug-

treated animals for defective dopamine signaling (Salam, et al., 2013). 

Furthermore, the nature of microfluidics renders the assay highly amenable to 

parallelization: while up to twenty nematodes can be assayed per hour using the 

simple single-channel design described in the Materials and Methods section, 

throughput can be increased by incorporating multichannels as well as automated 

detection approaches. These advantages stand to further increase the value of 

microfluidic electrotaxis as a tool for toxicological research with C. elegans.  

Following Hg exposure we observed severe brood size defects at 150 μM but 

none at 5 μM (Figure 3A). This pattern differs from the findings of Guo and 

colleagues (2009) who reported intermediate phenotypes from 2.5 μM to 100 μM. 

The discrepancy may be due to the difference in exposure paradigm, as Guo and 

colleagues performed their exposures in an acute fashion and in liquid medium. 

We opted to use agar as our exposure medium in order to better simulate 

nematodes’ natural environment, as C. elegans does not live in liquid. 

Furthermore, a recent study by Vidal-Gadea and colleagues suggests that in at 

least some cases, plate-based exposures provide superior bioavailability relative to 

liquid exposures because C. elegans does not drink, limiting exposure in liquid to 

absorption through the cuticle (Vidal-Gadea  et al., 2012). 

Given that Cu plays a role in normal biological function as an essential 

component of cytochrome c oxidase, superoxide dismutase, and other conserved 

enzymes (Halfdanarson, et al., 2008), it is not surprising that Cu displayed lower 

potency as a toxicant compared to Ag and Hg. However, the observation of 

lifespan reduction from 50 μM Ag but not 50 μM Hg was unexpected. Curiously, 

when we examined the additional condition of 100 μM Hg, exposed animals 

actually exhibited extended lifespans in addition to exacerbated growth defects 

relative to animals exposed to 50 μM (data not shown). Although more work 

would be required to establish this effect as hormetic, such a finding is consistent 

with previously reported hormesis-like phenomena in Hg-exposed C. elegans: 

Helmcke and Aschner (Helmcke and Aschner, 2010) showed that sub-lethal 

exposure to MeHg fortified animals against subsequent exposure. Meanwhile, 

hormetic effects of inorganic Hg have been reported in other systems, including 

animal, plant, and microbial models (Calabrese and Baldwin, 2003; Schmidt, et 

al., 2004). Similar hormetic effects have not been reported for Ag, whose inability 

to induce hormesis may explain why Ag exposure shortens nematode lifespan in a 

dose-dependent manner while Hg’s effect on lifespan is biphasic. 

Our analysis of metal concentrations inside worms revealed significant 

bioaccumulation of Ag (for AgNO3 salt) and Hg (for HgCl2 and MeHgCl salts), 

but much less in the case of Cu (for CuSO4 salt). Consistent with our results, 

increased Hg content was previously reported in worms following longer MeHgCl 
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exposures (Helmcke, et al., 2009). We postulate that metal salts’ capacity to 

bioaccumulate has a direct impact on their toxicity, which is supported by Cu’s 

lesser and MeHg’s greater tendencies to accumulate (Figure 6) in light of their 

lesser and greater respective impacts on behavior and other phenotypes. As Cu is 

a physiological mineral, there are endogenous mechanisms in place to regulate its 

homeostasis, including metallochaperones like CUTC-1 (Calafato, et al., 2008). 

MeHg, meanwhile, is known to molecularly mimic methionine and enter cells via 

the large amino acid transporter, LAT1 (Helmcke, et al., 2009), which promotes 

its accrual. This might explain in part why we observed over 10-fold higher 

accumulation of metal in case of MeHgCl exposure compared to other metal salt 

treatments. 

In conclusion, we have shown for the first time that exposure to the metal salts 

AgNO3, CuSO4, HgCl2 or MeHgCl compromises C. elegans’ electrotactic 

response, whereas a variety of other environmental toxicants do not. To do so, we 

developed a new semi-automated electro-microfluidic technique that measures the 

electrotactic swimming response of animals, serving as an indirect output of the 

health of the neuronal and muscular systems involved in locomotion. Thus, any 

impact of chemicals on these two systems can be quantified in a rapid and 

sensitive manner. Considering that electrotaxis is mediated by sensory neurons, it 

would be interesting in the future to correlate our data with specific neuronal 

defects to probe the mechanisms by which metal exposure disrupts electrotactic 

movement. In preliminary studies we have observed some neuronal defects (see 

Supporting Information Figure S4), but more detailed investigation will be 

required to evaluate metals’ effects on neurons. The results from our assay are 

consistent with those of other established toxicological protocols and demonstrate 

the suitability and reliability of this microfluidic approach in C. elegans-based 

environmental toxicology studies. 
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FIGURES 

 

Figure 1. Electrotaxis of animals chronically exposed to Ag, Cu, or Hg. Boxes 

represent measurements from 25
th

 to 75
th

 percentiles, central horizontal lines 

represent medians, vertical lines extend to 10
th

 and 90
th

 percentiles, and dots 

represent outliers. (A) Defects manifesting as slower swimming speeds appear in 

animals grown on plates containing 5 μM Ag (P < 0.01) or 5 μM Hg (P < 0.01), 

but not 5 μM Cu (P > 0.05). Note that the median speeds of Ag- and Hg-treated 

animals lie well below the 25
th

 percentile of control animals. (B) Cu-induced 

electrotaxis speed defects do not appear with exposure concentrations of 5 μM (P 

> 0.05) or 50 μM (P > 0.05), but do appear at 150 μM (P < 0.01). 
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Figure 2. Electrotaxis of animals chronically exposed to MeHg, BPA, NP, PQ,  

MS-222, or toluene. Refer to Figure 1 for the description of the box plot. (A) 

Defects manifesting as slower swimming speeds appear in animals grown on 

plates containing 2 μM MeHg (P < 0.01) but not other DMSO-soluble toxicants at 

concentrations that do not produce obvious plate-level phenotypes (P > 0.05). 

Note that the 90
th

 percentile of MeHg-treated animals lies well below the 10
th

 

percentile of control animals. (B) Chronic exposure to 400 mM toluene in oil does 

not produce electrotactic defects relative to animals exposed to oil alone (P > 

0.05). 
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Figure 3. Influence of chronic toxicant exposure on reproductive capacity of C. 

elegans. (A) Brood size was significantly reduced by chronic exposure to Ag 5 

μM (P < 0.01), Ag 50 μM (P < 0.01), Ag 150 μM (P < 0.01), Cu 150 μM (P < 

0.05), Hg 50 μM (P < 0.01), and Hg 150 μM (P < 0.01), but not Cu 50 μM (P > 

0.05), Cu 5 μM (P > 0.05), or Hg 5 μM (P > 0.05). (B) Brood size was 

significantly reduced by chronic exposure to MeHg 2 μM (P = 0.01) and toluene 

400 mM (P = 0.01), but not other toxicants at concentrations that do not produce 

obvious plate-level phenotypes (P > 0.05). 
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Figure 4. Influence of chronic metal exposure on growth of C. elegans. Growth 

was significantly stunted by chronic exposure to Ag 50 μM (P < 0.01), Ag 150 

μM (P < 0.01), Cu 150 μM (P < 0.01), Hg 50 μM (P < 0.01), and Hg 150 μM (P < 

0.01) but not Ag 5 μM (P > 0.05), Cu 5 μM (P > 0.05), Cu 50 μM (P > 0.05), or 

Hg 5 μM (P > 0.05). 
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Figure 5. Influence of chronic metal exposure on lifespan of wild-type C. 

elegans. (A) Lifespan is significantly reduced at 150 μM (P < 0.01) and 50 μM (P 

< 0.01) Ag, but not 5 μM Ag (P > 0.05). (B) Lifespan is not significantly reduced 

by any concentration of Cu used in this study (P > 0.05 in all cases). (C) Lifespan 

is severely reduced by 150 μM Hg (p < 0. 01), but not significantly by 50 μM (P > 

0.05) or 5 μM (P > 0.05); lifespan is extended by 100 μM Hg (p < 0.01). 
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Figure 6. Metal content in culture substrate and C. elegans following 69 h metal salt 

exposure. Elemental content was measured as a function of total sample volume. Metal 

content in worms is significantly higher than in culture substrate following treatment with 

Ag 50 μM (p < 0.01), Hg 50 μM (p < 0.01), or MeHg 2 μM (p < 0.01), but not Cu 150 

μM (p = 0.247). 
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Supporting Information 

S1. Microchannel fabrication 

The channel design was printed on a transparency sheet using high-resolution 

photoplotting to create a photomask, which was then used in conjunction with 

SU-8 100 negative photoresist (MicroChem Corp., MA, USA) to lithographically 

pattern the design onto a silicon wafer (Figure S1A). Microchannels were then 

casted by pouring polydimethylsiloxane (PDMS) pre-polymer (Sylgard 184 Kit, 

Dow Corning Corp., MI, USA; 10:1 ratio of base and cross-linker) onto the 

resultant master mold and allowing 24 h for curing. The channel was then excised 

from the PDMS replica and fluid access ports were punched into each end. Next, 

the channel, a blank PDMS strip and a glass slide were oxidized via exposure to 

oxygen plasma for 40 s at 40 W power and stuck together to seal the 

microchannel. Lastly, plastic tubing and insulated copper wire were affixed to the 

punched reservoirs and secured with PDMS pre-polymer. The final assembly is 

shown in Figure S1B. An animal performing electrotaxis inside a microchannel is 

shown in Figure S1C. 

 

S2. Electrotaxis experimental setup 

In addition to the PDMS microchannel, the electrotaxis assay requires a syringe 

pump, power supply, microscope, camera, and monitor. The syringe pump is 
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attached to one of the inlet/outlet tubes of the microchannel device to facilitate 

sample loading at the other tube. The power supply is connected via insulated 

copper wiring to the electrodes of the microchannel device to provide animals 

with electrical stimulus. The microscope, camera, and monitor allow visualization 

and recording of the electrotaxis experiment. A schematic of the setup is shown in 

Figure S2. 

 

S3. Plate-level phenotypes of toxicant exposure at various concentrations 

Before electrotaxis experiments were conducted for MeHg, BPA, NP, PQ, MS-

222, and toluene exposure, appropriate concentrations were first determined for 

each of these chemicals. These concentrations were determined as described in 

Materials and Methods. A complete listing of all concentrations tested for 

induction of plate-level phenotypes is shown in Table S3. 

 

S4. ASEL and GABAergic neuronal damage induced by chronic exposure to Ag, 

Cu, and Hg 

For neuronal phenotype analyses animals were examined under a Nomarski 

fluorescence microscope. Adults were anesthetized in a 15-μL drop of 30 mM 

NaN3 in M9 buffer, which lay on a solidified pad of 4% agar on a glass slide. 

Epifluorescence was visualized with a Hamamatsu ORCA-AG camera, a Nikon 
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Eclipse 80i microscope, a GFP or YFP filter (31044V2 CY GFP C61331), and 

NIS-Elements BR software version 3.0 (www.nis-elements.com).  

Two transgenic strains, OH123 gcy-7::GFP (otIs1) and EG1285 unc-47::GFP 

(oxIs12), expressing GFP in subsets of neurons, were examined. gcy-7::GFP is 

expressed in specific amphid sensory neuron ASEL and unc-47::GFP is expressed 

in GABAergic motor neurons. Both markers revealed abnormal neuronal 

morphologies following metal exposure. The phenotype is observed as wrinkles in 

the ASEL dendrites in the case of gcy-7::GFP (Figure S4B), as previously 

reported by Xing and colleagues (2009a). The GABAergic motor neurons in unc-

47::GFP showed missing portions of dendrites following exposure to Hg and Ag, 

as revealed by gaps in fluorescence (Figure S4D). A similar phenotype for 

GABAergic motor neurons was previously reported following Pb, Cu, and Hg 

exposure (Xing, et al., 2009b; Du and Wang, 2008).  
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SUPPLEMENTARY FIGURES 

 

Figure S1. (A) Silicon master mold, produced via photolithography and used to 

cast microchannels from PDMS. (B) Fully assembled microchannel device. 
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Microchannels used in the present study are linear and measure 5 cm long x 300 

μm wide x 80 μm deep. (C) Interior of microchannel. Red arrow indicates position 

of cathode/direction of electrotaxis. 

 

 

 

 

 

 
 

 

Figure S2. Schematic of the experimental setup for the electrotaxis assay. 
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MeHg 2 μM 4.5 μM 9 μM 18 μM 

 Slight 

developmental 

delay 

Significant 

developmental 

delay 

Significant 

developmental 

delay 

L1 arrest 

 

BPA 5 μM 10 μM 20 μM 40 μM 

 No obvious 

phenotype 

No obvious 

phenotype 

No obvious 

phenotype 

Asynchrony 

 

NP 2.5 μM 5 μM 10 μM 20 μM 

 No obvious 

phenotype 

No obvious 

phenotype 

No obvious 

phenotype 

Significant 

developmental 

delay 

 

PQ 50 μM 75 μM 125 μM 250 μM 

 No obvious 

phenotype 

No obvious 

phenotype 

Slight 

developmental 

delay 

Significant 

developmental 

delay 

 

MS-

222 

100 μM 200 μM 400 μM 800 μM 

 No obvious 

phenotype 

No obvious 

phenotype 

Significant 

developmental 

delay 

L1 arrest 

 

Toluene 100 mM 200 mM 400 mM 800 mM 

 No obvious 

phenotype 

Slight 

developmental 

delay 

Slight 

developmental 

delay 

Significant 

developmental 

delay 

 

Table S3. Listing of all concentrations tested during determination of appropriate 

toxicant concentration for electrotaxis experiments. Developmental delays of 

more than 10% were considered significant. Shaded cells indicate the 

concentrations settled upon for use in electrotaxis experiments. 
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Figure S4. (A) Untreated OH123 animals express gcy-7::GFP in the ASEL 

amphid chemosensory neuron. (B) OH123 animals grown on plates spiked with 

50 μM Ag or Cu show abnormal ASEL dendrites (red arrows). (C) Untreated 

EG1285 animals express unc-47::GFP in all GABAergic neurons: 4 RMEs, AVL, 

and RIS in the head, 19 D-type motor neurons along the ventral cord, and DVB in 

the tail. (D) EG1285 animals grown on plates spiked with 50 μM Hg or Ag show 

gaps in the ventral cord (red arrow). (E) Quantification of aberrant fluorescence 

patterns in metal-exposed transgenic nematodes. The means of 4 different trials 

were plotted along with standard error. Asterisks (*) mark values that are 

significantly different from controls (P < 0.05).  
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Significance 

This study demonstrates the microfluidic electrotaxis assay’s potential for 

toxicological applications by showing that the assay can detect the toxic effects of 

anthropogenic metallic contaminants added to worms’ culture substrate. The 

sensitivity of our assay is revealed to be comparable to that of more traditional 

assays that measure fecundity, growth, and lifespan, supporting the practicality of 

electrotactic swimming as a toxicity endpoint in C. elegans. We also provide the 

first evidence for bioaccumulation of silver, copper, and inorganic mercury salts 

inside the bodies of C. elegans and postulate that a metal salt’s capacity to 

bioaccumulate is associated with its impact on electrotactic behaviour. 
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Chapter 4-Modelling Parkinson’s disease using the 

electrotactic swimming response of transgenic C. elegans 
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ABSTRACT 

Mutations in SNCA are the most common cause of familial Parkinson’s 

disease (PD). The gene’s protein product, α-synuclein (αSyn), is the major 

structural component of Lewy bodies and has been implicated in the Parkinson’s 

disease-related degeneration of nigral dopamine (DA) neurons. Transgenic 

Caenorhabditis elegans expressing αSyn have been established as PD models and 

show aggregation of proteins into Lewy body-like cellular inclusions, DA 

neuronal damage, defects in motility and DA-mediated behaviours, and abnormal 

overall DA levels. In the present study, we expand upon the characterization of C. 

elegans αSyn models of PD. We have previously reported a versatile electro-

microfluidic platform for inducing swimming behaviour in C. elegans on demand; 

here, we use the platform to demonstrate that αSyn-expressing worms show 

deficits in electrotactic swimming speed. When αSyn expression is restricted to 

DA neurons, slowness does not appear in young adulthood but rather appears as 

an acceleration of aging-related locomotory decline, coinciding with acceleration 

of aging-related DA neuronal degeneration. We further show that both the 

electrotaxis and neuronal phenotypes of worms expressing αSyn in DA neurons 

can be ameliorated by treatment with curcumin, a putative neuroprotective agent. 

