
Caenorhabditis elegans and its applicability to studies on RLS

Pan Chen1, Omamuyovwi Meashack Ijomone1,2, Kun He Lee1, and Michael Aschner1,*

1Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, NY 11354

2Department of Human Anatomy, Federal University of Technology, Akure 340252, Nigeria

Abstract

Restless legs syndrome (RLS) is a common neurological disorder in the US. This disorder is 

characterized by an irresistible urge to move the legs, although the symptoms vary in a wide range. 

The pathobiology of RLS has been linked to iron (Fe) deficiency and dopaminergic (DAergic) 

dysfunction. Several genetic factors have been reported to increase the risk of RLS. 

Caenorhabditis elegans (C. elegans) is a well-established animal model with a fully sequenced 

genome, which is highly conserved with mammals. Given the detailed knowledge of its genomic 

architecture, ease of genetic manipulation and conserved biosynthetic and metabolic pathways, as 

well as its small size, ease of maintenance, speedy generation time and large brood size, C. elegans 
provides numerous advantages in studying RLS-associated gene-environment interactions. Here 

we will review current knowledge about RLS symptoms, pathology and treatments, and discuss 

the application of C. elegans in RLS study, including the worm homologous genes and methods 

that could be performed to advance the pathophysiology RLS.
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1. Introduction

Restless legs syndrome (RLS) is a neurological disorder affecting ~10% of people in the US, 

and ~2.5% of the population exhibit symptoms serious enough to seek medical attention 

(Allen, Bharmal, & Calloway, 2011). RLS is often neglected or misdiagnosed especially 

when the symptoms are intermittent or mild. The primary symptom of RLS is an irresistible 

urge to move one’s legs to relieve discomfort, with 4 common accompanying clinical 

features: (1) sensations starting at rest (e.g. creeping, crawling, burning, tingling, painful or 

indescribable); (2) symptoms worsen later during the day or at night; (3) partial or 

temporary relief with motor activity; and (4) leg twitching at night. ~80% of RLS patients 

have involuntary twitching leg movements either when asleep or awake that recurs on a 

semi-regular basis (Periodic Limb Movements, PLMs) (Allen et al., 2003). These symptoms 

often result in sleep deprivation, which can seriously impact life quality to a degree similar 
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to osteoarthritis, hypertension or diabetes (Allen et al., 2005). Patients may ceaselessly walk 

at night with job tardiness, lost work productivity, unemployment, anxiety, depression and 

attention-deficit/hyperactivity disorder (ADHD) symptoms (Allen et al., 2011; Wagner, 

Walters, & Fisher, 2004). Finally, RLS may portend more serious consequences, including 

hypertension, heart disease and stroke (Y. Li et al., 2012; Pennestri, Montplaisir, Colombo, 

Lavigne, & Lanfranchi, 2007; Siddiqui et al., 2007; Walters & Rye, 2009).

RLS is associated with structural and biochemical changes in the brain. Iron (Fe) deficiency 

and altered dopaminergic (DAergic) system have been closely related to RLS. All studies to 

date support a role for diminished brain Fe in RLS, even when blood Fe stores appear to be 

normal (Connor et al., 2008). Fe is a cofactor of tyrosine hydroxylase (TH), the rate-limiting 

step in dopamine (DA) synthesis, and required for DA production. Fe deficiency causes DA 

receptor dysfunction (Beard, Erikson, & Jones, 2003). Autopsy studies have shown up-

regulation of TH and decreased DA D2 receptors in the basal ganglia of RLS 

patients(Connor et al., 2009). Magnetic resonance imaging (MRI) studies have shown mild 

presynaptic and postsynaptic deficits in nigrostriatal DAergic pathways in RLS patients 

(Tan, 2006; Wetter, Eisensehr, & Trenkwalder, 2004). The DAergic agonists, pramipexole 

and ropinirole, have been approved to treat moderate to severe RLS. RLS exhibits both 

familial and non-familiar (idiopathic) forms, with ~60% of cases having a family history of 

the disease (Lazzarini et al., 1999; Montplaisir et al., 1997; Trenkwalder, Seidel, Gasser, & 

Oertel, 1996; Walters et al., 1996; Winkelmann, Stautner, Samtleben, & Trenkwalder, 2002). 

Independent genome-wide association studies (GWAS) reported single-nucleotide 

polymorphisms (SNPs) in 4 genes that impart increased risk of having RLS. These genes 

(and SNPs) are MEIS1 (rs2300478), BTBD9 (rs9357271), MAP2K5 (rs1026732), and 

PTPRD(Kemlink et al., 2009; Schormair et al., 2008; Stefansson et al., 2007; Winkelmann et 

al., 2007; Yang, Li, Chen, et al., 2011; Yang, Li, Yang, et al., 2011).

Caenorhabditis elegans (C. elegans) offers a rubust model for dissecting neuropathological 

mechanisms of RLS, given the simplicity of this model organism. First of all, C. elegans has 

~20,000 genes, with up to 80% of corresponding human homologs, including many genetic 

risk factors of human diseases (Titus & Michael, 2006). Second, the small size, short 

generation time, large brood size and ease of maintenance, allow for a nearly limitless worm 

supply for cellular, molecular and genetic analysis. The adult nematode is only ~1 mm long 

and it takes 3 days from a fresh embryo to a reproductive adult, which can lay ~300 eggs 

when self-inseminated. The worm feed on bacterium-Escherichia coli (E. coli), and a large 

population (millions) of worms can be harvested on a 100 mm petri-dish within couple days. 