These findings support the utility of the microfluidic electrotaxis assay for 

evaluating potential PD therapeutics and encourage further investigation into the 

use of curcumin as a preventative measure against PD. 

 

1. INTRODUCTION 

 Parkinson’s disease (PD) is a debilitating aging-related neurodegenerative 

disorder that afflicts roughly 1.5% of the North American population (1). The 

disease primarily manifests as motor symptoms including tremor, postural 

instability, rigidity, and bradykinesia, though neuropsychiatric disorders may also 

develop as PD progresses (2). From a pathological perspective, PD is caused by 

the progressive loss of dopamine (DA) neurons in the substantia nigra pars 

compacta (SNpc), which results in a decreased supply of DA to the striatum, 

under-activation of the movement-promoting direct striatal pathway mediated by 

D1 receptors, and over-activation of the movement-inhibiting indirect striatal 

pathway mediated by D2 receptors (3). The mechanisms underlying this neuronal 

loss, while incompletely understood, appear to be associated with the formation of 

proteinaceous intracellular inclusions called Lewy bodies (LBs), which are often 
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found inside the remaining SNpc DA neurons of PD patients. LBs contain a 

number of different proteins but mainly consist of α-synuclein (αSyn), a poorly 

characterized protein with unclear physiological function encoded by the 

SNCA/PARK1/PARK4 gene. 

 The first causal PD gene to be identified, SNCA and its polymorphisms are 

responsible for the majority of dominant familial PD cases (4). Point mutations 

such as A53T and gene multiplications have both been associated with increased 

risk of PD, suggesting that both quality and quantity of αSyn affect its toxicity. 

The exact function of αSyn has not been elucidated, but the fact that it can 

associate with lipids and bind synaptic vesicles suggests involvement in vesicle 

trafficking; moreover, some studies suggest that it plays a role in the regulation of 

DA homeostasis in presynaptic vesicle recycling (5). Of note, while αSyn is not 

present in invertebrates, ectopic expression of αSyn limits cell growth in yeast and 

causes DA neurodegeneration in Drosophila and Caenorhabditis elegans, raising 

doubt regarding the degree to which the normal role of αSyn is relevant to its 

toxicity (6). However, the mechanisms by which αSyn contributes to DA cell 

death under pathological conditions are only slightly better understood than its 

usual function. As a matter of fact, there are several theories for why αSyn is 

toxic, ranging from mitochondrial dysfunction and impaired energy production to 

ER stress-induced apoptosis (6). Additionally, αSyn can form pore-like structures 

in vitro, and annular rings of αSyn have been isolated from brains of patients with 

multiple system atrophy (7). αSyn also displays a tendency to misfold and 

aggregate, and this tendency is exacerbated by certain point mutations as well as 

SNCA copy number variations; the resultant aggregation forms the principal 

structure of LBs. Furthermore, there is some indication that misfolded αSyn is 

released upon cell death and taken up by neighbouring cells, where it may spread 

its misfolded conformation in a prion-like fashion (8). 

Aside from SNCA, there is a handful of other genes associated with risk of 

PD. Leucine-rich repeat kinase 2 (LRRK2/PARK8) encodes a large multi-domain 

protein with kinase and GTPase activity but unclear biological function, as until 

recently no physiological substrates had been identified. Mutations in LRRK2 that 

bestow increased kinase activity,  such as G2019S, result in accumulation of 

αSyn, DA neuronal damage, impairment of autophagy, and increased apoptosis 

(6). A recent study identified ribosomal proteins as major LRRK2 kinase targets, 

showed that blocking phosphorylation of small ribosomal subunit protein s15 

rescues LRRK2 neurotoxicity, and demonstrated that pathogenic LRRK2 induces 
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an increase in bulk protein synthesis that is blocked by phosphodeficient s15; 

together, these findings link elevated LRRK2 kinase activity to PD pathogenesis 

via altered translation (9). Another important gene is parkin (PRKN/PARK2), 

which encodes an E3 ubiquitin ligase involved in protein degradation (10); 

however, most cases of PRKN-related parkinsonism do not present with LBs (4). 

Parkin also has a role in mitophagy, where it is responsible for ubiquitinating 

depolarized or otherwise damaged mitochondria to maintain cell integrity (11). 

Recruitment of parkin to such mitochondria requires the action of PTEN-induced 

kinase 1 (PINK1/PARK6), which has itself been implicated in cellular protection 

against oxidative stress, mitochondrial dysfunction, and apoptosis (11). Genome-

wide association studies have uncovered a few other PD-related candidate genes, 

but further studies are required to clarify the roles of the encoded proteins. 

 Current treatments for PD are dominated by levodopa (L-DOPA), a DA 

precursor that crosses the blood-brain barrier; however, L-DOPA only 

temporarily reduces motor symptoms and gradually loses effectiveness as therapy 

continues (12). There exist DA agonists and inhibitors of DA metabolism that 

produce effects similar to those of L-DOPA, but side effects are significant and 

include drowsiness, hallucinations, insomnia, nausea, and constipation (12). 

Instead of simply raising DA levels, the ideal PD drug would prevent DA 

neuronal loss in the first place. While no such drug has yet been developed, 

compounds such as curcumin have shown some promise and warrant further 

investigation. Curcumin is a polyphenolic compound extracted from the South 

Asian spice turmeric (Curcuma longa) and appears to bear a broad range of 

protective properties, including anti-oxidant and anti-inflammatory activity 

(13,14). It has been reported to inhibit neurotoxin-induced DA neuron damage in 

rodents and αSyn aggregation in cell lines (15), but curcumin also increases 

lifespan of wild-type C. elegans (16), indicating that its therapeutic benefit may 

not be specific to PD-like conditions. Nonetheless, its further characterization as a 

potential neuroprotective agent should be pursued. 

 Although there is much that we still do not understand about PD-related 

processes, we have learned a great deal about its etiology, pathology, and 

molecular mechanisms from animal models (17). Model organisms have proven 

invaluable for PD studies due to their relatively simple nervous systems, 

accelerated disease progression, and amenability to experimental manipulation 

without ethical concerns. Alongside the rat, mouse, and fruit fly, the nematode C. 

elegans is one animal model that has been used extensively to study DA 
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neurodegeneration and explore possible avenues of neuroprotection. C. elegans is 

a particularly attractive model due to its genetic tractability, ease of culture, and 

short three-day life cycle, which all serve to greatly expedite the rate of discovery. 

Despite its relative simplicity, C. elegans shares roughly half of its genes with 

humans and utilizes many conserved processes (18), including both D1- and D2-

mediated signaling pathways. Though the worm does not endogenously produce 

αSyn, transgenic C. elegans expressing human αSyn have been reported to display 

Lewy body-like cellular inclusions, DA neuronal damage, defects in motility and 

DA-mediated behaviours, and aberrant overall DA levels (19,20,21). 

The worm’s body is also appropriately sized for use in microfluidic 

systems, which have been used to study biological processes in live nematodes 

with great precision (22,23). Our group has previously shown that a mild direct 

current (DC) electric field stimulates C. elegans in a microfluidic environment to 

swim towards the cathode in a directed manner (24). Both robust and sensitive, 

this electrotactic behaviour provides a powerful non-invasive method to evaluate 

the functional output of nematode locomotory circuits under variable conditions 

such as exposure to metal salts (25) and various other stresses (26). We have also 

shown that electrotactic swimming speed deficits can be induced by exposure to 

DA neuron-specific neurotoxins including 6-hydroxydopamine (6-OHDA), 1-

methyl-1,2,3,6-tetrahydropyridine (MPTP), and rotenone, implicating DA 

signaling in the electrotactic swimming response (27). 

 While our previous work characterized the electrotaxis of neurotoxin-

based PD model worms, we now build upon that work by demonstrating that 

transgenic, αSyn-expressing PD model worms also exhibit electrotactic speed 

deficits. When αSyn expression is restricted to DA neurons, slowness does not 

appear in young adulthood but rather appears as an acceleration of aging-related 

locomotory decline, coinciding with acceleration of aging-related DA neuronal 

degeneration. We further show that both the electrotaxis and neurodegenerative 

phenotypes of worms expressing αSyn in DA neurons can be ameliorated by 

treatment with curcumin. These findings support the utility of the microfluidic 

electrotaxis assay for evaluating potential PD therapeutics and encourage further 

investigation into the use of curcumin as a preventative measure against PD. 
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2. MATERIALS AND METHODS 

2.1 Strains and culturing 

 The following strains were employed and/or obtained in the present study. 

Where known, the locations of mutations and integrated transgenes are indicated. 

N2 Bristol wild-type, DY328 unc-119(ed4) III; bhEx120(unc-119(+) + dat-

1::YFP), DY463 unc-119(tm4063) III; bhEx172(unc-119(+) + dat-1::αSyn(A53T) 

+ dat-1::YFP), DY416 nre-1(hd20) lin-15b(hd126) X, DY471 nre-1(hd20) lin-

15b(hd126) X; bhEx172(unc-119(+) + dat-1::αSyn(A53T) + dat-1::YFP), 

NL5901 pkIs2386(unc-54::αSyn::YFP + unc-119(+)), FX14480 tmIs0910(unc-

51::αSyn(A53T) + unc-51::EGFP), VM6365 lin-15(n765) X; akEx387(lin-15(+) 

+ dat-1::ICE + dat-1::GFP), DY482 bhIs7(unc-119(+) + dat-1::αSyn(A53T) + 

dat-1::YFP), KU41 lrk-2(km41) I, DY488 lrk-1(tm1898) I, DY487 cdnf(tm3603) 

IV, DY481 bhEx179(lin-11-int3::SNCA + lin-11-int3::GFP). 

DY416 was backcrossed in-house from VH624 rhIs13[unc-119::gfp + 

dpy-20(+)]; nre-1(hd20) lin-15B(hd126). DY471 was obtained by crossing 

DY416 with DY463. DY488 and DY487 were outcrossed in-house from 

FX01898 lrk-1(tm1898) and FX03603 cdnf(tm3603) respectively. DY482 was 

created from DY463 through integration of extrachromosomal arrays by gamma 

irradiation with 4000 Rad from a Co-60 source (28). All other DY-series strains 

were generated in-house through microinjection to create stable lines carrying 

extrachromosomal arrays (29). FX14480, FX01898, and FX03603 were obtained 

from Shohei Mitani’s laboratory (Tokyo Women’s Medical University, Tokyo, 

Japan). VM6365 was obtained from Andres Maricq’s laboratory (University of 

Utah, Salt Lake City, UT, USA). KU41 was obtained from Kunio Matsumoto’s 

laboratory (Nagoya University, Nagoya, Japan). VH624 and all other strains were 

originally obtained from the Caenorhabditis Genetics Center (University of 

Minnesota, St. Paul, MN, USA). 

The general methods for culturing and genetic manipulations have been 

previously described (30). Nematodes were grown and maintained at 20°C on 

nematode growth medium (NGM) agar plates containing E. coli OP50 culture. 

Age-synchronous populations were obtained by bleach treatment (31). 

For experiments on animals older than young adults, 5-fluoro-2’-

deoxyuridine (FUdR, obtained from Sigma-Aldrich [St. Louis, MO, USA]) was 

used to prevent contamination by progeny. FUdR treatments were first prepared 

as a 400 μM stock solution in M9 buffer; subsequently, 1x treatment plates were 

produced by spreading 500 μL of the 400 μM solution across the surface of plates 

containing 10 mL of NGM agar. Worms were then grown on these FUdR-

containing plates beginning in L4. 



Ph.D. Thesis - Justin Tong  McMaster University - MiNDS Neuroscience 
 

83 

 

 

2.2 Molecular biology and generation of transgenics 

 The dat-1::YFP plasmid pGLC72 was created in our lab and reported 

previously (27). The dat-1::αSyn(A53T) plasmid was a gift from Takeshi 

Iwatsubo’s laboratory (University of Tokyo, Tokyo, Japan), and its construction 

has been described (19). The lin-11-int3::GFP plasmid pGLC59 was built in our 

lab and will be described elsewhere. The lin-11-int3::αSyn(A53T) plasmid 

pGLC95 was also constructed in our lab and was made by amplifying the αSyn-

coding region of the dat-1::αSyn(A53T) plasmid using primers GL860 (5’- 

AAACTGCAGCTATGGATGTATTCATGAAAGGACTTTCAAAGGCCAAGG

-3’) and GL861 (5’- 

AAAGTCGACTTAGGCTTCAGGTTCGTAGTCTTGATACCC-3’). The 

resulting PCR product was digested with PstI and SalI and subcloned into 

pGLC59. 

 Transgenic animals carrying extrachromosomal arrays were generated by 

a standard microinjection technique (29). The following concentrations of 

plasmids were injected as part of this study: pGLC72 (dat-1::YFP) 50 ng/μL, dat-

1::αSyn(A53T) 10 ng/μL, pGLC59 (lin-11-int3::GFP) 50 ng/μL, pGLC95 (lin-

11-int3::αSyn(A53T)) 10 ng/μL. 

 Outcrossed DY488 lrk-1(tm1898) was confirmed by PCR using primers 

GL917 (5’- ATCAGAAGCCGGGGACATGT-3’) and GL918 (5’-

ACGAGGGCTCTACGTGTCTA-3’). Outcrossed DY487 cdnf(tm3603) was 

confirmed by PCR using primers GL915 (5’- CTCGGTGCATCCCTTGCACA-

3’) and GL916 (5’- AGCCGACTCGTCCTTCTCAT-3’). 

 

2.3 Curcumin treatment 

 Curcumin was obtained from Sigma-Aldrich (St. Louis, MO, USA) and 

maintained as a 100 mM stock solution in 100% dimethylsulfoxide (DMSO). 

Treatments were prepared by mixing curcumin solution into liquid NGM agar at 

the time of pouring plates, for a final concentration of 500 μM curcumin and 0.5% 

DMSO. 

 

2.4 RNAi 

 RNA interference (RNAi) was performed on plates containing 0.6% 

Na2HP04, 0.3% KH2P04, 0.1 % NH4CI, 0.5% casamino acids, 2% agar, 1 mM 

CaCl2, 1 mM MgS04, 0.0005% cholesterol, 0.2% β-lactose, and 50 μg/mL 
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carbenicillin. Plates were seeded with 150 μL of HT115 bacterial culture that 

produces dsRNA of the gene of interest, which was grown overnight in LB media 

containing 100 μg/mL carbenicillin and 10 μg/mL tetracycline. Ten to 15 L4-

stage worms were picked onto RNAi plates and the phenotypes of F1 progeny 

were examined. 

 

2.5 Microchannel fabrication and electrotaxis 

 Electrotaxis assays were performed exclusively in PDMS microchannels 

that were first reported by Rezai and colleagues (24). Both the details of 

microchannel construction and a standard protocol for the electrotaxis assay 

proper have been previously published (32). 

The channel design was printed on a transparency sheet using high-

resolution photoplotting to create a photomask, which was then used in 

conjunction with SU-8 100 negative photoresist (MicroChem Corp., MA, USA) to 

lithographically pattern the design onto a silicon wafer. Microchannels were then 

casted by pouring polydimethylsiloxane (PDMS) pre-polymer (Sylgard 184 Kit, 

Dow Corning Corp., MI, USA; 10:1 ratio of base and cross-linker) onto the 

resultant master mold and allowing 24 h for curing. The channel was then excised 

from the PDMS replica and fluid access ports were punched into each end. Next, 

the channel, a blank PDMS strip and a glass slide were oxidized via exposure to 

oxygen plasma for 40 s at 40 W power and stuck together to seal the 

microchannel. Lastly, plastic tubing and insulated copper wire were affixed to the 

punched reservoirs and secured with PDMS pre-polymer. 

In preparation for each electrotaxis assay, a syringe was attached to the 

outlet tube of the PDMS microchannel to facilitate worm loading at the inlet tube. 

A power supply was connected via insulated copper wiring to the electrodes of the 

microchannel device to provide worms with electrical stimulus. A microscope, 

camera and monitor allowed visualization and recording of the electrotaxis 

experiment. 

Worms were washed off of their culture plates, cleaned, and suspended in  

M9 buffer. Animals were then aspirated into the channel using the syringe. 

Individual worms were isolated by adjusting the tubes’ relative height to 

hydrostatically manipulate the flow of M9 through the channel. Both tubes were 

then laid flat at the same elevation to eliminate pressure-induced flow. Next, a 3 

V/cm DC electric field was applied and the worm’s resultant behaviour recorded 

by camera. Locomotory data was later extracted from recorded videos using 

custom MATLAB-based worm tracking software. 
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2.6 Fluorescence microscopy 

 Fluorescent reporter-expressing strains  were mounted on 4% agar pads on 

glass slides and examined under Nomarski optics. To anesthetize animals, each 

pad contained a 15-μL drop of 30 mM NaN3 in M9 buffer. Epifluorescence was 

visualized with a Hamamatsu ORCA-AG camera, a Nikon Eclipse 80i 

microscope, a GFP or YFP filter (31044V2 CY GFP C61331), and NIS-Elements 

BR software version 3.0 (www.nis-elements.com). Images were processed using 

NIH ImageJ (http://rsbweb.nih.gov/ij). 

 

2.7 Basal slowing response 

 The following protocol was originally developed by Sawin and colleagues 

(33). Assay plates containing food were prepared by spreading E. coli HB101 in a 

ring with an outer diameter of approximately 3.5 cm and an inner diameter of 

approximately 1 cm onto an NGM agar plate, incubating overnight at 37°C, and 

then cooling to room temperature. Assay plates lacking food were also incubated 

at 37°C and cooled to room temperature before use. 

For each assay trial, well-fed animals were washed twice in M9 buffer and 

then transferred to an assay plate in a drop of buffer. In the cases of assay plates 

with food, worms were placed in the bacteria-free circle at the center of the ring. 

The drop of buffer containing the worms was absorbed with tissue paper to allow 

animals to crawl onto the agar. After 5 min of acclimatization, the number of 

body bends propagated by each worm in a 20 s interval of continuous locomotion 

was recorded as its locomotory rate. The slowing rate was calculated as the ratio 

of the locomotory rate on assay plates with food to the locomotory rate on assay 

plates without food. 

 

2.8 Data analysis 

Electrotaxis speed data was analyzed using the non-parametric Mann-

Whitney test. All other data was analyzed with Student’s t-test. All tests were 

performed using the Systat SigmaPlot statistical software package version 11.0 

(www.sigmaplot.com) with significance set at P < 0.05. For all assays, data from 

all repeats were pooled and analyzed together. 
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3. RESULTS 

3.1 Ectopic expression of αSyn causes electrotactic defects 

 We began our investigation by determining whether broadly expressed 

αSyn could affect the electrotactic swimming behaviour of C. elegans. For these 

experiments, we employed NL5901 unc-54::αSyn(A53T)::YFP and FX14480 

unc-51::αSyn(A53T) transgenic animals. To evaluate electrotactic behaviour, we 

loaded young adult worms into a microchannel and measured their speed upon 

electric field activation. As shown in Figure 1, NL5901 worms, which express 

αSyn in the body wall and other muscles, move significantly more slowly than N2 

wild-type controls inside the electric field. FX14480 worms express αSyn pan-

neuronally as well as in muscles; as expected, FX14480 animals show significant 

defects even compared to NL5901 (Figure 1). These findings indicate that 

overexpression of αSyn in C. elegans impairs its electrotactic swimming 

behaviour. 

 Genome-wide RNAi screens have identified a number of genetic modifiers 

of αSyn inclusion formation, among them lagr-1 and ymel-1 (21). lagr-1 encodes 

an ortholog of human LASS1, a sphingolipid synthase, and ymel-1 encodes an 

ortholog of human presenilin-associated metalloprotease (PAMP), a 

mitochondrial protease. We confirmed that RNAi knockdown of either gene 

exacerbates the formation of αSyn inclusion formation in NL5901 

(Supplementary Figure 1, A-C), and further observed that RNAi against lagr-1 

or ymel-1 worsens the locomotory phenotype of NL5901 in the electrotaxis assay 

(Supplementary Figure 1, D), implicating aggregation as a factor relevant to 

αSyn’s effect on behaviour. 

 

3.2 Expression of αSyn in DA neurons accelerates aging-related 

neurodegeneration, produces defective DA-mediated behaviours, 

and exacerbates aging-related declines in electrotactic speed 

 Because PD is primarily associated with DA neuronal death, we opted to 

focus the rest of our investigation on transgenic worms that express αSyn 

specifically in DA neurons, of which C. elegans contains only eight: 4 CEP and 2 

ADE neurons in the head, and 2 PDE neurons in the tail region. To this end, we 

used microinjection to generate two independent dat-1::αSyn(A53T); dat-1::YFP 

lines, DY463 and DY465. Both strains are superficially indistinguishable from 

wild-type N2 animals at the plate level except for their expression of YFP in DA 

neurons. As the two lines are identical, we concentrated our remaining 

experiments on DY463. Although similar C. elegans PD models have been 
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generated and analyzed in the past (19,20), we first sought to establish that our in-

house-generated line appropriately mimics PD in terms of DA neurodegeneration. 

This neuronal damage can be visualized using fluorescence microscopy, where it 

manifests as a decreased number of fluorescing cell bodies and/or punctate 

patterns in projections (Figure 2). Indeed, compared to DY328 dat-1::YFP 

controls, DY463 animals show significantly more neuronal damage, and the 

difference becomes more prominent with age (Figure 3). 

 There are several established behavioural assays for evaluating the state of 

the DA signaling system in C. elegans. We used one, the basal slowing response, 

to further characterize our DY463 transgenic line. The basal slowing response is a 

DA-dependent food-sensing behaviour in which worms decrease their rate of 

movement upon encountering a food source, likely an adaptive mechanism to 

increase the amount of time animals spend in the presence of food. This behaviour 

is triggered by worms’ perception of a mechanical attribute of bacteria, which is 

mediated by mechanosensory DA neurons (33). As expected, ablation of DA 

neurons abolishes the response completely (Figure 4, A). We also observed 

abnormal phenotypes in DY463 during this assay. While both N2 and DY463 

display a robust basal slowing response in young adulthood, this robustness 

weakens with age only in DY463 (Figure 4, B). This observation indicates that 

the DA signaling system is perturbed to the extent of behavioural manifestation in 

DY463. 

 Our next goal was to characterize the locomotory phenotype of DY463 

dat-1::αSyn using microfluidic electrotaxis. As shown in Figure 5, young adult 

DY463 animals do not display electrotactic speeds that are significantly different 

from those of wild-type controls; however, differences appear with age. Although 

even N2 animals show a decline in motility as they grow older, this decline is 

more pronounced in DY463: indeed, 5-day-old DY463 animals swim with speeds 

similar to those of 7-day-old N2, and 7-day-old DY463 animals move like 9-day-

old N2 (Figure 5, A). In contrast, no exacerbation of motor decline appears in 

DY481 lin-11-int3::αSyn transgenic animals, which express αSyn in ten non-

DAergic amphid neurons including AVA, AVE, ADF, ASH, ADL, AWA, ASG, 

RIC, AIZ, and AVG (Figure 5, B), or in KU41 lrk-1(km41) mutants 

(Supplementary Figure 2). We note that the DY481 and KU41 electrotaxis data 

were conducted during the same experiment, and that Figure 5 and 

Supplementary Figure 2 therefore display the same control data. Overall, these 

results show that DY463 develops PD-like motor symptoms that are detectable 

via microfluidic electrotaxis as a result of αSyn expression in DA neurons, 

supporting the viability of using dat-1::αSyn transgenic animals as a baseline 

upon which to test potential PD therapeutic compounds with our electrotaxis 

platform. 
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3.3 Chronic curcumin treatment ameliorates αSyn-induced DA 

neurodegeneration and aging-related declines in electrotactic speed 

 Having established that DY463 dat-1::αSyn C. elegans simulate PD in 

terms of DA neurodegeneration and locomotion, we proceeded to use DY463 to 

evaluate the efficacy of curcumin as a neuroprotective agent. We first investigated 

curcumin’s ability to rescue the accelerated DA neurodegenerative phenotypes of 

DY463 animals. As shown in Figure 6, chronic curcumin treatment has no 

apparent effect on αSyn-expressing DA neurons at 100 μM, but significantly 

reduces the frequency of dendritic damage at 500 μM. These findings suggest that 

curcumin can protect DA neurons against αSyn toxicity when administered at a 

sufficiently high dose. 

Next, we assessed the effect of 500 μM curcumin on DY463 electrotaxis. 

Interestingly, while curcumin treatment has no effect on either N2 or DY463 at 

young adulthood, it completely rescues the electrotactic deficits that appear in 5-

day-old DY463 worms (Figure 7, A). 9-day-old DY463 animals also derive 

significant benefit from curcumin in terms of electrotactic speed preservation, 

though some degree of locomotory depression relative to young adults remains 

(Figure 7, B). These observations indicate that curcumin can mitigate aging-

related declines in motility in dat-1::αSyn transgenic worms. Together with the 

neuronal phenotype data, the results of these experiments support the therapeutic 

benefit of curcumin in the context of αSyn-induced DA neurodegeneration. 

 

4. DISCUSSION 

 We have here characterized for the first time the electrotactic phenotypes 

of transgenic PD model C. elegans ectopically expressing αSyn(A53T). dat-

1::αSyn animals in particular display aging-related speed deficits relative to age-

matched controls, which do not appear in other transgenics and PD-related 

mutants (Figure 5; Supplementary Figure 2). We have also shown that 

curcumin can ameliorate the electrotactic swimming defects that develop in aging 

dat-1::αSyn transgenic animals. Given that this effect coincides with rescue of 

DA neurodegenerative phenotypes and does not impact speed of young adult (pre-

symptomatic) worms, curcumin’s rescue of electrotactic slowness in aging dat-

1::αSyn animals appears to be a manifestation of its protective properties rather 

than a non-specific increase in locomotory rate. 

 Although no other research group to our knowledge has taken a 

microfluidic approach to PD-related research using C. elegans, several past 

studies have employed αSyn PD model worms. Lakso and colleagues were the 

first to establish αSyn-overexpressing C. elegans models and reported that while 
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pan-neuronal and motor neuronal expression of αSyn impairs thrashing rate of 

young adults in M9 buffer, DA neuronal expression of αSyn does not (34). These 

results concur with our observations that pan-neuronal expression of αSyn causes 

electrotactic swimming defects even in young adulthood while worms expressing 

αSyn in DA neurons only develop speed deficits in later life. Another study by 

Kuwahara and colleagues reported that worms expressing αSyn in DA neurons 

show defective basal slowing responses (19), which was also observed in the 

present study. An additional study by Cao and colleagues found that slightly aged 

dat-1::αSyn worms show not only basal slowing response impairment, but also 

decreases in general locomotion, measured as centroid velocity on a plate without 

stimulus (20). Although they did not take velocity measurements at different ages, 

and the scoring process was likely complicated by animals’ freedom to perform 

random behaviours (arbitrary pauses, reorientations, omega turns, and reversals) 

in the absence of a constant stimulus, their observation of motor deficit agrees 

with the results from our microfluidic electrotaxis assay. Therefore, the 

behavioural data of the present study is highly consistent with that of the 

established literature. Some differences in neurodegenerative phenotype were 

observed, but on this point the past studies also disagree with each other: Lakso 

and colleagues reported both losses of cell bodies and damage to processes but no 

worsening of the phenotype with age (34), Kuwahara and colleagues reported 

losses of fluorescence in dendrites but not cell bodies (19), and Cao and 

colleagues reported both losses of cell bodies and damage to processes that do 

worsen with age (20). Our own findings bear most resemblance to the latter study. 

Regardless, it is likely that these discrepancies are due to minor variations 

between transgenic strains, as each group has generated its own. 

 There is also some disagreement regarding the changes in actual DA 

content that accompany αSyn-induced DA neurodegeneration. Kuwahara and 

colleagues found decreased DA in their dat-1::αSyn lines (19), which is intuitive 

in the context of DA cell death and consistent with striatal DA reduction in PD 

patients. However, Cao and colleagues reported increased DA in their dat-

1::αSyn worms, hypothesizing that αSyn alters DA synaptic vesicle trafficking or 

packing to reduce the availability of DA synaptic vesicles at synapses while 

simultaneously stimulating DA synthesis through feedback control mechanisms 

(20). We therefore have plans to investigate the DA content of our own lines 

using high-performance liquid chromatography (HPLC), and have used gamma 

irradiation to integrate the dat-1::αSyn extrachromosomal array (creating the 

DY482 bhIs7 strain) for this purpose. 