Third, the transparency of worms, when combined with fluorescent proteins, allows in vivo 
study of various cellular and intracellular activities, such as gene transcription, protein 

function, endocytosis, fat metabolism, axon guidance and neurodegeneration, etc. Fourth, 

many tools are available for various studies. The genome, cell lineage and 3D anatomy of C. 
elegans have been mapped out. A large pool of mutants, covering majority of the genome, 

can be directly ordered from C. elegans genetic center (CGC) or the national bioresource 

project (NBRP). Genome editing by CRISPR-Cas9 technology and conventional transgenic 

techniques can be readily performed (Mello, Kramer, Stinchcomb, & Ambros, 1991; 

Schwartz & Jorgensen, 2016). Over 90% of genes can be easily knocked down by bacteria 

feeding using the RNA interference (RNAi) library (Kamath et al., 2003). Fifth, the worm is 
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sensitive to biometals and a wide-range of neuroactive drugs and xenobiotics, which 

faciliates the discovery of pharmaceutic compounds (Avery & Horvitz, 1990; Jayanthi et al., 

1998; Lewis, 1980; Morgan, Sedensky, Meneely, & Cascorbi, 1988). Last but not the least, 

C. elegans has a simple and well-characterized nervous system. An adult hermaphrodite has 

a total of 302 neurons and ~ 8000 synapses, yet their neurotransmitters, Fe channels and 

synaptic components are highly conversed with human (Hobert, 2013). Regarding the 

DAergic system, C. elegans hermaphrodites possess 8 identifiable DAergic neurons (Sulston, 

Dew, & Brenner, 1975). All genes responsible for DA biosynthesis, packaging, reuptake and 

degradation have recognizable orthologues in the worm genome, including tyrosine 

hydroxylase (TH/cat-2), GTP cyclohydrolase I (GTPCH/cat-4), aromatic amino acid 

decarboxylase (AADC/bas-1), monoamine oxidase (MAO/amx-1,2,3), catechol-O-methyl 

transferase (COMT/comt-1,2,3,4,5), vesicular monoamine transporter (VMAT/cat-1) and 

DA transporter (DAT/dat-1) (Hobert, 2013; Jayanthi et al., 1998). These 8 neurons are more 

sensitive to environmental toxins than other neurons in worms (Benedetto, Au, Avila, 

Milatovic, & Aschner, 2010). Given these features, C. elegans has been widely used to 

decipher genetic and environmental aspects of neurological disorders, such as Alzheimer’s 

disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), to name a few. In this 

review, we will address the symptoms, causes and treatment of RLS, and explore the 

potential techniques and methods to study the pathology of RLS in C. elegans.

2. RLS symptoms, potential causes and treatments

2.1 Symptoms

The main characteristics of RLS are symptoms of neurosensation. These include robust 

feelings of restiveness and distressful prickling-like sensations in the legs (Garcia-

Borreguero & Cano-Pumarega, 2017). These are accompanied by an irresistible longing to 

move the body, particularly the legs, to relieve the unbearable sensations. Patients often 

describe these feelings of restiveness and distressful sensations as tingling, crawling tingling, 

creeping, pulling or painful within one or both lower limbs (Trenkwalder, Paulus, & Walters, 

2005). RLS also affects other parts of the body as well. It is known that the longer the 

condition persists, the more likely the arms or the other regions of the body become 

symptomatic (Guo et al., 2017). These symptoms are said to typically become evident when 

patients are at rest, with a higher possibility of symptoms occurring during a relaxed or cosy 

state (Garcia-Borreguero & Cano-Pumarega, 2017; Guo et al., 2017; Trenkwalder et al., 

2005). RLS symptoms commonly show a circadian rhythm, with symptoms being worse in 

the evenings, followed by short lessening after waking up in the morning (Garcia-

Borreguero & Cano-Pumarega, 2017). Consequently, patient’s sleep is affected. The lack of 

proper sleep (insomnia) that accompanies RLS is the main reason behind a patient looking 

for medical consultation. Struggle to initiate sleep is the most common insomnia-related 

issues associated with RLS (Guo et al., 2017).

RLS symptoms differ substantially in regularity from barely once a month or year to daily. 

Also, symptoms show varying degree of severity from slightly disturbing to incapacitating, 

and symptoms may also attenuate for varying periods (Allen et al., 2014). Patient’s health-

related quality of life (HRQoL) is affected depending on the severity of symptoms. In 
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patients with mild RLS, the symptoms happen relatively less frequent, show reduced 

severity and only slightly influence sleep. Patients with severe RLS symptoms show obvious 

deficits in general health, vitality, physicality, emotional and social stability amongst other 

features (Trenkwalder et al., 2005). Mostly, these patients complain of having trouble in 

normal life schedules almost on daily basis, including poor performance on their jobs and 

social functions (Guo et al., 2017). Diagnosis of RLS is based on symptoms reported by 

patients. Current diagnostic criteria for RLS are highlighted in Table 1.

2.2 Causes

The pathology of RLS remains unclear. However, current research has identified several 

genetic risk factors, as well as anomalies in iron metabolism and DAergic 

neurotransmission. Additionally, other systems, including opiates, adenosine, orexin and 

glutamate may be involved in RLS pathogenesis.

RLS has been found to associate with both genetic and environmental risk factors. Several 

studies have reported robust association between onset of RLS and predisposing genetics. 