Our findings regarding the ability of curcumin to mitigate αSyn-induced 

neuronal and behavioural defects are interesting in light of previous studies 

reporting that curcumin inhibits neurotoxin-induced DA neuron damage in 

rodents and αSyn aggregation in cell lines (15). Taken together, these data 
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strongly support further exploration of curcumin as a neuroprotective agent with 

potential applications for PD. To test whether curcumin’s protective effect is 

specific to DA neurons, future experiments will investigate whether curcumin 

treatment can also rescue the electrotactic speed deficits of unc-54::αSyn and unc-

51::αSyn transgenic animals. We are also interested in elucidating the 

mechanisms behind curcumin’s action, which we plan to address with an RNAi 

screen. We have created a neuronal RNAi-hypersensitive strain (DY471 nre-

1(hd20) lin-15b(hd126); dat-1::αSyn; dat-1::YFP) for this purpose. 

Transgenic worms exhibiting functional disturbances caused by A53T 

αSyn expression in DA neurons promise to facilitate PD research. In addition to 

providing a platform on which to screen for molecules that block neuronal 

dysfunction and degeneration, such PD models may contribute to the illumination 

of the genetics underlying αSyn neurotoxicity. αSyn-expressing lines have been 

used in RNAi screens in the past to identify modifiers of αSyn-induced inclusion 

formation and abnormalities in neuronal function (21,35), but similar screens have 

yet to be performed in worms where αSyn expression is restricted to DA neurons. 

We have plans to pursue such an investigation in the future (again using DY471). 

 

5. CONCLUSION 

 In summary, we have taken an electro-microfluidic approach to the 

characterization of transgenic PD model worms ectopically expressing αSyn, 

especially those expressing αSyn in DA neurons. We observed significant 

electrotactic speed defects that are ameliorated by chronic treatment with 

curcumin, a putative neuroprotective agent. These findings support the utility of 

the microfluidic electrotaxis platform for evaluating potential PD therapeutics and 

encourage further investigation into the use of curcumin as a preventative measure 

against PD. 
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Figures 

 

Figure 1. Transgenic animals expressing αSyn in muscles and neurons exhibit 

electrotactic swimming deficits in young adulthood. Boxes represent 

measurements from 25
th

 to 75
th

 percentiles, central horizontal lines represent 

medians, vertical lines extend to 10th and 90th percentiles, and dots represent 

outliers. NL5901 unc-54::αSyn (p < 0.01) transgenic animals show significant 

slowness relative to wild-type controls, and FX14480 unc-51::αSyn show even 

more severe defects than NL5901 (p < 0.01). 
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Figure 2. Degenerative phenotype of DAergic CEP and ADE neurons. (A) 

Healthy DA neurons in 5-day-old DY328 dat-1::YFP animals. (B) DA neurons 

bearing punctate-patterned dendrites in 5-day-old DY463 dat-1::αSyn; dat-

1::YFP animals. 
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Figure 3. Transgenic animals expressing αSyn in DA neurons show accelerated 

aging-related neurodegeneration. Compared to DY328 dat-1::YFP controls, 

DY463 dat-1::αSyn; dat-1::YFP animals (A) lose DA neuronal cell bodies more 

quickly with age, and (B) develop DA dendritic damage more frequently. * 

denotes significant (P < 0.05) differences between DY328 and DY463. 
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Figure 4. The basal slowing response requires DA signaling and is perturbed in 

transgenic animals expressing αSyn in DA neurons. (A) The basal slowing 

response is abolished in young adult VM6365 dat-1::ICE animals, which lose all 

DA neurons in early L1 (36). (B) DY463 dat-1::αSyn animals develop basal 

slowing response deficits by Day 5 of life. Slowing rates were calculated as the 

percentage decrease of locomotory rate (counted as frequency of body bending) 
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on plates with bacteria as compared with that on plates without bacteria. * denotes 

significant (P < 0.05) differences between N2 and DY463.  
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Figure 5. Transgenic animals expressing αSyn in DA neurons, but not other 

amphid neurons, exhibit aging-related declines in electrotactic speed. Refer to 

Figure 1 for description of box plot. (A) DY463 dat-1::αSyn animals do not differ 

from controls in young adulthood (Day 3, p = 0.759), but do show slowness 

relative to age-matched controls on Day 5 (p = 0.021), Day 7 (p = 0.047), and Day 

A 
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9 (p = 0.015) of life. (B) DY481 lin-11-int3::αSyn animals, which express αSyn 

in a number of non-DAergic amphid neurons, do not show electrotactic defects 

relative to age-matched N2 controls (P > 0.05 in all cases). 
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Figure 6. Chronic curcumin exposure ameliorates some neurodegenerative 

phenotypes of transgenic animals expressing αSyn in DA neurons. (A) Loss of 

DA neuronal cell bodies in 7-day-old DY463 dat-1::αSyn; dat-1::YFP animals is 

not affected by curcumin treatment at either 100 μM (p = 0.479) or 500 μM (p = 

0.118). (B) Curcumin treatment does not affect frequency of dendritic damage in 

7-day-old DY463 dat-1::αSyn; dat-1::YFP animals at 100 μM (p = 0.410) but 

significantly reduces frequency of dendritic damage at 500 μM (p < 0.01). 
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Figure 7. Chronic curcumin exposure ameliorates the aging-related decline in 

electrotactic speed of transgenic animals expressing αSyn in DA neurons. Refer to 

Figure 1 for description of box plot. (A) 500 μM curcumin treatment does not 

affect the electrotaxis of young adult (Day 3) wild-type (p = 0.831) or DY463 dat-

1::αSyn (p = 0.987) animals, but rescues the age-dependent speed deficits of 5-

day-old DY463 worms (p < 0.01). The speeds of 5-day-old curcumin-treated 

DY463 worms are indistinguishable from those of their 3-day-old counterparts (p 

= 0.498). Curcumin treatment may also benefit 5-day-old wild-type animals, but 

the effect is not statistically significant (p = 0.172). (B) 500 μM curcumin 

treatment significantly improves electrotactic motility of 9-day-old DY463 (p < 

0.01). Curcumin treatment may also benefit 9-day-old wild-type animals, but the 

effect is not statistically significant (p = 0.194). 
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Supplementary Information 

 

 

Supplementary Figure 1. RNAi knockdown of genes affecting αSyn inclusion 

formation exacerbates electrotactic defects of transgenic animals expressing αSyn 

in muscles. (A) 5-day-old NL5901 unc-54::αSyn::YFP transgenic animals show a 

A B C 

D 
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small number of αSyn clusters along the periphery of the head. (B) RNAi 

knockdown of the sphingolipid synthase lagr-1, an ortholog of human LASS1, 

causes an increase in the number and size of αSyn clusters developed by NL5901 

animals by Day 5 of life. lagr-1 was first identified as a modifier of αSyn 

inclusion formation in a screen performed by van Ham and colleagues (21). (C) 

RNAi knockdown of the mitochondrial protease ymel-1, an ortholog of human 

presenilin-associated metalloprotease (PAMP), causes a similar increase in 

NL5901 αSyn aggregation. ymel-1 was also identified as a modifier of αSyn 

inclusion formation in the screen performed by van Ham and colleagues (21). (D) 

RNAi knockdown of either lagr-1 (p < 0.01) or ymel-1 (p = 0.027) causes 

significant further electrotactic slowness in young adult NL5901 transgenic 

worms. 
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Supplementary Figure 2. Aging-related declines in electrotactic speed are not 

affected by lrk-1 knockout. Regardless of age, KU41 lrk-1(km41) animals do not 

show electrotactic defects relative to age-matched N2 controls (P > 0.05 in all 

cases). 
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Significance 

This study identifies and quantifies electrotactic locomotory abnormalities in 

transgenic αSyn-expressing PD model worms for the purpose of establishing the 

microfluidic electrotaxis platform as a means of evaluating candidate compounds 

for PD therapy. We construct transgenic worm lines that express αSyn in DA 

neurons and observe an exacerbation of age-dependent declines in motility that 

correlate with DA neurodegeneration. We further show that treatment with 

curcumin, a putative neuroprotective agent, ameliorates both the neuronal and 

electrotactic phenotypes that develop in αSyn-expressing worms. These findings 

support the utility of C. elegans microfluidic electrotaxis for the evaluation of 

potential PD therapeutics and encourage further investigation into the use of 

curcumin as a preventative measure against PD. 
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ABSTRACT 

C. elegans exhibits directional locomotion known as electrotaxis in the 

presence of mild electric fields. When microfluidic systems are employed to 

maximize field uniformity, this response allows on-demand control over worms’ 

movement, which promises to facilitate screens for agents affecting nervous and 

muscular systems. However, extensive inquiry into the types of stresses that 

perturb electrotactic swimming is still lacking. We show here that while the 

response is robust and able to withstand many different insults, chronic exposure 

to the herbicide paraquat causes significant speed deficits. As paraquat is a known 

inducer of both mitochondrial and ER stress, we further explored which of these 

two stresses is more closely associated with electrotactic swimming defects. We 

observed that only a few mitochondrial mutations affect electrotaxis, suggesting 

that mitochondrial stress and ROS production are not strong predictors of 

electrotactic deficit. Moreover, both gain-of-function and loss-of-function 

mutations in atfs-1, a key mediator of the mitochondrial unfolded protein response 

(UPR
mt

), produce swimming speed deficits. On the other hand, worms treated 

with tunicamycin, an ER stressor hindering protein folding, or carrying a loss-of-

function mutation in ER unfolded protein response (UPR
ER

) mediator ire-1 

consistently exhibit slowness in the electrotactic assay, suggesting that 

electrotaxis may be more sensitive to ER stress than to mitochondrial stress. We 

provide evidence that neuronal damage may account in part for the electrotactic 

phenotypes of paraquat- and tunicamycin-treated animals. Furthermore, both 

paraquat and tunicamycin increase hsp-driven marker expression, implicating the 

heat shock transcriptional response in animals’ means of coping with these 

chemically induced stresses. The importance of the heat shock response in 

preserving normal electrotaxis is underlined by the fact that hsf-1 mutants display 

slow electrotaxis that is worsened by exposure to paraquat at concentrations that 

do not affect wild-type animals. These results suggest that electrotactic swimming 

behaviour is particularly susceptible to ER stress, and that multiple stress 

pathways contribute to its preservation in the face of stressful conditions. 

 

1. INTRODUCTION 

Behavioural responses in all organisms involve the convergence of many 

different pathways and are therefore influenced by a variety of factors, both 

genetic and environmental. Largely reliant on neuronal circuitry for control, 

behaviours are often negatively impacted by cellular stresses that hinder the 

function of neurons and other cells necessary for their exhibition. For instance, 

mutations inhibiting mitochondrial respiration have been reported to manifest as 

slowed rates of locomotion in nematodes (1). Movement deficits can also appear 

in a variety of taxa following exposure to neurotoxicants such as 1-methyl-4-
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phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone (2,3). These compounds 

interfere with complex I of the mitochondrial electron transport chain, resulting in 

oxidative damage and death of dopaminergic neurons, which play important roles 

in locomotion that are conserved from nematodes to humans (4). In addition to 

mitochondrial stress, endoplasmic reticulum (ER) stress is closely associated with 

neurodegenerative disease and resultant behavioural abnormality (5,6,7). Also, the 

transcriptional response mediated by heat shock factor 1 (HSF-1) has been 

implicated in protecting dopaminergic neurons and other tissues against heat 

stress-induced degeneration (8). HSF-1 is a transcription factor activated by heat, 

oxidative, and other cellular stresses, its targets including the genes encoding 

molecular chaperones and other protective factors collectively called heat shock 

proteins (HSPs) (9). 

Our knowledge of how stress affects behaviour has emerged from studies 

using many different models, including the nematode Caenorhabditis elegans. C. 

elegans is a particularly attractive model organism due to its genetic tractability, 

ease of culture, and short three-day life cycle, which all serve to greatly expedite 

the rate of discovery. Despite its relative simplicity, C. elegans shares roughly 

half of its genes with humans and utilizes many of the same processes. Its body is 

also appropriately sized for use in microfluidic systems, which have been used to 

study biological processes in live nematodes with great precision (10,11). 

In earlier work, we found that a mild DC electric field in a microfluidic 

environment stimulates C. elegans to swim towards the cathode in a directed 

manner (12). Both robust and sensitive, this electrotactic behaviour provides a 

powerful non-invasive method to evaluate the functional output of nematode 

locomotory circuits under variable conditions such as exposure to neurotoxicants 

(3). However, a comprehensive investigation into the types of stress that can 

perturb electrotactic swimming has not yet been attempted. 

In the current study, we address this gap in knowledge by exploring the 

impact of stress-inducing environmental manipulations and stress-related genes 

on the electrotaxis of C. elegans. We observed that the electrotactic response is 

generally robust and able to withstand many different insults. Interestingly, 

chronic exposure to paraquat, a structural relative of MPTP, was found to produce 

significant electrotactic speed deficits. Paraquat is a herbicide routinely used in 

research to induce oxidative stress and works at least partly by inhibiting the 

function of mitochondrial complex I, which results in increased levels of ROS 

(13) and dopamine neurodegeneration in animal models (2). At the same time, 

paraquat is also associated with endoplasmic reticulum (ER) stress (14), leading 

us to ask whether paraquat’s effect on electrotaxis is mediated by mitochondria, 

ER, or both. 
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To test the impact of mitochondrial dysfunction on electrotactic behaviour, 

we conducted a survey of genes involved in mitochondrial function and/or 

stability, reasoning that the cells that mediate electrotactic behaviour, neurons and 

muscles, rely heavily on mitochondrial energy production to function. The 

following genes were included in this survey: isp-1, encoding a Rieske iron sulfur 

protein subunit of mitochondrial complex III; gas-1, encoding a subunit of 

mitochondrial complex I; mev-1, encoding cytochrome b, a subunit of 

 mitochondrial complex II; pink-1, encoding an ortholog of PTEN-induced kinase 

1 (PINK1); ucp-4, encoding the sole C. elegans ortholog of mammalian 

mitochondrial uncoupling protein (UCP); sod-2 and sod-3, encoding 

mitochondrial superoxide dismutases; clk-1, encoding demethoxyubiquinone 

(DMQ) hydroxylase; and atfs-1, encoding a bZip transcription factor required for 

the mitochondrial unfolded protein response (UPR
mt

). Furthermore, as 

mitochondrial function is intimately related to the production of reactive oxygen 

species (ROS) and oxidative stress, we also tested whether treatment with the 

anti-oxidant compound curcumin could be used to rescue any electrotactic defects 

of these mitochondrial mutants. Curcumin is a polyphenolic compound present in 

the South Asian spice turmeric (Curcuma longa) with a broad range of protective 

properties, including inhibition of oxidative stress-induced neuronal damage in 

Alzheimer’s and Parkinson’s disease models (15,16). 

To investigate the impact of ER stress on electrotactic swimming, we 

tested whether treatment with tunicamycin, an established ER stressor, or 

mutations in key mediators of the ER stress response have any impact on the 

behaviour. Tunicamycin is a bacterially produced mixture of homologous 

antibiotics that inhibits N-linked glycosylation to promote protein misfolding, 

induction of the ER unfolded protein response (UPR
ER

), and apoptosis in neurons 

and other cell types (17,18). The UPR
ER

 is a signal cascade responsible for 

sensing and protecting cells against ER stress, mediated by protein kinase RNA 

(PKR)-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating 

transcription factor 6 (ATF6) (19); mutants for two of these proteins, PERK/pek-1 

and IRE1/ire-1, were tested in this study. We also characterized the electrotaxis of 

worms carrying a mutation in pqe-1, a poorly characterized gene whose loss of 

function is associated with enhancement of polyglutamine toxicity (20), transgene 

expression, and possibly proteotoxic stress due to upregulation of global protein 

synthesis (21). 

Lastly, we analyzed mutants for hsf-1, which encodes an ortholog of heat 

shock transcription factor 1 (HSF1) and serves as a master regulator of the heat 

shock transcriptional response. Given that paraquat, tunicamycin, and other 

stresses are known to upregulate HSPs in C. elegans (22), we hypothesized that 

the heat shock response might play a protective role in preserving electrotactic 

behaviour against environmental insults. 
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Together, these experiments shed light on the types of stress conditions 

that affect nematode electrotaxis. Our findings will inform future investigations 

utilizing microfluidic electrotaxis as a functional output of nematode locomotory 

circuits. 

 

2. MATERIALS AND METHODS 

2.1 Strains and culturing 

This study used the following C. elegans strains: N2: wild-type Bristol 

isolate; CB1370: daf-2(e1370); CF1038: daf-16(mu86); MQ887: isp-1(qm150); 

CW152: gas-1(fc21); TK22: mev-1(kn1); CY121: ucp-4(ok195); DY356: pink-

1(ok3538); GA184: sod-2(gk257); GA186: sod-3(tm760); GA480: sod-2(gk257); 

sod-3(tm760); QC115: atfs-1(et15); VC3201: atfs-1(gk3094); RB545: pek-

1(ok275); RE666: ire-1(v33); SJ4100: zcIs13(hsp-6::GFP); SJ4058: zcIs9(hsp-

60::GFP); PS3551: hsf-1(sy441); RB1611: pqe-1(ok1983); SJ4005: zcIs4(hsp-

4::GFP); CL2070: dvIs70(hsp-16.2::GFP + rol-6[su1006]); and CF1824: 

muEx265(hsf-1::HSF-1 + myo-3::GFP). DY356 was outcrossed in-house from 

RB2547: pink-1(ok3538). RB2547 and all other strains were originally obtained 

from the Caenorhabditis Genetics Center (University of Minnesota, St. Paul, 

MN). Except where indicated otherwise, animals were grown and maintained at 

20°C on nematode growth medium (NGM) agar plates containing E. coli OP50 

culture using previously described methods (23). All experiments used age-

synchronous populations obtained by bleach treatment (24). Wild-type, untreated 

control animals were allowed 69 hrs of growth before experiments; growth times 

for all animals bearing mutations or undergoing treatments that affect 

developmental rate were appropriately adjusted. 

 

2.2 Chemicals and treatments 

Curcumin, paraquat dichloride, tunicamycin, and 5-fluoro-2’-deoxyuridine 

(FUdR) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Curcumin 

treatments were first prepared as 100 mM stock solutions in 100% 

dimethylsulfoxide (DMSO), which were then mixed into liquid NGM agar at the 

time of pouring plates. Paraquat treatments were first prepared as 20x solutions in 

M9 buffer; subsequently, 1x treatment plates were produced by spreading 500 μL 

of the 20x solutions across the surface of plates containing 10 mL of NGM agar. 

Tunicamycin treatments were first prepared as 5 mg/mL stock solutions in 100% 

DMSO, then diluted with water to make 20x solutions; subsequently, 1x treatment 

plates were produced by spreading 500 μL of the 20x solutions across the surface 
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of plates containing 10 mL of NGM agar. FUdR treatments were first prepared as 

a 400 μM stock solution in M9 buffer; subsequently, 1x treatment plates were 

produced by spreading 500 μL of the 400 μM solution across the surface of plates 

containing 10 mL of NGM agar. In the cases of all chemical treatments except for 

FUdR, worms were grown on chemical-containing plates from L1 until young 

adulthood. In the case of FUdR, worms were grown on chemical-containing plates 

from L4 until either young adulthood or Day 5 of life (Day 3 of adulthood). 

For heat stress assays, animals were first grown at 20°C until young 

adulthood. Plates were then sealed with parafilm and kept in a water bath at 25°C 

for 5 h or at 33°C for 1 h. Control plates were also sealed but kept at 20°C. 

Animals were allowed to recover at 20°C with parafilm removed for 6-8 h before 

electrotaxis assays. 

 

2.3 Microchannel fabrication and electrotaxis assay 

Microfluidic channels were fabricated as previously described (12,25). 

The channel design was printed on a transparency sheet using high-resolution 

photoplotting to create a photomask, which was then used in conjunction with 

SU-8 100 negative photoresist (MicroChem Corp., MA, USA) to lithographically 

pattern the design onto a silicon wafer. Microchannels were then casted by 

pouring polydimethylsiloxane (PDMS) pre-polymer (Sylgard 184 Kit, Dow 

Corning Corp., MI, USA; 10:1 ratio of base and cross-linker) onto the resultant 

master mold and allowing 24 h for curing. The channel was then excised from the 

PDMS replica and fluid access ports were punched into each end. Next, the 

channel, a blank PDMS strip and a glass slide were oxidized via exposure to 

oxygen plasma for 40 s at 40 W power and stuck together to seal the 

microchannel. Lastly, plastic tubing and insulated copper wire were affixed to the 

punched reservoirs and secured with PDMS pre-polymer. 

The electrotaxis assay proper has also been described (12,25). A syringe 

was attached to one of the inlet/outlet tubes of the PDMS microchannel to 

facilitate worm loading at the other tube. A power supply was connected via 

insulated copper wiring to the electrodes of the microchannel device to provide 

worms with electrical stimulus. A microscope, camera and monitor allowed 

visualization and recording of the electrotaxis experiment. 

In preparation for the assay, worms were washed off of their culture 

plates, cleaned, and suspended in  M9 buffer. Animals were then aspirated into 

the channel using the syringe pump. Individual worms were isolated by adjusting 

the tubes’ relative height to hydrostatically manipulate the flow of M9 through the 

channel. Both tubes were then laid flat at the same elevation to eliminate pressure-
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induced flow. Next, a 3 V/cm DC electric field was applied and the worm’s 

resultant behaviour recorded by camera. Locomotory data was later extracted 

from recorded videos using custom MATLAB-based worm tracking software.  

 

2.4 Fluorescence microscopy 

Animals were anesthetized through placement in a 15-μL drop of 30 mM 

NaN3 in M9, which lay on a solidified pad of 4% agar on a glass slide. 

Epifluorescence was visualized with a Hamamatsu ORCA-AG camera, a Nikon 

Eclipse 80i Nomarski fluorescence microscope, a GFP or YFP filter (31044V2 

CY GFP C61331), and NIS-Elements BR software version 3.0 (www.nis-

elements.com). Fluorescence intensity was quantified using NIH ImageJ 

(http://rsbweb.nih.gov/ij/).  

 

2.5 Data analysis 

Electrotaxis assays were carried out for up to 5 min. Animals were 

allowed to travel a minimum distance of 5 mm in one direction, towards the 

cathode, after which the field polarity was reversed to induce a turning response. 

Electrotaxis speed data was plotted in box plots and compared with the non-

parametric Mann-Whitney test. 

All other data was analyzed with Student’s t-test. All tests were performed 

using the Systat SigmaPlot statistical software package version 11.0 

(www.sigmaplot.com) with significance set at P < 0.05. For all assays, data from 

all repeats were pooled and analyzed together. 

 

3. RESULTS 

3.1 Paraquat exposure induces deficits in electrotactic speed 

To determine which general stress conditions have an impact on C. 

elegans’ electrotactic behaviour, we subjected worms to various insults and then 

loaded them into our microchannel, where we measured their speed upon 

activation of the electric field. We found that animals can tolerate many different 

conditions with no effect on electrotaxis, including extension of starvation-

induced L1 arrest (Supplementary Figure 1), mild heat stress in young 

adulthood (Supplementary Figure 2), FUdR treatment (Supplementary Figure 

3), diets other than E. coli OP50 (Supplementary Figure 4), and mutations in the 
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insulin/IGF-1 signaling pathway (Supplementary Figure 5). Interestingly, 

despite this general robustness, chronic paraquat treatment was observed to affect 

electrotaxis in both wild-type and mitochondrial mutant backgrounds. As shown 

in Figure 1, chronic exposure to concentrations of paraquat up to 125 μM did not 

significantly impact electrotactic speed; however, significant slowness was 

observed at 250 μM. Moreover, genetic backgrounds known to be paraquat-

hypersensitive displayed electrotactic defects at exposure concentrations lower 

than 250 μM. mev-1(kn1) mutants exhibited speed deficits when cultured under 

chronic exposure to either 50 μM or 75 μM paraquat (Figure 2). Similarly, pink-

1(ok3538) animals also showed increased sensitivity to paraquat in the 

electrotaxis assay, displaying significant sluggishness at 125 μM (Figure 3). We 

also examined ucp-4(ok195) mutants, which have not been previously reported to 

be paraquat-hypersensitive; however, because genetic ablation of UCP function in 

mammalian cells has been associated with increased ROS and oxidative stress 

(26,27,28), we included ucp-4 as a candidate gene modulating paraquat-induced 

changes in electrotactic behaviour. Interestingly, ucp-4(ok195) animals did indeed 

display increased sensitivity to paraquat under our chronic exposure paradigm, 

exhibiting slow electrotaxis at 75 μM despite no difference from untreated wild-

type at 50 μM or below (Figure 4). Together, these observations support the idea 

that paraquat-induced stress can perturb C. elegans’ electrotactic behaviour. 

Paraquat’s biological effects, such as its ability to damage dopaminergic 

neurons, have traditionally been ascribed to oxidative stress via inhibition of 

mitochondrial complex I (29,30). Indeed, chronic paraquat treatment was found to 

upregulate expression of mitochondrial stress markers hsp-6::GFP and hsp-

60::GFP (Figure 5), which is consistent with the findings of a past study 

conducted by Runkel and colleagues (22). However, findings by Choi and 

colleagues (31) suggest that complex I inhibition is not required for paraquat-

induced dopaminergic neurodegeneration. Furthermore, in addition to 

mitochondrial stress, ER stress has been implicated in paraquat’s mechanism of 

toxicity (14,32,33). We therefore next sought to explore whether electrotaxis is 

more sensitive to mitochondrial dysfunction or ER stress. 

 

3.2 Impairment of mitochondrial respiration depresses electrotactic speed in a 

ROS-independent manner 

To determine whether the electrotactic response is perturbed by mutations 

affecting mitochondrial function, we conducted a survey of mitochondrial 

mutants. Most of these animals, including mev-1(kn1), pink-1(ok3538), ucp-

4(ok195), clk-1(e2519), sod-2(gk257), sod-3(tm760), and sod-2(gk257); sod-

3(tm760) double mutants, did not display electrotactic behaviour that differed 

significantly from the wild-type; however, two particular mutants, isp-1(qm150) 
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and gas-1(fc21), displayed very prominent defects in the electrotaxis assay 

(Figure 6). Although both genes encode components of the electron transport 

chain, isp-1(qm150) is long-lived with resistance to oxidative damage (34) while 

gas-1(fc21) is short-lived with increased ROS and sensitivity to oxidative damage 

(35), suggesting that neither lifespan effects nor ROS toxicity can predict 

electrotaxis effects. This notion is supported by the other mutant data as well, 

given that mev-1(kn1) has increased ROS and oxidative damage with short 

lifespan (36), clk-1(e2519) shows decreased oxidative damage and long lifespan 

(36), and sod mutants show increased oxidative damage with normal or extended 

lifespans (37), yet all exhibit similar electrotactic behaviour. 

Despite their opposite phenotypes in terms of lifespan and sensitivity to 

oxidative damage, both isp-1 and gas-1 mutants have been reported to generate 

increased levels of endogenous ROS (38). We therefore sought to further explore 

the relationship, or lack thereof, between electrotaxis and ROS by investigating 

whether the electrotactic defects of isp-1(qm150) and gas-1(fc21) mutants could 

be rescued by treatment with an anti-oxidant compound. To address this question, 

we cultured wild-type, isp-1(qm150), and gas-1(fc21) on plates containing 1 mM 

curcumin from L1 until the electrotaxis assay in adulthood. Figure 7 shows that 

curcumin treatment did not affect electrotaxis in a wild-type or gas-1(fc21) 

background but modestly rescued slowness of isp-1(qm150). Given that isp-

1(qm150) has been reported to be the most resistant to oxidative stress among 

these three backgrounds (36), it is likely that curcumin treatment affected its 

speed through some property other than its anti-oxidant activity. Moreover, our 

observation that the electrotactic deficits of isp-1(qm150) but not gas-1(fc21) 

could be improved with curcumin indicates that different mechanisms may be 

responsible for the locomotory depression of these two mutants. 

isp-1(qm150) and gas-1(fc21) mutants share another property in that both 

mutations activate the UPR
mt

 (39,40). We therefore asked whether manipulation 

of the UPR
mt

 itself would have any impact on electrotactic swimming. The UPR
mt

 

is controlled primarily by ATFS-1, a bZip transcription factor that normally 

translocates to the nucleus only when activated by stress (41). We examined two 

atfs-1 mutants: atfs-1(et15), in which ATFS-1 is constitutively active, and atfs-

1(gk3094), a null mutant. As shown in Figure 8, both mutants displayed 

significantly reduced electrotactic speeds relative to wild-type controls, though 

the null mutant phenotype was the more severe between the two. These data 

suggest a complex relationship between the UPR
mt

 and electrotaxis: while the 

UPR
mt

 may play a role in preserving electrotactic swimming behaviour, its 

overactivation also produces speed deficits. 