Genome-wide association studies (GWAS) have demonstrated several single nucleotide 

polymorphisms associated with RLS, including BTBD9 (on chromosome6p21.2), MEIS1 

(on chromosome 2p14), MAP2K5/SCOR1 (on chromosome 15q23), PTPRD (on 

chromosome 9p24.1-p23), and chromosome 16q12.1 (Garcia-Borreguero & Cano-

Pumarega, 2017; Guo et al., 2017). Deficiency in Fe has been repeatedly demonstrated to 

involved in RLS pathogenesis. Particularly Fe stores in the central nervous system (CNS) 

have been depleted in RLS patients, even when systemic Fe levels are normal. However, low 

serum Fe and/or ferritin levels have also been linked with several cases of RLS (Ward et la., 

2014). The severity of RLS has been correlated with a reduction in brain Fe levels. MRI 

studies have shown that Fe levels decrease in the substantia nigra and putamen of RLS 

patients, particularly in severe cases (Moon, Chang, & Lee, 2014). These brain regions are 

the major sites of CNS dopaminergic neurotransmission, hence there is likely an association 

between low Fe in these regions and dopaminergic dysfunction in RLS. Fe is a cofactor for 

tyrosine hydroxylase (the rate-limiting enzyme in dopamine production), hence Fe 

deficiency may affect dopaminergic systems in the brain. However, this potential link largely 

remains unclear (Bogan & Cheray, 2013; Dauvilliers & Winkelmann, 2013)

The case for DAergic dysfunction in pathogenesis of RLS is mostly due to effects seen upon 

administration of drugs that modulates DAergic neurotransmission. DAergic medications 

have been reported to relieve RLS symptoms whereas antagonists of dopamine worsen the 

symptoms. Interestingly, the need for DAergic medications to be able to cross the blood 

brain barrier as a determinant for a positive effect on RLS demonstrates that DA actions in 

the central nervous system but not the peripheral nervous system is involved in RLS (Bogan 

& Cheray, 2013; Galbiati et al., 2015; Garcia-Borreguero et al., 2013; Garcia-Borreguero & 

Williams, 2014). The number of DA transporters may be decreased in RLS, as shown by a 

PET study (Earley et al., 2011). Additionally, lesion of the area where DAergic pathway 

projects to spinal cord (area A11) led to overactivity in a rodent model, although this could 

not be corroborated in autopsy study of RLS patients (Garcia-Borreguero & Cano-

Pumarega, 2017; Guo et al., 2017).
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2.2 Treatments

Treatment for RLS can be grouped into non-pharmacological and pharmacological 

approaches. Use of pharmacological substance should be started when patient’s quality of 

life, social functioning, daytime activities and sleep becomes impaired as a result of RLS 

symptoms. Non-pharmacological options should be used before drug options are considered. 

Non-pharmacological options may be adequate in cases of mild or rare occurrence of RLS 

symptoms, though there is dearth of evidence regarding their efficacy and practicability in 

management of RLS (Symvoulakis, Anyfantakis, & Lionis, 2010; Trenkwalder et al., 2005)

Non-pharmacological options are commonly targeted towards improving patient’s sleep 

quality primarily via activities that attain healthier sleeping habits (Guo et al., 2017; 

Symvoulakis et al., 2010). These usually require modifying patients’ overall lifestyle. 

Patients are encouraged to develop structured sleep routines, with consistent times for 

beginning sleep and waking up. Activities that could hinder particularly preceding sleeping 

times should be avoided, and sleeping environments should be made relaxed and quiet to 

encourage ease of sleep (Symvoulakis et al., 2010). Other lifestyle modifications may 

include reducing or avoiding intake of alcohol, nicotine or caffeine as these are known to 

intensify RLS symptoms. Additionally, medications that worsen RLS symptoms, such as 

antidepressants, antihistamines, DA antagonists, should be discontinued. Furthermore 

moderate levels of exercise daily, massages and use of hot baths may also result in respite 

from RLS symptoms (NIH, 2017; Symvoulakis et al., 2010).

Oral Fe supplementations and in some cases, intravenous Fe administration can be used, 

particularly in patients with low serum ferritin (NIH, 2017; Trenkwalder, Winkelmann, 

Inoue, & Paulus, 2015). However, DAergic agents are considered the first line of 

pharmacological treatments for RLS (Garcia-Borreguero & Cano-Pumarega, 2017). These 

drugs which have dopamine increasing effects have been demonstrated to attenuate RLS 

symptoms, particularly when taken at bedtime. Pramipexole, ropinirole and rotigotine are 

FDA approved medications for the treatment of moderate to severe RLS. A combination of 

levodopa and carbidopa have been shown to be effective following intermittent use (Garcia-

Borreguero & Cano-Pumarega, 2017). These agents, while well tolerated, have their side 

effects. Common side effects include gastrointestinal complaints, nausea, daytime sleepiness 

and other short-time side effects. Additionally, long-term use of these agents may result in 

exacerbation of RLS symptoms(Garcia-Borreguero & Cano-Pumarega, 2017; NIH, 2017). 

Furthermore, some patients on these DAergic agonists may develop compulsive behaviours 

such as pathological gambling, eating, shopping or hypersexuality (Garcia-Borreguero & 

Cano-Pumarega, 2017; NIH, 2017; Trenkwalder et al., 2015). Besides, antiseizure agents are 

becoming a better choice of treatment for RLS. Gabapentin enacarbil has been approved by 

FDA for treatment of moderate to severe RLS. This drug is as effective as the DAergic 

agonists and with no reports of exacerbation of symptoms (Garcia-Borreguero & Cano-

Pumarega, 2017; NIH, 2017).

Another class of medications used for RLS treatment includes opioids and benzodiazepines. 

Opioids such as oxycodone, are used in individuals with more severe RLS symptoms which 

do not get improved following other medications. There are several side effects associated 

with these agents as well as the risk of addiction. Benzodiazepines can be useful to obtain a 
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more relaxing sleep; however, they may cause or worsen sleep apnea. These agents are 

mostly used as last line of therapy, particularly during severe augmentation (Garcia-

Borreguero & Cano-Pumarega, 2017; NIH, 2017; Trenkwalder et al., 2005, 2015).

3. RLS genetics

RLS exhibits both familial and non-familiar (idiopathic) forms, with ~60% of cases having a 

family history of the disease (Lazzarini et al., 1999; Montplaisir et al., 1997; Trenkwalder et 

al., 1996; Walters et al., 1996; Winkelmann et al., 2002). In a familial study in a French 

Canadian population, siblings of an RLS patient had 3.6 times the risk of themselves having 

RLS, and an offspring, 1.8 times (Xiong et al., 2010). For early-onset RLS patients, Allen et 

al also reported a greater risk for RLS among the patients’ first-degree relatives compared to 

the first-degree relatives of late-onset RLS patients (23.6% v. 10.1%). The same study found 

that first-degree and second-degree relatives of RLS patients generally had higher risk of 

developing RLS than did the relatives of non-RLS suffering individuals (Allen, La Buda, 

Becker, & Earley, 2002). Twin studies also has revealed the genetic nature of RLS. Ondo et 

al showed a concordance rate of 83.3% between monozygotic twins for RLS, despite 

varying symptom descriptions and ages of onset. They also showed evidence for genetic 

anticipation -- patients’ having earlier onset of symptoms if they have family history of RLS 

(Ondo, Vuong, & Wang, 2000). Higher concordance rate was observed in monozygotic 

twins than dizygotic twins (Xiong et al., 2007). Female sex has been linked to increased risk 

of RLS as well. Even among both monozygotic and dizygotic twins, female predominance 

of RLS patients has been shown (Xiong et al., 2007). In fact, in a Turkish family, all affected 

individuals were women (Akpinar, Turker, Aygun, & Aytac, 2017).

Genome-wide association studies (GWAS) have reported single-nucleotide polymorphisms 

(SNPs) in several genes that impart increased risk of having RLS (Table 2). In German and 

French-Canadian RLS cases, three loci were identified: MEIS1, a homeobox gene, BTBD9 

containing a BTB domain, and MAP2K5, a mitogen-activated protein kinase (Winkelmann 

et al., 2007). TOX3, which contains a high mobility group (HMG) box, and PTPRD, 

encoding for protein tyrosine phosphatase receptor type D, have also been shown to be 

associated with RLS (Moore et al., 2014). MEIS1, BTBD9, MAP2K5, and TOX3 

polymorphisms and their association with RLS have been shown in other ethnic populations 

around the world as well (G. Li et al., 2017; Vilarino-Guell, Farrer, & Lin, 2008); (Haba-

Rubio et al., 2016); (Yang, Li, Chen, et al., 2011). Stefansson et al showed that BTBD9 is 

associated with Fe depletion, which is consistent with currently accepted pathogenesis of 

RLS (Stefansson et al., 2007). MEIS1 has been shown to be associated with defective Fe 

homeostasis as well (Vilarino-Guell et al., 2009).

Genes associated with common risk factors and treatment of RLS have been studied in 

association with RLS. Garcia-Martin et al showed that allelic variants of heme oxygenases-1 

and 2, enzymes which degrade the heme protein and commonly associated with Parkinson’s 

disease, were lower in patients with RLS (Garcia-Martin et al., 2015). Given improvement 

on RLS symptoms with GABAergic medications, Jimenez-Jimenez et al showed that the 

frequencies of GABA receptor gene rho 3 allelic variant rs832032T was significantly higher 

in RLS patients than in controls (Jimenez-Jimenez et al., 2018).
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4. C. elegans homologs of RLS and their function

C. elegans is a free-living nematode that was established as a model organism for the study 

of human disease pathophysiology by Sydney Brenner in middle of 20th century (Corsi, 

Wightman, & Chalfie, 2015). Since then, C. elegans has been studied extensively to shed 

light on processes such as establishing genetic bases of programmed cell death and stress-

induced sleep (Ellis & Horvitz, 1986; Nelson et al., 2014). C. elegans has many advantages 

as a genetic tool, including inexpensive cost of maintenance, rapid lifecycle, and fully 

sequenced genome (Corsi et al., 2015).

Previous studies have revealed the function of several RLS genes in C. elegans and other 

animal models. Myeloid ectopic viral integration site 1, or MEIS1, is a homeoprotein 

belonging to a subfamily of three amino acid loop extension (TALE) homeoproteins, which 

are important in embryonic survival and development, including hematopoiesis and 

angiogenesis (Barber et al., 2013), (Azcoitia, Aracil, Martinez, & Torres, 2005). As a 

transcription factor, MEIS1 has also been implicated in the pathogenesis of malignancies (J. 

Zhu et al., 2017). In the nervous system, MEIS1 was shown to be critical in neurogenesis, 

and its inactivation leads to sudden cardiac deaths in mice secondary to altered sympathetic 

innervation of the heart (Barber & Rastegar, 2010; Bouilloux et al., 2016). The importance 

of MEIS1 in C. elegans has also been observed. Arata et al. confirmed that a Meis-related 

gene, psa-3, is essential in determining the fate of hypodermal cells, and Van Auken et al 

showed mutation in unc-62, an ortholog of MEIS1, causes early embryonic arrest or death 

(Arata et al., 2006; Van Auken et al., 2002). In C. elegans, UNC-62::GFP is expressed in a 

variety of tissues in the hermaphrodite, including the hypodermis, the intestine and the 

nervous system (Fig. 1) (Van Nostrand, Sánchez-Blanco, Wu, Nguyen, & Kim, 2013). 

Interestingly, UNC-62 is expressed in DAergic neurons (Fig 1), which facilitates study of its 

function in DAergic system. Using RNA interference, Catoire et al. showed that decreased 

expression of UNC-62 was associated with increased the expression of ferritin in C. elegans, 

supporting the derangement of Fe homeostasis in the pathophysiology of RLS (Catoire et al., 

2011).

BTB domain containing 9, or BTBD9, gene encodes for a protein with two domains: at the 

N-terminus is a bric-a-brac, tramtrack (BTB), broad complex/pox virus and zinc finger 

domain, which has been associated with regulation of transcription, and at the C-terminus is 

a BTB and Kelch, associated with ubiquination (DeAndrade, Zhang, et al., 2012). The 

overall function of BTBD9, however, is currently not established (Y. Li, Doroodchi, Yang, & 

DeAndrade, 2011). In mice, BTBD9 deficiency has been shown to impair pre-synaptic 

activity and enhance long-term memory potentiation (DeAndrade, Zhang, et al., 2012). 