 

3.3 ER stress and impairment of the UPR
ER

 cause electrotactic speed deficits 
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Having established only a weak relationship connecting mitochondrial 

dysfunction and oxidative stress to electrotactic defects, we asked whether 

paraquat’s effect on electrotactic swimming might be mediated more by ER 

stress. We observed a remarkable paraquat-induced increase in expression of hsp-

4::GFP, an ER stress marker, indicating that paraquat does indeed activate the ER 

stress response in C. elegans (Figure 9). A statistically significant increase in 

expression of hsp-16.2::GFP, a marker of cytosolic protein misfolding, was also 

found following paraquat treatment; however, this increase was small in 

comparison to that of hsp-4::GFP. We then proceeded to investigate the impact of 

non-paraquat ER stress conditions on electrotaxis. As shown in Figure 10, 

significant electrotactic slowness was displayed by wild-type worms chronically 

exposed to tunicamycin at concentrations of 5 μg/mL or greater. Moreover, ire-

1(v33) UPR
ER

-defective mutants also exhibit motility defects in the electrotaxis 

assay, although pek-1(ok275) mutants do not (Figure 11). Together, these results 

indicate that electrotactic swimming behaviour is particularly susceptible to ER 

stress-inducing conditions. 

We also included pqe-1(ok1983) mutants in our analysis as a follow-up to 

Yamada and colleagues’ proposition that PQE-1 may regulate components of 

translation machinery (21). Reasoning that pqe-1 mutants might suffer from 

proteotoxic ER stress as a result of globally increased protein synthesis, we 

quantified the electrotactic speed of pqe-1(ok1983) mutants under both standard 

and chemical exposure conditions. As shown in Figure 12, relative to wild-type 

animals, untreated pqe-1(ok1983) mutants show swimming deficits that are 

exacerbated by treatment with 125 μM paraquat. Furthermore, we observed that 

these mutants are hypersensitive to tunicamycin. Although pqe-1(ok1983) 

animals’ electrotaxis is not affected by very low concentrations of tunicamycin 

(Figure 12), their survival at slightly higher concentrations is significantly 

compromised: while wild-type animals enjoy nearly 100% survivorship during 

three days of exposure to 2 μg/mL tunicamycin from L1, this treatment kills over 

90% of pqe-1(ok1983) mutant animals before adulthood, and the few survivors 

display severe growth delays (data not shown). These observations support the 

idea that PQE-1 protects cells against ER stress, likely via regulation of protein 

synthesis. 

 

3.4 Chronic exposure to paraquat or tunicamycin causes damage to dopaminergic 

neurons 

  To investigate whether neuronal damage might account in part for the 

electrotactic defects displayed by worms treated with paraquat and tunicamycin, 

we examined changes in dopaminergic neuronal phenotypes following chronic 

exposure to these chemicals, using dat-1::YFP transgenic animals. Our group has 
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previously demonstrated an association between chemical-induced dopaminergic 

neurodegeneration and electrotactic swimming deficits (3). In the present study, 

we found that both paraquat and tunicamycin could induce visible defects in 

neuronal morphology, with the former associated with dendritic abnormalities and 

the latter associated with loss of cell bodies (Figure 13). Quantification of these 

defects revealed a pronounced increase in dendritic abnormalities in worms 

treated with 250 μM paraquat and a statistically significant decrease in fluorescing 

head neurons of worms treated with 5 μg/mL tunicamycin (Figure 14). Given the 

well-established role of dopaminergic neurons in metazoan movement, these data 

indicate that paraquat and tunicamycin may affect electrotactic swimming at least 

partly through neuronal damage.  

 

3.5 The heat shock transcriptional response contributes to preservation of 

electrotactic speed 

The cellular response to oxidative and other stresses is a complex 

phenomenon involving a variety of pathways. Prominent among these is the heat 

shock response, mediated by transcription factor HSF-1 and itself activated by a 

variety of stressful stimuli (9). As mentioned previously, we observed increased 

fluorescence in hsp-6::GFP, hsp-60::GFP, hsp-4::GFP, and hsp-16.2::GFP 

transgenic animals following paraquat treatment (Figures 5 and 9); since HSPs 

are all regulated in part by HSF-1, these observations indicate that paraquat may 

induce the heat shock transcriptional response in C. elegans. Moreover, hsf-

1(sy441) mutants displayed significant electrotactic deficits (Figure 15) that were 

exacerbated by paraquat treatment at 125 μM (Figure 16), though overexpression 

of HSF-1 did not rescue the slowness of animals treated with 250 μM paraquat 

(Supplementary Figure 6). We also observed that both extension of L1 diapause 

and mild heat stress in young adulthood leads to abnormal electrotaxis in hsf-1 

mutants (Supplementary Figure 7 and 8) while wild-type animals are not 

affected by either condition (Supplementary Figure 1 and 2). These results 

suggest that the heat shock transcriptional response plays an important role in 

preserving electrotactic swimming behaviour under stressful conditions. This 

protective role does not appear to be dependent on the insulin/IGF-1 signaling 

pathway, as neither daf-2(e1370) nor daf-16(mu86) mutants exhibit abnormal 

electrotaxis (Supplementary Figure 5). 

 

4. DISCUSSION 

The aforementioned experiments comprise, to our knowledge, the first 

attempt to characterize changes in C. elegans’ electrotactic swimming behaviour 

under a variety of cellular stress conditions. Our findings show that the 
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electrotactic response is generally robust but can become abnormal following 

treatment with paraquat. Because paraquat is associated with induction of both 

mitochondrial and ER stress, we further pursued both lines of inquiry. We 

observed that only some mitochondrial mutations can cause abnormalities in 

electrotactic swimming, and these defects do not correlate with changes in ROS 

levels or lifespan. The slow electrotaxis of atfs-1 null mutants indicates that the 

UPR
mt

 may contribute to maintenance of the wild-type behaviour, but the speed 

deficits of mutants expressing constitutively active ATFS-1 as well rule out a 

simple association between UPR
mt

 induction and electrotactic motility. Hence, 

there is likely a complex relationship between mitochondrial and oxidative stress 

and the electrotactic swimming of C. elegans. On the other hand, tunicamycin-

induced ER stress and UPR
ER

-inhibiting mutations in ire-1 consistently result in 

electrotactic swimming defects, as does proteotoxic stress resulting from 

upregulation of global protein synthesis in pqe-1 mutants. These results implicate 

ER stress as a major source of electrotactic disturbance. Like paraquat, 

tunicamycin is a known neurotoxicant and has been used to model Parkinson’s-

related neurodegeneration in other model systems (42); here, we show that 

chronic paraquat and tunicamycin exposure both damage dopaminergic neurons, 

albeit with different manifestations. Neuronal damage may therefore account for 

at least some of the electrotactic defects induced by these chemicals. We further 

report that the heat shock response, which is activated by both paraquat and 

tunicamycin treatment, is necessary for preserving the wild-type electrotactic 

phenotype under both standard and paraquat-induced oxidative stress conditions. 

Together, our results show that multiple stress responses are involved in 

protecting electrotactic behaviour against stress-induced defects. 

Our observations regarding the partial rescue of the slow phenotype of isp-

1(qm150) but not gas-1(fc21) suggests that different mechanisms are responsible 

for these two mutants’ locomotory depression. While both genetic backgrounds 

are associated with electron transport hindrance and increased ROS generation, 

isp-1(qm150) actually exhibits oxidative stress resistance due to low oxygen 

consumption and increased expression of mitochondrial superoxide dismutase 

SOD-3 (34). On the other hand, gas-1(fc21) is hypersensitive to oxidative stresses 

such as paraquat (35,43). isp-1(qm150) animals also enjoy a long lifespan whereas 

that of gas-1(fc21) mutants is truncated, possibly due to these mutants’ different 

levels of ROS production and ROS-associated enzymatic activity (34). These 

studies support the idea that the slow phenotypes of isp-1(qm150) and gas-1(fc21) 

are the behavioural manifestations of abnormalities in distinct pathways. 

Moreover, it is entirely possible that curcumin rescues the speed of isp-1(qm150) 

not through its anti-oxidant activity, but rather through one of its other 

pharmacological properties. Meanwhile, the concentration of curcumin used in 

this study may have been insufficient to rescue the oxidative stress-induced 

defects in gas-1(fc21), as its bioavailability is poor (15). 
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It is similarly possible that the paraquat-induced electrotactic defects 

observed in this study were caused not by paraquat’s property as an inhibitor of 

mitochondrial complex I, but by one of its other properties. Although paraquat’s 

capabilities as a ROS generator are well characterized (44,45), Choi and 

colleagues (31) found that complex I inhibition is not required for the 

dopaminergic neurodegeneration induced by rotenone, MPTP, or paraquat. 

Alternatively, or perhaps in conjunction, we propose that paraquat may perturb 

electrotactic swimming behaviour by means of ER stress, with which it is already 

well associated in the literature (14,32,33). This possibility is reinforced by our 

observations that ER-specific stresses such as tunicamycin and UPR
ER

-hampering 

mutations in ire-1 can induce electrotactic defects as well. We also tested pek-1 

deletion mutants, which are known to be tunicamycin-hypersensitive; however, 

the electrotaxis of untreated pek-1(ok275) mutants does not differ from that of 

wild-type animals, indicating that not all branches of the UPR
ER

 are necessary for 

preserving electrotactic behaviour under standard conditions (46). 

We note that while the ability of paraquat to increase expression of 

mitochondrial hsp markers in C. elegans has been reported previously by Runkel 

and colleagues (22), this same group did not observe any increase in expression of 

ER or cytosolic hsp markers following paraquat treatment. This discrepancy may 

be due to differences in exposure paradigm: whereas Runkel and colleagues 

exposed worms for two days beginning at L3, we exposed worms continuously 

from L1 to young adulthood. Nonetheless, as already stated, the relationship 

between paraquat and ER stress is well established in other models. 

We also report an interesting result from culturing ucp-4(ok195) mutants 

under chronic paraquat exposure conditions. In mammalian cells, mutations in 

UCP are associated with increased ROS and oxidative stress (26,27,28). Iser and 

colleagues (47) have reported that ucp-4(ok195) worms exhibit wild-type lifespan 

and survival in a traditional paraquat sensitivity assay, though they do display 

elevation of ATP levels. As mentioned in the Discussion of the same paper, one 

explanation is that any elevation of ROS in ucp-4(ok195) is minor compared to 

the levels necessary to shorten lifespan or raise sensitivity to their paradigm of 

paraquat exposure, which uses high concentrations but begins at adulthood (47). 

In the present study, it is possible that our exposure protocol beginning at the L1 

larval stage is sufficient, in spite of lower paraquat concentrations, to induce ucp-

4-dependent defects. Future studies directly measuring the extent of oxidative 

damage following paraquat exposure in different genetic backgrounds will be 

helpful in further illuminating the relationship between ROS and locomotion. 
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5. CONCLUSION 

In summary, we have shown for the first time that ER stress and 

perturbation of the associated response pathways, including the heat shock 

transcriptional response, appear to have a strong impact on electrotactic speed. 

Our findings promote the use of behavioural assays for the dissection of stress 

response pathways and will inform future studies that utilize microfluidic 

electrotaxis as a functional output of nematode locomotory circuits. 
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Figures 

 

Figure 1. Electrotaxis of wild-type animals following paraquat treatment. Boxes 

represent measurements from 25th to 75th percentiles, central horizontal lines 

represent medians, vertical lines extend to 10th and 90th percentiles, and dots 

represent outliers. Treatment with paraquat does not induce speed abnormalities at 

50 μM (p = 0.128), 75 μM (p = 0.102), or 125 μM (p = 0.102), but results in speed 

deficits at 250 μM (p < 0.001). N2 untreated: n = 80, N2 + 50 μM PQ: n = 20, N2 

+ 75 μM PQ: n = 20, N2 + 125 μM PQ: n = 50, N2 + 250 μM PQ: n = 45. 
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Figure 2. Electrotaxis of paraquat-treated mev-1 mutants. Refer to Figure 1 for 

description of box plot. mev-1(kn1) animals exhibit significant slowness following 

treatment with 50 μM (p = 0.003) or 75 μM (p < 0.001) paraquat. TK22 mev-

1(kn1) untreated: n = 20, TK22 + 50 μM PQ: n = 18, TK22 + 75 μM PQ:  n = 

20. 

 

  



Ph.D. Thesis - Justin Tong  McMaster University - MiNDS Neuroscience 
 

130 

 

Figure 3. Electrotaxis of paraquat-treated pink-1 mutants. Refer to Figure 1 for 

description of box plot. pink-1(ok3538) animals do not show abnormal 

electrotaxis following treatment with 50 μM (p = 0.394) or 75 μM (p = 0.694) 

paraquat, but show significant slowness following treatment with 125 μM 

paraquat (p < 0.001). DY356 pink-1(ok3538) untreated: n = 33,  DY356 + 50 

μM PQ: n = 20, DY356 + 75 μM PQ: n = 40, DY356 + 125 μM PQ: n = 27. 
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Figure 4. Electrotaxis of paraquat-treated ucp-4 mutants. Refer to Figure 1 for 

description of box plot. ucp-4(ok195) animals do not show abnormal electrotaxis 

following treatment with 50 μM (p = 0.946), but show significant slowness 

following treatment with 75 μM paraquat (p = 0.002). CY121 ucp-4(ok195) 

untreated: n = 20, CY121 + 50 μM PQ: n = 20, CY121 + 75 μM PQ: n = 20. 
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Figure 5. Fluorescence intensity of paraquat-treated animals expressing GFP 

under mitochondrial hsp promoters. Both zcIs13(hsp-6::GFP) and zcIs9(hsp-

60::GFP) show increased fluorescence following treatment with 125 μM paraquat 

(p < 0.001 in both cases). Both strains show further increases in fluorescence if 

treated with 250 μM paraquat instead (p < 0.001 and p = 0.003 respectively). 

SJ4100 zcIs13(hsp-6::GFP) untreated: n = 40, SJ4100 + 125 μM PQ: n = 32, 

SJ4100 + 250 μM PQ: n = 31, SJ4058 zcIs9(hsp-60::GFP) untreated: n = 33, 

SJ4058 + 125 μM PQ: n = 34, SJ4058 + 250 μM PQ: n = 35. 
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Figure 6. Electrotaxis of various mitochondrial mutants. Refer to Figure 1 for 

description of box plot. Both isp-1(qm150) (p < 0.001) and gas-1(fc21) (p < 

0.001) animals exhibit pronounced speed defects during electrotaxis. In contrast, 

mev-1(kn1) (p = 0.567), pink-1(ok3538) (p = 0.239), ucp-4(ok195) (p = 0.942), 

clk-1(e2519) (p = 0.065), sod-2(gk257) (p = 0.509), sod-3(tm760) (p = 0.578), and 

sod-2(gk257); sod-3(tm760) double (p = 0.485) mutants did not differ 

significantly from wild-type controls. N2: n = 40, MQ887 isp-1(qm150): n = 39, 

CW152 gas-1(fc21): n = 29, TK22 mev-1(kn1): n = 40, DY356 pink-1(ok3538): n 

= 61, CY121 ucp-4(ok195): n = 40, CB4876 clk-1(e2519): n = 30, GA184 sod-

2(gk257): n = 21, GA186 sod-3(tm760): n = 20, GA480 sod-2(gk257); sod-

3(tm760): n = 20. 
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Figure 7. Electrotaxis of curcumin-treated mitochondrial mutants. Refer to Figure 

1 for description of box plot. Treatment with 1mM curcumin does not affect the 

electrotactic speed of wild-type (p = 0.616) or gas-1(fc21) (p = 0.134) animals, 

but does ameliorate the speed defects of isp-1(qm150) mutants (p < 0.001). N2 

untreated: n = 31, N2 + 1mM curcumin: n = 20, MQ887 isp-1(qm150) untreated: 

n = 30, MQ887 + 1mM curcumin: n = 30, CW152 gas-1(fc21) untreated: n = 17, 

CW152 + 1mM curcumin: n = 21. 
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Figure 8. Electrotaxis of UPR
mt

 gain-of-function and loss-of-function mutants. 