Btbd9 knock-out mice also has been established as a murine model for RLS, given their 

motor restlessness, resting-phase sensory alterations, altered Fe homeostasis, and 

symptomatic resolution upon administration of ropinirole, a dopaminergic agonist 

commonly used for the treatment of RLS (DeAndrade, Johnson, et al., 2012). HPO-9, the C. 
elegans ortholog of BTBD9, has been shown to be involved in embryonic and larval 

development and response to bacterial infection (Kao et al., 2011; McKay et al., 2003; 

Simmer et al., 2003). However, its role in the nervous system remains to be investigated. C. 
elegans model of RLS based on hpo-9 knockout showed alterations in egg-laying behavior 
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and locomotion, but the nematode model has not been fully characterized (Y. Li et al., 2011). 

In addition, KEL-8, a BTB-Kelch containing protein, has been shown to regulate synaptic 

transmission via its association with GLR-1, a glutamate receptor. Specifically, mutants for 

kel-8 have increased GLR-1 levels in neurons and a higher frequency of spontaneous 

reversals of body bends (Schaefer & Rongo, 2006).

Protein tyrosine phosphatase, receptor type D (PTPRD), a member of the leukocyte common 

antigen-related subfamily of receptor protein tyrosine phosphatases, has been implicated in 

multiple disease processes, including non-alcoholic fatty liver disease, laryngeal squamous 

cell carcinoma, diabetes mellitus, and hypertension (Y. Li et al., 2015); (Nakajima et al., 

2018); (Szaumkessel et al., 2017); (T. Chen et al., 2016); (Gong et al., 2015). In the CNS, 

PTPRD has been shown to play a role in axonal guidance and neuronal development. In 

mice, Shishikura et al. showed through immunohistochemistry that PTPRD is localized to 

olfactory bulb, cerebral cortex, hippocampus, cerebellum, and several brainstem nuclei. At 

the cellular level, PTPRD was shown to be expressed not only in the axons, but also in 

dendrites (Shishikura et al., 2016). Zhu et al demonstrated time and spatial variations in the 

expression of PTPRD in the embryonic and post-natal CNS of mice, and that PTPRD 

mutants had a defective axonal myelination process (Q. Zhu et al., 2015). In C. elegans, 

PTP-3 is the only known ortholog of PTPRD, and it also has been implicated in similar 

processes in the nervous system (Ackley et al., 2005). Nakamura et al showed that PTP-3 in 

C. elegans plays a role in cortical dendritic growth and axonal guidance (Nakamura et al., 

2017). Ackley et al demonstrated that two isomers of PTP-3, PTP-3A and PTP-3B, may play 

a different role. PTP-3A was shown to localize specifically at neuronal synapses, while, 

PTP-3B, extrasynaptically. Furthermore, PTP-3B rescued axon guidance defect caused by 

ptp-3 mutation, whereas PTP-3A could not. Still, mutation in PTP-3A caused altered 

synaptic morphology (Ackley et al., 2005).

Mitogen-activated protein kinase kinase 5, or MAP2K5, belongs to the MAP kinase kinase 

family, and thus it plays a critical role in cellular signal transduction pathways (Zhou, Bao, 

& Dixon, 1995). In humans, MAP2K5 activity is associated with many disease states, 

including colorectal cancer, obesity, RLS, and prostate cancer (Diao et al., 2016; G. Li et al., 

2017; Mehta et al., 2003; Rask-Andersen et al., 2012). In mice, Map2k5 has been implicated 

in cellular differentiation, apoptosis, sarcomere hypertrophy, among other processes 

(Kaneshiro, Otsuki, Yoshida, Yoshikawa, & Higuchi, 2015; Nicol et al., 2001; Sohn, Lewis, 

& Winoto, 2008). Knock-out of Map2k5 has been shown to enhance adult neurogenesis in 

the olfactory bulb on mice as well (Wang et al., 2015). The closest C. elegans ortholog of 

MAP2K5 is MEK-2, a MAP kinase kinase that has been shown to be associated in viability 

of larvae, development of the vulva, egg-laying, and immune system (Hsu, Zobel, Lambie, 

Schedl, & Kornfeld, 2002; Nicholas & Hodgkin, 2004; Wu, Han, & Guan, 1995). MEK-2’s 

role in the nervous system of the nematode has not been well-studied, however.

Along with its association with RLS, TOX high mobility group box family member 3, or 

TOX3, has been associated with breast cancer, Parkinson’s disease, and polycystic ovarian 

syndrome in humans (L. Li et al., 2018; Mohtashami et al., 2018; Ning, Jiayi, Jian, & Wanli, 

2017). In the CNS of mice, Tox3 has been shown to be expressed mainly in the developing 

embryonic brain in the neural stem cells (Sahu et al., 2016). There is evidence that shows 
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increased expression of Tox3 leads to neural protection and facilitates recovery in spinal 

cord injury in mice via protection of oligodendrocytes (Bastien et al., 2015). The closest 

predicted ortholog of TOX3 in C. elegans is HMG-6, which has been shown to be expressed 

in neurons and sperm (Blazie et al., 2017; Lockhead et al., 2016; Spencer et al., 2011). 

However, there has not been any evidence establishing its function in the nematode so far.

5. C. elegans methods for RLS study

Given the above features, C. elegans provides a robust model in delineating the 

pathogenesis, and progression of RLS, as well as testing therapeutic measures particularly 

aspects requiring genetic modifications. Below we present a few areas where this model 

organism is suitable to research into RLS.

5.1 Circadian rhythms

It is well established that RLS symptoms demonstrate a circadian pattern, with several 

symptoms worsening at bedtime. Understanding how circadian rhythms influence RLS 

symptoms is thus an essential to unravelling the disorder. Organisms demonstrate circadian 

rhythmicity in physiology and behaviour that is timed to an approximately 24-hour period, 

and this rhythm appears to be strongly conserved. Circadian rhythm in organisms appears to 

be driven by clock-controlled feedback loop of transcriptional and translational processes 

and/or through post-transcription or post-translation alterations. In this feedback loop, 

transcription factors drive expression of clock genes such as tim (timeless) and per (period) 

that then induces negative regulation of their own transcription, thus generating an 

oscillatory rhythms of gene expression within the approximately 24-hour period. These 

biological rhythms are synchronized by two major external cues (zeitgebers); light and 

temperature (Goya et al., 2010).

Several studies have examined circadian patterns in C. elegans. Though a true circadian 

rhythm is yet to be fully elucidated in this model, circadian rhythms have been demonstrated 

in several behavioural and physiological functions. These include defecation, swimming 

behaviours and general locomotor activity, as well as response to osmotic stress. 

Additionally, circadian patterns have been demonstrated in several other metabolic activities 

such as pharyngeal contractions, food and oxygen consumption (Migliori et al., 2011). Gene 

expression profiling studies afford a powerful tool to characterize clock genes under 

circadian transcriptional regulation as such profiling is not influenced by known assumptions 

of specific physiological and behavioural outcomes. A study using genome-wide expression 

profiling identified light and temperature controlled transcriptional rhythms in C. elegans, 

and demonstrated that subsets of such transcripts are controlled in a circadian pattern. The 

study also showed that expression of many genes in this organism is globally driven by these 

two zeitgebers, thus suggesting that C. elegans show systemic responses to light and 

temperature (Sengupta et al., 2010). A recent study applied an in vivo bioluminescence 

assay to demonstrate major features of the C. elegans circadian system. The study 

demonstrated that C. elegans expresses approximately 24-hour rhythms that are entrained by 

temperature and light/dark cycles in both single-nematode and population-based assays. The 

study also demonstrated that light and temperature detection involve the use of 
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photoreceptors GUR-3 and LITE, as well as TAX-2 cyclic nucleotide-gated channel subunit. 

Importantly, this bioluminescence assay is extremely sensitive, non-invasive and has 

immediate resolution (Goya et al., 2016). Therefore, C. elegans can be optimized to 

elucidate the molecular mechanisms behind the circadian patterns of RLS symptoms using 

those characterized behavioural and physiological activities controlled by circadian rhythms 

in C. elegans. Genetic modifications of RLS genes in C. elegans can be elucidated using 

simple behavioural assessment of several activities that show circadian rhythmic patterns 

(Migliori et al., 2011) in C. elegans. Such behavioural assessment can include:

Pharyngeal pumping actions: These actions are controlled by several mechanisms in 

C. elegans. The pharynx contracts rhythmically to aid feeding in worms. Rate of this activity 

commonly referred to as pharyngeal pumping can be measured manually counting pumps 

per minute under a dissecting microscope. A study reported that pharyngeal pumps in C. 
elegans show daily variations that is influenced by light/dark cycles (Migliori et al., 2011).

General locomotor activities: Rate of movement (locomotion) in C. elegans can be 

assessed by quantifying (counting) body bends over a specified period of time. A body bend 

is described as change in the direction of the pharynx’s posterior bulb. Simply, it is counted 

every time the part of the worm just behind the pharynx reaches a maximum bend in the 

opposite direction from the bend last counted. Such assays can either be carried out on 

nematode growth media (NGM) or in water. Body bends can be assessed manually under 

dissecting microscope or with use of several available programs such as Worm Tracker, 

OptoTracker, Nemo, etc., on videotaped sessions (Chen et al., 2013; Hart, 2006).

5.2 DAergic function

DAergic dysfunction is implicated in the pathogenesis of RLS, however, specific molecular 

mechanisms are still unclear (Garcia-Borreguero & Cano-Pumarega, 2017; Garcia-

Borreguero & Williams, 2014). C. elegans has a very simple nervous system. The DAergic 

system in C. elegans is particularly well studied. The C. elegans model can be harnessed to 

elucidate the role of DAergic neurotransmission in development of RLS symptoms. 

Structural and functional integrity of the DAergic system in C. elegans can be assessed using 

several tools described below.

5.2.1 Assessing DA neuronal morphology—Worms are transparent, thus allowing 

for easy in vivo imaging and visualisation of fluorescently tagged neurons. Interestingly, the 

C. elegans hermaphrodites have only 8 dopaminergic neurons, all of which can be visualized 

in vivo. Soma and processes of neurons can be visualized via expression of fluorescent 

proteins. Morphological changes including blebs, puncta, neuronal shrinkage, breaks or 

complete loss of neuronal processes, as well as vacuolation have been characterized as a 

phenotypic readout of neurodegenerative processes (Chen et al., 2013), which have been 

confirmed by transmission electronic microscopy (TEM) previously (Nass, Hall, Miller, & 

Blakely, 2002). Several worm strains are available for visualization of DA-producing 

neurons in C. elegans. These include but not limited to BY200 (dat-1:GFP (vtIs1) V.) and 

OH7193 (otIs181 [dat-1::mCherry + ttx-3::mCherry]) III) which expresses green fluorescent 

protein (GFP) and mCherry respectively in their dopaminergic neurons (Caito & Aschner, 
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2016; Ijomone et al., 2016). Homologues of RLS genes can be modified in these worms to 

understand the effect of RLS genes in dopaminergic morphology.