Refer to Figure 1 for description of box plot. atfs-1(et15) gain-of-function mutants 

exhibit pronounced speed defects during electrotaxis (p < 0.001). atfs-1(gk3094) 

null mutants exhibit even more severe speed defects than atfs-1(et15) (p = 0.008). 

N2: n = 29, QC115 atfs-1(et15): n = 26, VC3201 atfs-1(gk3094): n = 26. 
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Figure 9. Fluorescence intensity of paraquat-treated animals expressing GFP 

under ER and cytosolic hsp promoters. Both zcIs4(hsp-4::GFP), an ER stress 

marker, and dvIs70(hsp-16.2::GFP), a marker of cytosolic protein misfolding, 

show increased fluorescence following treatment with 250 μM paraquat (p < 

0.001 in both cases), but the change in hsp-4::GFP expression is much more 

pronounced. SJ4005 zcIs4(hsp-4::GFP) untreated: n = 27, SJ4005 + 250 μM PQ: 

n = 29, CL2070 dvIs70(hsp-16.2::GFP) untreated: n = 31, CL2070 + 250 μM PQ: 

n = 20. 
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Figure 10. Electrotaxis of wild-type animals following tunicamycin treatment. 

Refer to Figure 1 for description of box plot. Treatment with tunicamycin does 

not induce speed abnormalities at 2 μg/mL (p = 0.590), but results in speed 

deficits at 5 μg/mL (p = 0.002) and at 10 μg/mL (p = 0.008). N2 untreated: n = 30, 

N2 + 2 μg/mL TUN: n = 15, N2 + 5 μg/mL TUN: n = 32, N2 + 10 μg/mL TUN: n 

= 10. 
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Figure 11. Electrotaxis of UPR
ER

 mutants. Refer to Figure 1 for description of 

box plot. pek-1(ok275) animals do not exhibit speed defects relative to wild-type 

controls (p = 0.934), but ire-1(v33) mutants are significantly slower (p < 0.001). 

N2: n = 24, RB545 pek-1(ok275): n = 28, RE666 ire-1(v33): n = 22. 
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Figure 12. Electrotaxis of pqe-1 mutants. Refer to Figure 1 for description of box 

plot. pqe-1(ok1983) animals exhibit pronounced electrotactic speed defects (p < 

0.001) that are exacerbated by treatment with 125 μM paraquat (p = 0.009). The 

electrotaxis of pqe-1(ok1983) animals is not affected by 0.5 μg/mL tunicamycin 

(p = 0.680) or 1 μg/mL tunicamycin (p = 0.858). N2: n = 38, RB1611 pqe-

1(ok1983) untreated: n = 44, RB1611 + PQ 125 μM: n = 30, RB1611 + TUN 0.5 

μg/mL: n = 30, RB1611 + TUN 1 μg/mL: n = 32. 
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Figure 13. Degenerative phenotypes of head dopaminergic neurons in young 

adult dat-1::YFP  transgenic animals resulting from chronic paraquat or 

tunicamycin exposure. (A-B) Dopaminergic neurons and processes are healthy in 

untreated control animals. (C-D) Dopaminergic neurons and processes in animals 

cultured with 125 μM paraquat are indistinguishable from those in untreated 

controls. (E-F) Animals cultured with 250 μM paraquat develop wrinkles and 

punctate patterns in dopaminergic neuronal processes. (G-H) Animals cultured 

with 5 μg/mL tunicamycin sometimes develop wrinkles and punctate patterns in 

dopaminergic neuronal processes, and present in adulthood with a lower number 

of fluorescing cells. 
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Figure 14. Transgenic dat-1::YFP animals develop different neuronal damage 

phenotypes from chronic paraquat and chronic tunicamycin exposure. DY353 

bhex138(dat-1::YFP) untreated: n = 60, DY353 + PQ 125 μM: n = 61, DY353 + 

PQ 250 μM: n = 65, DY353 + TUN 5 μg/mL: n = 50. (A) Dendritic damage 

appears more frequently in worms cultured with 250 μM paraquat (p = 0.005) but 

not 125 μM paraquat (p = 0.191) or 5 μg/mL tunicamycin (p = 0.294). (B) On 

average, fewer dopaminergic head neurons survive to adulthood when worms are 

cultured with 5 μg/mL tunicamycin (p = 0.039) but not 125 μM paraquat (p = 

0.277) or 250 μM paraquat (p = 0.218). 
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Figure 15. Electrotaxis of hsf-1 mutants. Refer to Figure 1 for description of box 

plot. hsf-1(sy441) animals exhibit significant slowness relative to wild-type 

animals (p < 0.001). N2: n = 70, PS3551 hsf-1(sy441): n = 90. 
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Figure 16. Electrotaxis of paraquat-treated hsf-1 mutants. Refer to Figure 1 for 

description of box plot. Speed of hsf-1(sy441) animals is not affected by treatment 

with 75 μM paraquat (p = 0.344) but is further depressed by treatment with 125 

μM paraquat (p < 0.001). PS3551 hsf-1(sy441) untreated: n = 70,  PS3551 + 75 

μM PQ: n = 20, PS3551 + 125 μM PQ: n = 46. 
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Supplementary Information 

Supplementary Figure 1. Electrotaxis of adult wild-type animals that have been 

starved in M9 for variable lengths of time at L1. Refer to Figure 1 for description 

of box plot. No significant difference was observed between the electrotactic 

speeds of animals arrested at L1 for 24 h and animals arrested at L1 for 168 h (p = 

0.660). N2 starved 24h: n = 21, N2 starved 168h: n = 21. 
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Supplementary Figure 2. Electrotaxis of wild-type animals following mild heat 

stress in young adulthood. Refer to Figure 1 for description of box plot. No 

significant difference was observed between the electrotactic speeds of controls 

and animals subjected to a 25°C water bath for 5 h (p = 0.970) or animals 

subjected to a 33°C water bath for 1 h (p = 0.101). N2 untreated: n = 57, N2 heat-

shocked at 25°C for 5h: n = 49, N2 heat-shocked at 33°C for 1h: n = 31. 
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Supplementary Figure 3. Electrotaxis of wild-type animals following 5-fluoro-

2'-deoxyuridine (FUdR) treatment. Refer to Figure 1 for description of box plot. 

Treatment with 20 μM FUdR, beginning at the L4 larval stage, does not induce 

speed abnormalities either at young adulthood (p = 0.456) or on Day 5 (p = 

0.208). Day 5 animals are slower than young adults whether untreated (p = 0.014) 

or treated (p = 0.048). N2 untreated young adult: n = 14, N2 + 20 μM FUdR 

young adult: n = 12, N2 untreated 5-day-old: n = 12, N2 + 20 μM FUdR 5-day-

old: n = 14. 
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Supplementary Figure 4. Electrotaxis of wild-type animals cultured on different 

bacterial strains. Refer to Figure 1 for description of box plot. No significant 

difference was observed between the electrotactic speeds of animals fed E. coli 

OP50 and animals fed E. coli HB101 (p = 0.964), E. coli HT115 (p = 0.348), E. 

coli DH5a (p = 0.673), C. aquaticus DA1877 (p = 0.866), A. tumefaciens GV3101 

(p = 0.147), or E. carotovora SCC3193 (p = 0.725). OP50-fed: n = 20, HB101-

fed: n = 25, HT115-fed: n = 16, DH5a-fed: n = 25, DA1877-fed: n = 30, GV3101-

fed: n = 25, SCC3193-fed: n = 19. 
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Supplementary Figure 5. Electrotaxis of insulin/IGF-1 pathway mutants. Refer 

to Figure 1 for description of box plot. Neither daf-2(e1370) (p = 0.946) nor daf-

16(mu86) (p = 0.870) mutants exhibit electrotactic speed abnormalities relative to 

wild-type. N2: n = 50, CB1370 daf-2(e1370): n = 25, CF1038 daf-16(mu86): n = 

30. 
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Supplementary Figure 6. Electrotaxis of HSF-1-overexpressing animals treated 

with paraquat. Refer to Figure 1 for description of box plot. Speed of 

 muEx265(hsf-1::HSF-1 + myo-3::GFP) transgenic animals is not significantly 

different from that of wild-type animals either in the absence of treatment (p = 

0.157) or following treatment with 250 μM paraquat (p = 0.374). Treatment with 

250 μM paraquat depresses electrotactic speed of both wild-type animals (p < 

0.001) and HSF-1-overexpressing animals (p < 0.001). N2 untreated: n = 41, N2 + 

250uM PQ: n = 45, CF1824 muEx265(hsf-1::HSF-1 + myo-3::GFP) untreated: n 

= 20, CF1824 + 250uM PQ: n = 20. 
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Supplementary Figure 7. Electrotaxis of adult hsf-1 animals that have been 

starved in M9 for variable lengths of time at L1. Refer to Figure 1 for description 

of box plot. hsf-1(sy441) animals arrested at L1 for 48 h or 72 h show significant 

slowness relative to control animals that were starved at L1 for 24 h (p < 0.001 in 

both cases). PS3551 hsf-1(sy441) starved 24h: n = 37, PS3551 starved 48h: n = 

24, PS3551 starved 72h: n = 27. 
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Supplementary Figure 8. Electrotaxis of hsf-1 animals following mild heat stress 

in young adulthood. Refer to Figure 1 for description of box plot. Relative to 

untreated hsf-1(sy441) worms, animals subjected to a 25°C water bath for 5 h 

exhibit significant slowness (p = 0.012) while animals subjected to a 33°C water 

bath for 1 h exhibit speed enhancement (p < 0.001). PS3551 hsf-1(sy441) 

untreated: n = 63, PS3551 heat-shocked at 25°C for 5h: n = 51, PS3551 heat-

shocked at 33°C for 1h: n = 31. 
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Significance 

This study explores the effects of various stressful environmental and genetic 

manipulations on worms’ electrotactic swimming. We report that stresses 

associated with the ER and the UPR
ER

 are particularly capable of inducing 

electrotactic swimming deficits, with additional roles for the UPR
mt

 and the heat 

shock response. We further show that at least some of these stresses, namely 

paraquat and tunicamycin, have detrimental effects on neuronal morphology, 

which may account in part for their impact on electrotaxis behaviour. These 

results provide evidence for relationships between stress responses and 

electrotactic swimming, and support the value of the microfluidic electrotaxis 

assay for further investigation of stress response pathways. 
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Chapter 6-Discussion, Conclusions, and Future Directions 

6.1 Exposure to metal salts causes neurodegeneration-

associated electrotactic swimming defects 

 This dissertation reports the development of a micro-electro-fluidic  assay 

for the quantitative measurement of changes in the electrotactic swimming 

response of C. elegans, and the use of this assay for the dissection of genetic and 

environmental factors that affect this behaviour. In one study (1), we found that 

electrotactic swimming behaviour is sensitive to metal toxicity, with a decrease in 

locomotion being associated with metal bioaccumulation and neuronal damage. 

Results indicate that electrotactic motility is a better indicator than brood size, 

growth, or lifespan of toxicity from metal salts, but not other environmental 

pollutants. This study is the first to report an effect of metal exposure on 

electrotactic swimming, as well as the first to demonstrate the bioaccumulation of 

Ag, Cu, and inorganic Hg in C. elegans. Furthermore, these findings open up the 

question of why metal salts, among other chemicals, should have an especially 

strong impact on electrotaxis. This work will lead to further exploration of how 

metals affect electrotactic swimming, which may shed light on the underlying 

regulatory mechanisms. Additionally, this study supports microfluidic electrotaxis 

as a sensitive endpoint for metal toxicology studies in C. elegans. 

 

6.2 Familial Parkinson mutant αSyn causes electrotactic 

swimming defects that are ameliorated with curcumin  

 In a second study (2), we found that ectopic expression of A53T αSyn is 

associated with electrotactic swimming defects. The effect is subtle when αSyn 

expression is restricted to head neurons, but we found that age-related declines in 

electrotactic motility are quantifiably exacerbated in dat-1::αSyn transgenic 

animals, which also display dopamine neuronal damage. This phenomenon 

appears to be specific to dopamine neurons, as lin-11-int3::αSyn animals exhibit 

wild-type electrotactic swimming regardless of age. Interestingly, both the 

neuronal and electrotactic phenotypes of dat-1::αSyn worms can be ameliorated 
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with chronic curcumin treatment. Together, these results show that “genetic 

stress”-induced dopaminergic neuronal damage manifests as electrotactic 

swimming defects, which supports our group’s earlier finding that neurotoxicant-

induced dopaminergic neuronal damage causes electrotactic defects (3). 

Moreover, this study provides the first evidence showing that curcumin can 

protect against dopamine neurodegeneration and the associated locomotory 

phenotypes in C. elegans, which supports further exploration of curcumin as a 

therapy for PD and possibly other neurodegenerative disorders. Additionally, this 

work suggests that the microfluidic electrotaxis platform may serve as a useful 

tool for drug discovery. 

 

6.3 ER and other stresses modulate electrotactic swimming 

behaviour 

 In a third study (4), we found that the activation and action of multiple 

stress response pathways, including the UPR
mt

, UPR
ER

, and heat shock response, 

are associated with changes in electrotactic motility. Perhaps the most interesting 

aspect of this work was our observation that mutation in the poorly characterized 

pqe-1 gene, which lacks obvious mammalian orthologs, causes tunicamycin 

hypersensitivity and electrotaxis defects that are exacerbated by low 

concentrations of paraquat. pqe-1 was originally identified in independent genetic 

screens for proteins protecting transgenic huntingtin-expressing C. elegans 

neurons against polyglutamine toxicity (5) and for mutations that enhance the 

expression of transgenes (6), leading to speculation that PQE-1 functions as a 

negative regulator of protein synthesis; however, no further experiments had been 

done to verify this conjecture, and pqe-1 mutations have never before been 

reported to confer ER stress sensitivity. By shedding light on the function of pqe-

1 in C. elegans, our work extends our understanding of ER homeostasis regulation 

in multicellular eukaryotes. More broadly, this study makes a new association of 

ER and other stresses with electrotactic behaviour, suggesting that the UPR
mt

, 

UPR
ER

, and heat shock response may have unexplored roles in the regulation of 

worms’ response to electric fields. 
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6.4 Future directions 

 To further explore the phenomenon of metal-induced electrotactic 

swimming depression, we intend to test a greater variety of metal salts and 

investigate whether the ability to affect electrotaxis is common to all metals. For 

this purpose, we have acquired five additional metal salts: NiSO4, Pb(NO3), 

Cd(NO)2, FeSO4, and MnCl2.  We will shortly be conducting experiments to see 

whether these salts induce electrotactic motility defects at concentrations that do 

not generate obvious plate-level phenotypes. Additionally, we plan to better 

characterize the metals’ effects on neurons. Firstly, we will use dat-1::YFP and 

lin-11-int3::GFP neuronal marker animals to investigate the effects of metal 

exposure on dopaminergic neurons and head sensory neurons. Secondly, we will 

establish whether there is a quantitative relationship between the neuronal and 

electrotactic defects by examining both phenotypes across a time course of metal 

exposure. Together, these experiments stand to strengthen the association between 

metal toxicity and electrotaxis abnormality, and further support the potency of 

electrotaxis for use in environmental toxicology. 