5.2.2 Assessing DAergic functions—Several behavioural paradigms are available to 

test DAergic functions using the C. elegans model. These can be used to unravel dopamine 

functions in C. elegans mutation of RLS homologue genes. These include;

Basal slowing response:  This is assay assessed bacterial mechanosensation as measure of 

DAergic functions (Sawin et al., 2000). DAergic neurotransmission causes worms to slow 

locomotor rate in the presence of food. C. elegans feed on bacterial. This assay is performed 

by counting number of body bends (to quantify locomotor rate) in a 20 s interval in the 

presence or absence of food. Worms with normal or intact DA systems down locomotion 

when they encounter food as opposed to worms with defective DA systems which do not 

slow down. Worms with deficient tyrosine hydroxylase homologue, cat-2, are used as 

positive control as they show defective bacterial mechanosensation (Caito & Aschner, 2016; 

Ijomone et al., 2016).

Dauer spontaneous movement:  In the absence of food and enabling environment, C. 
elegans morph into a developmental stage called dauer, after the larva-1 stage. Dauer worms 

are in a period of hibernation marked by almost complete inactivity. During this assay, 

dauers are considered to be moving if they make more than one body bend backwards or 

forwards within one minute. Increased dauer movement is reported to be a response to 

decreased DA levels (Chen et al., 2015).

Area restricted searching (ARS):  Wildtype C. elegans will expand search for food to 

neighbouring areas when food source in immediate vicinity is depleted. This behaviour is 

scored by reduction in regularity of high-angled turns when food in immediate vicinity is 

depleted and worms begin to explore farther areas. This behaviour which is referred to as 

area restricted searching (ARS) is DAergic dependent (Chen et al., 2013).

Habituation task/tap withdrawer response:  C. elegans growing on a plate respond to 

tapping of the plate by increasing forward or backwords movement. Continuous tapping 

result in habituation and decrease in number of reversals. All worms respond to this stimulus 

by reducing rate of reversals, however, the lag time in response is DA-dependent, as worms 

with defective DA systems habituate faster (Chen et al., 2013).

5.3 Measurement of neurotransmitters

Levels of neurotransmitters such as DA can be determined in worm extract using high-

performance liquid chromatography (HPLC). This requires use of many worms (about 

several hundred thousands of Larva 1 stage worms), and they must be properly washed off 

bacteria (Chen et al., 2013).

5.4 Metal toxicity

Fe deficiency is implicated in RLS pathogenesis (Bogan & Cheray, 2013). Studies in several 

models including mouse, fly and worm, have demonstrated a functional interaction between 
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homologues of RLS gene BTBD9 and Fe biology and DAergic activity (Catoire et al., 2011; 

Deandrade et al., 2012; Freeman et al., 2012). An association between RLS and PD has been 

proposed. MRI studies demonstrated slight presynaptic and postsynaptic deficits in 

nigrostriatal dopaminergic pathways in RLS patients without PD. Increased prevalence of 

PD is noted in RLS, and vice versa (Gao et al., 2010; Peeraully & Tan, 2012).

Metals, particularly manganese (Mn) have been indicated as risk factors for PD (Chen et al., 

2015). Mn and Fe have similar characteristics, and share several homeostatic and transport 

pathways. Furthermore, Fe depletion, a key feature of RLS is associated with higher 

deposition of Mn in the brain. There is an established C. elegans model of Mn neurotoxicity 

(Chen et al., 2015; Ijomone et al., 2016; Peres et al., 2018; Ruszkiewicz et al., 2018). Given 

the association between Mn and Fe, this model can be harnessed to evaluate whether 

neuronal and/or systemic alteration in Mn may contribute to the pathophysiology of RLS. 

Potential modulation of neurotoxic impact of metals due to modifications of RLS genes in 

C. elegans can be assessed using several techniques including:

Survival assay: This assay is used to determine lethal dose of a substance on C. elegans 
and how much toxicity is imparted by that substance. Specifically, survival assay could 

determine if modifications of RLS genes improves or worsens toxicity following exposures 

to heavy metals such as Mn. In performing this assay, a specific number of worms treated 

with Mn for example, are transferred onto NGM with food. The number of worms alive after 

24 or 48 hours are counted and scored as percentage of initially transferred worms. Dose 

response curves are generated to determine if any genetic modifications influences survival 

of worms (Caito & Aschner, 2016; Ijomone et al., 2016)

Lifespan assay: This assay particularly takes advantage of the short life span of the C. 
elegans (about 2–3 weeks). During this assay, a specified number of worms are grown to L4 

stage (seen as day 0) and transferred to NGM plates. Number of surviving worms are scored 

every 24 or 48 hours till all worms are dead. To prevent confusion with progeny, the initial 

worms are transferred every two days or NGM plates are constituted with 

fluorodeoxyuridine (FUDR) to prevent eggs from hatching (Chen et al., 2015; Park et al., 

2017). The impact of modification of RLS genes in C. elegans on lifespan can be evaluated 

in the absence or presence of cofounders such as Mn toxicity.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis: ICP-MS can 

be used to quantify metal content in C. elegans. This may require several thousands of 

worms (Peres et al., 2018). This method could be used to elucidate the influence of RLS 

gene modifications in C. elegans on levels of metals implicated in DAergic perturbations 

such as Fe and Mn.

6 Conclusion

RLS is common neurological disorder in the US. Although it is not a life-threatening 

disease, RLS can seriously impair life quality. The consequences include sleep deprivation, 

low work productivity, anxiety, depression and attention-deficit/hyperactivity disorder 

(ADHD) symptoms (Allen et al., 2011; Wagner et al., 2004). Finally, RLS may portend 
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more serious consequences, including hypertension, heart disease and stroke (Y. Li et al., 

2012; Pennestri et al., 2007; Siddiqui et al., 2007; Walters & Rye, 2009). It is undoubtedly 

that both environmental and genetic factors are involved, given the varied severity of 

symptoms. Although current research has revealed that brain Fe deficiency and DAergic 

dysfunction play important roles, it is far from drawing a conclusive understanding of the 

pathology of RLS. Biometals such as Fe, copper, zinc, Mn, usually share the transporters 

and complete for their influx and efflux of cells. It is very likely that Fe deficiency in the 

brain disrupts other metal homeostasis. Among these metals, Mn is the most similar one of 

Fe, given their biochemical property, metabolism and physiological functions in human. For 

example, Fe and Mn use the divalent metals transporter 1 (DMT1) and transferrin/transferrin 

receptor as the primary route of influx, and use ferroportin as the major efflux route (Chen, 

Bornhorst, & Aschner, 2018; Chen, Bornhorst, Diana Neely, & Avila, 2018; Chen, Parmalee, 

& Aschner, 2014). Low levels of Fe in the brain may activate expression of influx 

transporters in order to compensate for Fe deficiency, however, this also brings the risk of 

transporting more Mn in the brain. The accumulation of Mn has been reported to impair 

DAergic system and may cause neurological disorders such as Parkinson’s disease and 

dystonia (Chen et al., 2015; Chen, Chakraborty, Peres, Bowman, & Aschner, 2014; Chen, 

Culbreth, & Aschner, 2016; Chen, Miah, & Aschner, 2016). Therefore, it is necessary to 

investigate the levels of Mn and other metals in the brain of RLS patients to clarify whether 

Fe deficiency or high levels of other metals might play a role in the etiology of RLS.

The identified genetic risk factors are of great research value to elucidate the molecular 

mechanism of RLS, especially when combined with a suitable model organism. C. elegans 
provides numerous advantages in studying RLS-associated gene-environment interactions. 

These include its small size, short lifespan, a quick lifecycle and a simple nervous system. 

Additionally, the worm’s small and well-characterized genome is ideal for genetic 

manipulation. It contains all homologs of currently known RLS genetic risk factors (Table 

2), as well as all genes necessary for DA biosynthesis, packaging and reuptake (Brenner, 

1974; Sulston et al., 1975; White, Southgate, Thomson, & Brenner, 1976). More 

specifically, the circadian pattern of RLS symptoms can be studied in C. elegans via 

pharyngeal pumping actions and general locomotor activities, which re controlled by the 

worm circadian system. DAergic function can be accessed by studying individual neuronal 

morphology, behaviors regulated by DAergic neurons and measurement of 

neurotransmitters. Last, but not the least, the nematode is sensitive to metals and a wide-

range of neuroactive drugs and xenobiotics, thus it can be applied to investigate the effect of 

Fe and other biometals, as well as to discover novel pharmaceutical compounds beneficial 

for RLS patients. Despite these advantages, very limited research on RLS has been reported 

in C. elegans. Therefore, we anticipate the involvement of C. elegans in RLS study will shed 

new light on the etiology and molecular mechanism of RLS, as well as identify novel drugs 

for treatment of RLS patients in the next decade.
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ABBREVIATIONS

AD Alzheimer’s disease

ADHD attention-deficit/hyperactivity disorder

C. elegans Caenorhabditis elegans

CNS central nervous system

DA dopamine

DAergic dopaminergic

Fe iron

GFP green fluorescent protein

GWAS genome-wide association studies

HD Huntington’s disease

HPLC high-performance liquid chromatography

ICP-MS Inductively coupled plasma mass spectrometry

Mn manganese

MRI magnetic resonance imaging

PD Parkinson’s disease

RLS restless legs syndrome

SNPs single-nucleotide polymorphisms

TEM transmission electronic microscopy

TH tyrosine hydroxylase
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Figure 1. 
The expression pattern of UNC-62 in C. elegans. Strain SD1897 carries a translational GFP 

fusion UNC-62::GFP. At Larva 1 stage, GFP is seen in the intestine, hypodermis, head 

neurons and the ventral nerve cord. Image was taken using Zeiss LSM5 Live Duo Scan.
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Table 1:

Diagnostic criteria for RLS

Essential diagnostic criteria (all must be met)
 ➢ An urge to move the legs usually but not always accompanied by or felt to be caused by uncomfortable and unpleasant sensations in the 
legs.
 ➢ The urge to move the legs and any accompanying unpleasant sensations begin or worsen during periods of rest or inactivity such as lying 
down or sitting.
 ➢ The urge to move the legs and any accompanying unpleasant sensations are partially or
 ➢ totally relieved by movement, such as walking or stretching, at least as long as the activity continues.
 ➢ The urge to move the legs and any accompanying unpleasant sensations during rest or inactivity only occur or are worse in the evening or 
night than during the day.
 ➢ The occurrence of the above features are not solely accounted for as symptoms primary to another medical or a behavioural condition 
(e.g., myalgia, venous stasis, leg oedema, arthritis, leg cramps, positional discomfort, habitual foot tapping).

Specifiers for Clinical Course of RLS
 • Chronic-persistent RLS: symptoms left untreated would occur on average at least two times a week for the past year.
 • Intermittent RLS: symptoms left untreated treated would occur on average less than two time in a week for the past year, with at least 5 
lifetime events.

Specifier for Clinical Significance of RLS
 • RLS symptoms cause significant distress or impairment in social, occupational, educational or other important areas of functioning by the 
impact on sleep, energy/vitality, daily activities, behaviour, cognition or mood.

2012 Revised International Restless Legs Syndrome Study Group (IRLSSG) Diagnostic Criteria for RLS. http://irlssg.org/diagnostic-criteria/
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Table 2.

Genetic risk factors of RLS.

RLS genetic risk factors Proposed functions in the nervous system Predicted C. elegans orthologs*

MEIS1 Neurogenesis UNC-62

BTBD9 Long-term memory potentiation, Fe homeostasis HPO-9

PTPRD Axonal guidance/myelination, neural development PTP-3

MAP2K5 Neurogenesis MEK-2

TOX3 Neural protection in CNS injury, neurogenesis HMG-6

*
, the orthologs are predicted based on their amino acid sequence similarity, but have not been individually verified.
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