 As a follow-up to our findings regarding the beneficial effects of curcumin 

on the neuronal and electrotactic phenotypes of dat-1::αSyn worms, we would 

like to test curcumin’s ability to rescue other abnormalities associated with αSyn 

expression and dopaminergic neurodegeneration. Among other questions, we are 

interested in whether curcumin rescues dopamine-dependent behaviours that are 

defective in dat-1::αSyn animals, such as the food-sensing basal slowing 

response. We would also like to investigate whether curcumin can ameliorate the 

movement defects and inclusion formation phenotypes of unc-51::αSyn and unc-

54::αSyn worms, in which case we could demonstrate the compound’s efficacy 

beyond dopaminergic neurons. Additionally, we could test whether curcumin 

rescues the phenotypes of neurotoxicant PD worm models, which have previously 

been shown to exhibit severe electrotaxis deficits (3). These experiments stand to 

lend further support to the growing body of evidence that curcumin may be a 

promising candidate neuroprotective agent with potency for prevention of PD and 

other neurodegenerative diseases. 

 To build on our findings regarding the relationships between cellular stress 

pathways and electrotactic swimming, we intend to identify the specific cells 

responsible for mediating the locomotory deficits. We have found that 
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dopaminergic neurons are damaged by paraquat and tunicamycin treatment; 

however, it remains to be seen whether these neurons are damaged by the “genetic 

stresses” that we have shown to affect electrotaxis. To address this question, we 

intend to express the dat-1::YFP marker in the relevant mutants to facilitate 

evaluation of their dopaminergic neuronal phenotypes. We have already 

constructed a pqe-1(ok1983); dat-1::YFP line via genetic crossing, and although 

more careful scrutiny is required, preliminary work shows that some damage may 

be present; therefore, the behavioural abnormalities of pqe-1 mutants may be at 

least partly attributable to neurodegeneration. We would also be interested in the 

phenotypes of other subsets of neurons, such as the head sensory neurons marked 

by lin-11-int3::GFP and the GABAergic neurons marked by unc-47::GFP, as well 

as the body wall muscles. These experiments will allow us to provide a cellular 

basis for the effects of stress conditions on electrotactic swimming. Additionally, 

we would like to use fluorescent stress markers such as hsp-6::GFP and hsp-

4::GFP to investigate whether the metal exposures and ectopic αSyn expression of 

Chapters 3 and 4 are associated with the UPR
mt

 and UPR
ER

, which is in fact a 

connection that has been made in other model systems (7,8,9). These experiments 

stand to strengthen the association between these stress pathways and electrotactic 

behaviour. 

 

6.5 Further applications of microfluidic electrotaxis platform 

 The work described in this dissertation is yet a mere taste of how the 

microfluidic electrotaxis assay can further C. elegans research. Our group is in 

fact planning or conducting a number of other studies utilizing the electrotactic 

response as an indicator of the state of neuronal locomotory circuits. These 

projects are briefly outlined below. 

 

6.5.1 Drug discovery 

Since its inception, our vision for the microfluidic electrotaxis assay has 

always included applications for motility-based high-throughput screening (HTS) 

(10). Screening a large number of chemical compounds to identify candidates 

with potential therapeutic effects is the rate-limiting step in drug discovery. HTS 

is usually done using in vitro assays; however, these conventional approaches 



Ph.D. Thesis - Justin Tong  McMaster University - MiNDS Neuroscience 
 

158 

 

ignore the complexity of the biological processes in multicellular organisms with 

distinct and interacting tissues, organs, and systems, resulting in positive screen 

hits that often fail to produce desired results in subsequent animal trials. 

Consequently, discovered drugs frequently present with poor efficacy, harmful 

side effects, delay in clinical trials, and an increase in the expense involved in the 

development of new drugs. From this perspective, an ideal screening approach 

would use human subjects right away, though of course such an option is 

precluded by expense, throughput, and ethical issues. A balance between these 

considerations is found in alternative eukaryotic systems such as C. elegans, 

which are simpler and easier to manipulate yet complex enough to yield data 

applicable to human diseases. 

As mentioned previously, the ease and low costs of culturing C. elegans 

make it an excellent metazoan model for drug discovery. Several studies have 

used worms to identify novel compounds of interest ranging from anthelmintics to 

potential therapies for human diseases (11,12,13). These screens are generally 

conducted in 96-well plates to maximize throughput and therefore rely on readily 

apparent phenotypes such as paralysis, egg-laying defects, muscle loss, and 

fluorescent reporter expression; subtle behavioural phenotypes, on the other hand, 

may not be as easy to spot in screens of this format. The flexibility of microfluidic 

systems offers ways to circumvent this problem, especially, for our purposes, 

because they can incorporate simple electrical circuits. 

We propose that the microfluidic electrotaxis assay can be used to identify 

compounds that mitigate the negative effects of genetic and environmental factors 

on neuronal and muscular function. For instance, having established that αSyn-

expressing transgenic worms exhibit electrotactic swimming deficits that are 

ameliorated by curcumin treatment, we could use a multichannel microfluidic 

HTS platform (currently in development; see Section 6.5.5) to screen for 

chemicals with similar protective capabilities. Potential drug candidates can be 

subjected to more detailed investigation in mammalian models as well as C. 

elegans. 

 

6.5.2 Characterization of novel drug targets 

 In addition to discovery of new drugs, C. elegans is also an excellent 

vehicle for genetic screens owing to its amenability to RNAi experiments. 

Genome-wide C. elegans RNAi screens have led to the discovery of genes that 

modulate αSyn aggregation and toxicity (14,15), axon regeneration (16), and all 

manner of other neurodegeneration-related phenomena (17). 
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 We propose that an RNAi approach may be used to find the genes 

responsible for mediating curcumin’s protective action on dopaminergic neurons 

and motility. In such a study, αSyn-expressing worms would be fed bacteria 

expressing double-stranded RNA (dsRNA) corresponding to candidate genes and 

simultaneously exposed to 1 mM curcumin, then examined for movement defects 

in the microfluidic electrotaxis assay. Failure of curcumin to rescue αSyn-induced 

electrotaxis deficits would indicate abolition of its protective effects by the RNAi 

knockdown, implicating that gene in curcumin’s mechanism of action. However, 

as is the case with the drug screening mentioned in the previous sub-section, the 

feasibility of this research is incumbent on adaptation of the electrotaxis platform 

for HTS (see Section 6.5.5). 

 

6.5.3 Probing neuronal signaling pathways 

 While large-scale screening projects figure prominently in our vision for 

the future of C. elegans electrotaxis, there is other interesting work that does not 

require engineering improvements to the assay and is therefore already underway. 

One of these studies, led by our group member and close associate Sangeena 

Salam, is focused on characterizing the role of dopamine signaling in modulation 

of electrotactic swimming behaviour (18). She discovered a novel dopamine-

mediated phenomenon in which worms continuously exposed to mild electric 

fields gradually reduce their swimming speed over time. This phenomenon 

appears to be independent of muscle fatigue, as worms that have continually 

thrashed in M9 buffer without stimulus for an equivalent period of time do not 

then display electrotactic speed deficits upon placement in an electric field, and 

requires dopamine, as cat-2/TH-defective mutants do not slow appreciably within 

the allotted time. This work provides evidence for an as-yet uncharacterized 

dopamine-dependent response to electrical stimuli and promotes the exploration 

of neuronal signaling pathways in C. elegans using microfluidic electrotaxis. 

 

6.5.4 Dissection of gene regulation in neuronal differentiation 

 Another field being investigated in our lab is the complex inter- and intra-

cellular signaling that underlies the differentiation of cells into specific tissues, 

which relies on both spatial and temporal regulation of specific genes. Much of 

this communication is dependent on tissue-specific transcription factors like LIN-
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11, a LIM-homeodomain protein studied extensively in our lab that is required for 

the differentiation of several head and tail neurons as well as various tissues of the 

reproductive system (19). The expression of lin-11 in different tissues is regulated 

by enhancers in its introns and 5’-untranslated region; however, in the case of 

some of these enhancers, the specific sequences responsible for enhancer activity 

have yet to be identified. Our group member Siavash Amon is currently leading a 

project aimed at dissecting the enhancer region inside intron 3 via microinjection 

rescue experiments: in this approach, transgenic lines are generated from lin-11 

null mutants by microinjecting plasmids with LIN-11 expression driven by 

different regions of intron 3, and then each line is assessed for proper neuronal 

differentiation and function. 

ASH, one of the principal neurons responsible for electrosensation, and 

interneurons that pioneer tracts of the ventral nerve cord are among the cells 

whose proper development requires lin-11 expression; consequently, lin-11 null 

mutants display severe defects in both electrosensory and swimming behaviours 

(20). Interestingly, when a sequence of intron 3 was identified whose driving of 

LIN-11 expression could rescue the differentiation of most amphid neurons in lin-

11 null mutants, the same construct was found to also rescue these animals’ 

electrotaxis phenotypes (21). Electrotaxis therefore serves as an appropriate read-

out for determining whether lin-11-expressing neurons are functioning properly, 

and could potentially be employed in similar dissection studies on other genes 

involved in neuronal differentiation and/or function. 

 

6.5.5 Development of a high-throughput electrotaxis assay 

 Adaptation of the microfluidic electrotaxis assay for large-scale screening 

applications will require implementation of several modifications to increase 

throughput. Fortunately, microfluidic  systems are well suited to parallelization, 

and even the electrical signals used to control worms’ locomotion can be easily 

multiplexed using simple, well-established, low-cost electrical circuits. The 

necessary adjustments are already in development by our group and include 

software for automated video acquisition, tracking software for automated video 

analysis, parallel assay channels, integrated electrodes for individual and 

independent control of these channels, electrical sensors for locating worm 

position, sorters to create homogenous worm populations, and methods for 

automated arraying and parallel operations. These components and methods will 

be integrated into an automated multichannel platform for HTS of worms against 

libraries of chemicals. 
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 While the aforementioned features vary in terms of current developmental 

status, the worm tracker is particularly mature and has been employed to some 

extent in the studies described in this thesis. This software is described in the 

following sub-section. 

 

6.5.6 Automated electrotaxis video analysis 

 When Rezai and colleagues first developed the microfluidic electrotaxis 

assay, recorded videos required analysis by eye for extraction of speed and other 

relevant data. This manual analysis process is subject to human error and bias, 

time- and labour-intensive, and a serious bottleneck to assay throughput. To 

address these issues, automation of data extraction by means of worm tracking 

software is preferable. Several such software packages have been reported, 

including Track-A-Worm (22), the Multi-Worm Tracker (23), and the Parallel 

Worm Tracker (24); however, these packages require additional, specialized 

hardware such as motorized platforms and/or a live camera feed, with no option to 

use pre-recorded videos. Additionally, these programs require the user to 

determine sensible values for a variety of algorithm parameters, which is not 

always a straightforward procedure. 

 We therefore created our own tracker software, in collaboration with the 

Shirani lab at McMaster University, to quickly and robustly extract and analyze 

locomotory information without human interaction or calibration (25). The goal of 

this software was to provide a simple solution for tracking C. elegans during a 

variety of experiment types, requiring no manual parameter input. The program, 

which is capable of tracking larvae, locomotory mutants, and toxicant-exposed 

animals, can be installed on any PC with Matlab and its Computer Vision and 

image processing toolboxes. Extracted data includes speed, body oscillation 

frequency, and amplitude. The software is also capable of batch-processing large 

numbers of videos, allowing researchers to create long queues of videos to be 

analyzed overnight. Together, these features greatly improve the efficiency of 

electrotaxis experiments. 

 An early version of this tracker that measures speed only was used in the 

studies included in this thesis. Now that the software has been improved and 

optimized, future experiments utilizing the microfluidic electrotaxis platform will 

yield data describing additional aspects of worms’ locomotion. 
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6.6 Significance of this work 

 Electrotaxis is a complex behaviour consisting of electrosensation,  signal 

processing, and a motor response. The work described in this dissertation 

deepens our understanding of the latter, expanding our knowledge of how the 

output component of the electrotactic response is perturbed by environmental and 

genetic manipulations. From these studies, we have learned that the quality of 

electric field-induced locomotion is generally quite robust, withstanding insults 

such as exposure to non-metallic environmental pollutants, mutations in PD-

related genes lrk-1 and pink-1, and inhibition of mitochondrial SOD activity; yet, 

interestingly, the behaviour is sensitive to metal toxicity, αSyn-induced 

dopaminergic neurodegeneration, and UPR-activating stress. Our findings show 

that the worm’s motor response to electric field is regulated by specific 

mechanisms, and provide clues to the nature of those mechanisms: specifically, 

our work establishes a relationship between electrotactic swimming and stress 

response pathways and neurons that have not previously been associated with 

worms’ response to electric fields. 

Additionally, in pursuit of our goal to dissect factors that affect 

electrotaxis behaviour, we further developed our group’s microfluidic electrotaxis 

assay into a powerful technique offering quantitative measurement of changes in 

electrotactic swimming through custom worm-tracking software. Our subsequent 

findings demonstrate the utility of the system for myriad purposes and show that 

our microfluidic assay will accelerate further research into the phenomenon of 

nematode electrotaxis and related topics. In particular, we intend to employ the 

setup in drug and drug target screening efforts, research probing neuronal 

signaling pathways, and studies dissecting the genetic regulation of neuronal 

differentiation. These endeavours will become more straightforward and painless 

as currently planned engineering improvements are made to the platform. 

 Beyond C. elegans, the work described in this thesis is also relevant to the 

broader field of electric field-dependent behaviour. No investigations into the 

effects of metal toxicity on the electrosensory behaviour of fish have yet been 

made, nor have any connections with the UPR been considered; therefore, our 

findings may indicate a novel set of mechanisms regulating an organism’s 

response to electric stimuli. Indeed, our findings warrant follow-up in these higher 
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metazoans to test for conservation of the regulatory mechanisms shown in this 

dissertation to be present in nematodes. 
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